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Preface

In Denmark, the grass greens in late March.
Perhaps that is the reason why early spring is
so well suited to classify grasslands according
to conservation value by their colour. When
there is no interference by summer drought
and autumn litter, a marked difference can be
observed between the uniform bluish green
colour of a monotonous rye grass sward with
white clover and scattered weeds and the yel-
lowish green colour of semi-natural grasslands
covered in pleuracarpic mosses and harbour-
ing a diverse array of plant, fungi and insect
species. Later, you will maybe also discover
how to find the rare species belonging to the
fungal genera of Hygrocybe, Entoloma and Cla-
varia. These occur almost exclusively in the
yellowish green, unimproved grasslands, but
not everywhere so. In the summer, it is often
possible to see that the grass is greener in some
parts of a slope or in a hollow - an indication of
pressure or ground water enriching the spot. It
is moist, but not wet, and that is where you
should go and search for fungi mentioned
above.

In many situations, such home made
rules-of-thumb work quite well, but sometimes
they do not, and you get surprised, mystified
and maybe intrigued. One day, I realised that
within this boring rye grass sward, that I over-
looked for years, two species quoted by others
as indicators of semi-natural grassland occur-
red quite frequently, namely Ranunculus bulbo-
sus and Saxifraga granulata. An even greater
arousal occurred after I started to sample grass-
land vegetation in my MSc.-study and realised
that in some grassland localities only 3 species
were found on average per 0.1 m’, whereas in
other places more than 20 species were grow-
ing together.

Eugen Warming (1841-1924), one of the
pioneers of plant ecology, outlined the differ-
ence between a floristic and an ecological plant
geography. In his book on plant communities
(Warming 1895) he begins by listing the tasks
for a descriptive floristic plant geography and
continues:

“The thoughtful investigator will not remain con-
tent with the mere recognition of facts; he will seek
after their causes. These are, in part, modern (geog-
nostic, topographical, and climatic), and in part
historical. The limits of distribution of a species

may depend upon prevailing conditions, upon bar-
riers now existing in the form of a mountain, sea,
soil, and climate, which oppose its spread ; but they
may also depend upon geohistoric or geological and
climatic conditions of ages long past, and upon the
whole evolutionary history of the species, the site of
this, and the facilities for and means of migration.
In addition, problems must be dealt with concern-
ing centres of development, the rise and age of spe-
cies and genera ; and behind these lies the question
of the origin of species.”

[This English text (Warming 1909) is a word for
word translation of the original Danish text]

The present thesis is the outcome of a
three year PhD-study intended to cast light on
the occurrence, nature and management of
semi-natural grasslands on well-drained soils
in Denmark. Rules-of-thumb are merely very
simple models, and this study may thus be
seen as an attempt to validate, correct or even
invent new simple models of relevance for
Danish grassland vegetation - and, to give
these models an appropriate biological inter-
pretation.

The thesis could not have been formed
in a vacuum. The constant exchange of ideas
with other researchers is essential, and 1 am
indebted to those of my colleagues who helped
me, corrected me and widened my intellectual
horizon during the process, notably my super-
visors Ib Johnsen, Anna Bodil Hald, my near
friend and colleague Hans Henrik Bruun and
Hans Tybjerg, Johnny Lund Jeppesen, Anne
Jacobsen, Erik Aude, Susanne Mark, Bettina
Mogensen, Jonas Lawesson, Jens Reddersen,
Kirsten Zaluski, Christian Lange, Jacob Heil-
mann Clausen, Jens H. Petersen and Jan Ves-
terholt. The participation in PhD-courses and
my visit at Unit of Comparative Plant Ecology
at the University of Sheffield constituted in-
valuable periods. Special thanks to John Philip
Grime for his supervision during my visit in
Sheffield and for the social and scientific sup-
port I received there from Stuart R. Band, Hans
Cornelissen, John Hodgson, Ken Thompson,
Sarah Buckland, Rosemary Booth, Bryan Booth,
Peter Wilson, Suzanne Hubbard, Adriana Car-
nelli and all the rest of the Unit. Inspiring
teachers and students I met during my courses
include Anders Dahlberg, Odd Eilertsen, Rune
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Okland, David Read, Lauri Oksanen, Peter
Kareiva, Illka Hanski, Meelis Partel and Mari
Moora.

Not least, I acknowledge the coherent
and inspiring studies and writing of scientists,
that masters the admirable project of creating

and pursuing original ideas incorporating re-
search results from within many scientific dis-
ciplines. They make it worth carrying on doing
research, and for this, I would like to honour
John Philip Grime, Stephen Jay Gould, R.H.
Whittaker and Eugen Warming,.



Dansk resumé

Denne afhandling omhandler graeslandsvege-
tation pd veldraenet bund med speciel veegt pa
en beskrivelse og fortolkning af dansk vegeta-
tion. Afhandlingen bygger pa 4 manuskripter
og en publiceret artikel, som hver for sig bero-
rer vigtige problemstillinger af savel metode-
maessig interesse som teoretisk biologisk og
forvaltningsmazessig relevans. Datagrundlaget
for artiklerne er dels egne analyser af vegeta-
tion, jordbund og drifthistorie, dels aldre dan-
ske vegetationsanalyser udfert med sammen-
lignelig metode.

Artikel 1 med titlen A gradient analysis of
temperate grassland vegetation on well-drained soil
prasenterer en gradientanalyse af graeslands-
vegetation pa ter bund. Det viser sig, at over-
drevsvegetation felger nevnte underliggende
komplex-gradienter: 1) En gkosystem-gradient
fra terre, basiske skreenter til kolige, udvaskede
og sure jorder, 2) En produktivitetsgradient fra
terre, sandede jorder til fugtige lerede, og
gerne kalkholdige jorder, 3) En geografisk gra-
dient fra S@-Danmark til NV-Danmark, 4) En
gradient i realiseret produktivitet (konkurren-
ce) fra lavproduktiv eller grasset/forstyrret
vegetation til hgjproduktiv og uforstyrret vege-
tation.

Artikel 2 med titlen A classification of
Danish grassland on well-drained soil beskriver
og klassificerer de analyserede vegetationsdata
fra artikel 1. Fire hovedklasser og 12 typer
graeslandsvegetation bliver identificeret, be-
skrevet og sammenlignet med international no-
menklatur og phytotaxonomi.

Artikel 3 med titlen Response curves and
pH preferences of grassland plants in Denmark
analyserer enkeltarters responskurver til vig-
tige miljgvariabler, samt forklaringsevnen af
miljevariabler i forhold til coenokliner identifi-
ceret ved ordination. Analysen demonstrerer,

at ordination, pa trods af hyppige brud pa me-
todens ideale fordring om symmetrisk unimo-
dalt artsrespons, er et effektivt og robust vaerk-
tej til at analysere og kortleegge vilkirene for
savel vegetation som enkeltarter.

Artikel 4 med titlen Cryptogams in Dan-
ish grasslands - primary gradients and successional
trends over the last 50 years preaesenterer en gra-
dientanalyse af kryptogamer indsamlet i dansk
overdrevsvegetation i 1990'erne, og det viser
sig at mosser og laver generelt fordeler sig efter
de samme gradienter som karplanter. En sam-
menligning af det indsamlede materiale med
materiale fra 40’erne og 50’erne, viser at der
stadig findes en veerdifuld kryptogamflora til-
knyttet dansk grasland, men der kan spores en
fremgang for generalister og en tilbagegang for
specialister.

Artikel 5 med titlen Prediction of grass-
land quality for environmental managenient ana-
lyserer den relative betydning af drifthistorien
(gedskning og opdyrkning} i forhold til andre
betydningsfulde miljevariabler (pH og relativ
indstrdling) og direkte gradientanalyse an-
vendes til at udpege potentielle indikatorarter
for gamle ugedskede overdrev.

I kapitel 3 perspektiveres resultaterne
fra artiklerne, og der fremsattes idéer og hy-
poteser om vegetationsmodeller og artsdiver-
sitet. Der angives desuden, hvorledes de frem-
satte idéer og hypoteser kan valideres og testes.
I kapitel 4 defineres og udvikles begrebet
naturkvalitet, hvis afklaring er en nedvendig
forudsaetning for en hensigtsmessig anven-
delse af savel indikative som pradikative
vegetationsmodeller i naturforvaltningen.

I kapitel 5 treekkes konklusionerne fra
afhandlingens delkomponenter op, og oplagte
videnshuller og forskningsmuligheder i rela-
tion til afhandlingens emne pdpeges.
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1. Introduction

Behind this thesis lies a curiosity regarding
perhaps the most fundamental issue in plant
ecology:

Why do plants grow where they grow?

Since the very beginning of plant ecology (e.g.
Warming 1884) attehtion has been focused on
this fundamental question. The quest for a pre-
dictive community ecology (Keddy 1992) has
become crucial with the notion of global chan-
ges in climate and biogeochemical cycling of
carbon and nitrogen (Smith et al. 1997). In or-
der to enter a framework of modelling, the an-
swers to this question will have to be simple,
comprehensive and generally valid - and that
is a challenge. |

Major differences with respect to scale
and gradient dimensionality exist between the
approaches taken. Warming (1884, 1923) and
Raunkizer (1907) were pioneers in the field of
classifying, plants in life forms according to gen-
eralised adaptations to important environ-
mental gradients. Warming's classification was
based on shoot architecture and life history
traits. The outcome was a rather descriptive
classification of relevance to gradients in many
dimensions, and maybe this complexity was
the reason why it gained less wide acceptance
than Raunkier’s classification based on the
vertical position of the growing points of the
shoot during the inactive season (fig.1).

Figure 1. The main types of life forms according to
Raunkizr (1907). Light lines denote plant parts dy-
ing off in the unfavourable season, heavy lines the
parts which persist. Terms in use are: 1, phanero-
phytes; 2 and 3, chamaephytes; 4, hemicrypto-
phytes; 5 and 6, geophytes; 7, helophytes; 8 and 9,
hydrophytes.

The intuitive appeal of this classification
lies in the reduction to a few major underlying
environmental gradients, particularly climate.
But, this simplicity is sinultaneously the weak-
ness of Raunkier's life forms - as stated by
Grime et al. (1988): ...the life form approach re-
mains essentially a "broad brush” exercise, of great-
est value in the hands of phytogeographers, clima-
tologists and ecosystem analysts.

Grime’s (1974, 1979) theory on plant
strategies imply the recognition of three major
habitat types and the subsequent triangular
ordination of plants according to the relative
investment in either of three major adaptive
strategies, characterised by specific syndroms
of life history traits. In this way Grimes CSR-
strategy incorporates, in an interpreted model,
the early ideas of Warming (1884). It is_ proba-
bly the fate of any low-dimensional model to
be questioned, and Austin & Gaywood (1994)
also points to the unsatisfactory generalisations
of the CSR-theory across totally different eco-
systems. As an example Austin & Gaywood
mention two species, Bromus erecta Hudson
and Athyrium filix-femina L., that have exactly
the same triangular ordination, occur in the
same geographical region, and yet would never
be found together in the same plant commu-
nity

Ellenberg (1974) adopted the simpler
approach of summarising the preferences of
plants with respect to important simple meas-
urable environmental quantities, e.g. water
availability, acidity, and nitrogen availability.
This approach is based on a statistical correla-
tion between environment and plants, and al-
though predictions can be derived using the set
of species indications, the important “why” in
the above question is left unanswered.

A reduction of model complexity can
also be achieved by studying the response of
vegetation instead of single species. Based on
the assumption of a symmetric unimodal re-
sponse of species to major underlying gradi-
ents (Gauch & Whittaker 1972), multivariate
methods have been developed (Hill 1973) that
enable the extraction of coenoclines. With this
tool, gradient analysis advances from the direct
approach (Whittaker 1967) to the indirect ap-
proach, where unconstrained coenoclines can
be extracted and given subsequent interpreta-
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tions in environmental terms. The process of
indirect ordination is not much different from
the pattern description and subsequent inter-
pretations of Warming and Raunkizr, except
that the reduction in dimensions that is achie-
ved with ordination, and the feasibility of sta-
tistical test on personal computers, enables the
testing and comparison of large multivariate
data-sets without reliance on preconceived
ideas.

Object and objectives

The study object of my thesis is grassland
vegetation on well drained soils in Denmark.
Grassland vegetation is an attractive field for a
plant ecologist. As a consequence of the den-
sity and diversity of vascular plants, the sam-
pling area can be kept at a minimum, simulta-
neously satisfying the criteria of homogeneity
and representativity (@kland 1990). The short
term dynamics of grasslands compared to e.g.
forests are also attractive for ecologists de-
scribing or experimenting with issues related
to vegetation processes.

Despite an obvious interest in structure
and process in temperate grassland vegetation
of northern Europe (e.g. Willems et al. 1993,
Grime et al. 1987, Al-Mufti et al. 1977, Mitchley
& Grubb 1986) no studies have yet applied
contemporary methods of indirect gradient
analysis to the range of different grassland
types occurring here (but see Gittins 1965,
Lloyd et al. 1971). Several studies of dry grass-
land vegetation in Denmark have left a consid-
erable number of published vegetation sam

ples. The fieldwork of this thesis can thus be
seen as a supplementary sampling of Danish
grassland vegetation, with the purpose of sub-
sequent indirect gradient analyses. Five major
questions constitute the objectives of the study.

1) What are the primary ecoclines in temperate
grassland vegetation?

2) Which major plant communities can be re-
cognised?

3} Can the generalisation implicit in the con-
cept of coenoclines (integrated species re-
sponses) be justified?

4) Do vascular plants and cryptogams respond
to the same complex gradients?

5) Is it possible to substantiate recommenda-
tions on the conservation and management
of semi-natural grassland with biological
arguments?

The thesis falls in three parts. First, five pub-
lished and unpublished papers investigate the
questions stated above. Secondly, a chapter is
devoted to future perspectives of the results,
including a section of hypotheses and a section
of proposed tests and surveys. Last, a chapter
containing an attempt to defining the concept
of biological quality as a criterium for priorities
and methods in the management of seminatu-
ral grasslands with special reference to Danish
legislation. Finally, a short conclusion recap-
tures the most important insights reached and
the gaps of knowledge revealed. Appendices
are included referring to articles published in
Danish, and clarifying the role of first and sec-
ond authors of the included manuscripts.
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A gradient analysis of temperate grassland on well-
~ drained soil

Ejmas, Rasmus™ & Bruun, Hans Henrik’

'Department of Plant Ecology, University of Copenhagen, Qster Farimagsgade 2 D, DK-1353 Kbh K,
Denmark. Email:hanshb@bot.ku.dk
*Present address: Department of Landscape Ecology, National Environmental Research Institute, Grendvej
14, DK-8410 Rende, Denmark.”
Corresponding author: Email: rej@dmu.dk

Abstract

This paper presents a gradient analysis of 620
vegetation samples covering the main floristic
and environmental variation in semi-natural
grassland vegetation on well-drained soils in
Denmark. Vegetation was sampled using fre-
quency in subplots. Environmental data for
the samples consists of ground inclination, as-
pect, pH, geographical co-ordinates together
with indications of soil type. To facilitate axes
interpretations these were supplemented with
site calibrations based on weighted averaging
of Ellenbergs indicator-values and Grimes
CSR-strategy values. A detrended correspon-
dence analysis revealed four coenoclines that
could be interpreted in ecological terms. The
first coenocline reflected an ecosystem gradi-
ent from dry calcareous to humid acidic
grasslands. The second responded to an un-
derlying gradient in fertility. The third re-
flected regional and the fourth reflected a gra-
dient in intensity of competition. We recom-
mend subset ordination as a supplement to tra-
ditional permutation and correlation statistics
for assessment of the consistency of ordination
results. DCA' were found to be consistent
coenoclines in space and time and were mod-
elled using multiple regression. Ecoclines and
species diversity patterns are discussed in a
context of plant strategy theory and species
diversity models.

Keywords: Europe, Denmark, temperate,
serni-natural, unimproved, permanent, ordi-
nation, Ellenberg, Grime, competition, diver-
sity, plant strategy theory, statistical model-
ling.

Nomenclature: Flora Europaea (Tutin et al.
1964-1980).

Introduction

The temperate “semi-natural” grassland vege-
tation of western Europe is one of the most
studied plant communities. One important
and lasting focal point has been species diver-
sity and the impact of local scale ecological
processes (e.g. Grime 1979, Schmida & Ellner
1984, Tilman 1988, Zobel & Moora 1997). Re-
cently, attention has also been drawn to proc-
esses involving larger areas and time spans
(Zobel 1992, Piértel et al. 1996). Despite this
obvious research interest, few attempts have
been made to present a view of temperate
grassland vegetation using contemporary
multivariate methods. Studies have generally
been restricted to particular grassland types
(e.g. Zobel & Kont 1992, Krahulec et al. 1986,
on Alvar grasslands) or focused on local suc-
cessional sequences (e.g. Cramer & Hytteborn
1987, Eilertsen 1991).

Over the last century, but mainly in the
period 1940-1960, a couple of quantitative de-
scriptions of Danish grasslands on well-
drained soils were published. Tyge W. Bicher
studied grassland and forest fringe vegetation
on slopes in Denmark (Bocher 1945, Bocher et
al. 1946). The aim of Bocher and co-workers in
these studies was to find and describe the tiny
patches of original Danish vegetation, as little
influenced by culture as possible, and through
the study of these to deduce an overall picture
(Bocher, 1945: p.2). Bocher based his classifi-
cations largely on phytogeographical criteria,
i.e. differences between relevés with respect to
European distribution types of the plants, e.g.
continental, oceanic, Mediterranean and bo-
real. Bocher et al. (1946) recognised the evi-
dent importance of topoclimate, pH and ero-
sion for vegetation composition and hypothe-
sised that drought, calcareous soils and ero-
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sion could create conditions hostile to tree
growth, allowing for the occurrence of patches
of natural temperate grassland. However, no
thorough environmental interpretation of ob-
served patterns was presented. Vestergaard &
Hansen (1989) reported on the distribution of
vascular plants in Denmark with special em-
phasis on regional patterns. They recognised
the following key factors for the distribution
of grassland and dune species: 1) the main sta-
tionary line during the last glacial, 2) regions
with high incidences of limestone soils and 3}
climatic gradients, mainly reflecting variation
in precipitation.

The objective of this study is to analyse
and interpret coenoclines in Danish grassland
vegetation. We have included in the study all
accessible published and unpublished data
from Danish grasslands satisfying our selec-
tion criteria:

1. Samples of vegetation dominated by herbace-
ous plants occurring on well-drained soils.

2. Samples of vegetation obtained from a homo-
geneous area (of app. 10-100 m®) by “frequen-
cy within 10 subplots of 0.1 m* each”.

3. Studies including measurement of pH, aspect,
inclination and indication of soil type.

A separate paper will present a classification
based on the same material. The basic ques-
tions dealt with in this paper are:

1. What are the most important coenoclines in
dry grassland vegetation in Denmark?

2. Can these be interpreted in terms of underly-
ing complex gradients?

3. How do observed patterns in diversity and
gradient structure relate to current theories
on plant strategies and vegetation processes?

Study areas and sampling objectives

Table 1 lists the studies included in this paper.
The data collected by Bécher and co-workers
in the 1940’s (Bocher, 1945, 1946, 1947, 1957;
Bocher et al., 1946, Bocher et al. unpubl,
Bocher unpubl.) constitutes the bulk of this
material. The unpublished material from Thy/
Hanherred and Bornholm was collected in
1942 (supplemented 1945) and 1947 respec-
tively, by Tyge W. Bocher, Tyge Christensen
and M. Skytte Christiansen. After the death of
Bécher in 1983 it was preserved in the Botani-
cal Library, Copenhagen along with sparse
comments (Bocher et al. unpubl., Bécher un-
publ.). We have used these tables after revis-
ing them with the field notes of T.W. Bécher
(also in Botanical Library) and his co-workers
(kindly lend to the authors by T. Christensen
(t1995) and M.S. Christiansen (1+1997).

The sampling rationale of Bécher and
co-workers was documentary, i.e. vegetation
analyses were made in »selected, particularly
typical places« (Bocher et al. 1946: 28). In this
respect, the approach was very similar to the
Braun-Blanquet approach (Westhoff & van der
Maarel, 1978). Bocher had a broad view on
grassland vegetation and included in his
studies also vegetation from edges of forest
and scrub as well as from fixed dunes. He se-
lected consciously vegetation as little influ-
enced by man as possible, excluding inten-
sively grazed areas and areas of former culti-
vation. In our opinion, the choice of stands by
Bocher and co-workers was somewhat biased
towards stands including rare and semi-rare
species.

Mortensen (1953, 1955) sampled vegeta-
tion on slopes on Samse and Hindsholm in the

Table 1. Study area, year of data collection and number of samples and localities for the ten

separate studies included here.

Study Area Fieldw.y Samples Locality
Bocher, 1945 Zealand 193142 102 38
Bocher, 1946 Men 1944-45 17 8
Bocher, 1947 . Bornholm 1947 2 1
Bocher, 1957 Bornholm 1947 4 3
Bocher et al., 1946 Himmerland 1943-45 97 32
Bécher, unpubl. Thy/Hanherred 1942-46 106 28
Bécher, unpubl. Bornholm 1947 7 3
Fredskild, 1954 Zealand 1951-54 57 6
Mortensen, 1953 Hindsholm 1945-52 24 18
Mortensen, 1955 Samse 1945-55 31 12
Bruun & Ejmaes, 1993 Odsherred 1992 20 5
Ejrms, unpubl. Djursland 1994-95 109 29
Wind & Ballegaard, 1995 E-Jutland 1995 6 1
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Great Belt region, attempting to extend the
studies of Bocher to other parts of Denmark.
Fredskild (1954) studied slope vegetation in
W-Zealand in an attempt to understand the
vegetation on dry sandy slopes in a context of
topoclimate and edaphic factors.

The material from the Djursland penin-
sula, eastern Jutland, was collected 1994-95
using stratified random sampling, by one of
the authors. The objective was to sample the
floristic gradients present in grasslands with
long grazing continuity and without influence
of fertilisation. Three small data-sets from
NW-Zealand and E-Jutland were collected in
similar ways (Bruun & Ejrneaes 1993, Ejrnaes &
Bruun 1995, Wind & Ballegaard 1996).

We have excluded 10 samples from for-
est and white dune (Bocher 1945: tab 1, anal.1-
3, tab 3 anal.l, tab 6 anal. 1,2; Boécher et
al.1946: Tab.2. anal.1-4), as well as 16 samples
from formerly cultivated land (Bécher 1946:
locality no 3) leaving us with a material con-
sisting of 180 localities containing 620 vegeta-
tion samples and 387 plant species. Figure 1
shows the geographical distribution of the lo-
calities and figure 2 shows the distribution of
samples on pH-values and soil classes along a
SE-NW axis in Denmark.

Sampling method

All vegetation samples were collected using
“frequency in subplot” as the abundance
measure based on Raunkizr's method
(Raunkizer, 1909): According to this method a
sample plot is a vegetation stand of undefined
size, but most often approximating 100 m’,

that is subjectively judged as homogenous.

Vegetation is analysed by recording frequency
of species in 10 circular subplots, each of 1/10
m’, placed at random in the stand. In the pub-
lished and unpublished studies of Bécher and
in the Djursland material an extended version
of Raunkizrs method was used including also
smaller nested circles (Bocher 1935, Bocher &
Weis Bentzon 1958). In the unpublished
Djursland material a fixed sample size of 10
m’ was used within which subplots were
placed at random. The resulting abundance
scale has the advantage over cover estimation
of being objective and little influenced by
sampling season. Its disadvantage, especially
in Raunkizr’s simple version, is the relatively
poor resolution in the higher end of the fre-
quency scale (see Bocher & Weis Bentzon
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1958). Compared to unweighted measures of
cover or biomass, frequency in subplots gives
relatively more weight to less frequent spe-
cies.  Frequency in subplots has generally
proven useful for subsequent multivariate
data treatment including ordination and clas-
sification (Jkland 1990).

Taxonomic notes

Taxonomy and nomenclature follow Flora Eu-
ropaea (Tutin et al. 1964-1980), except for the
following taxa: Rumiex acetosa includes R. tHyr-
siflorus FINGERH. and Hieracium pilosella in-
cludes H. peletermmum MIRAT. In a few cases
one author distinguished between infra- or
microspecies, and others not. For instance
Bocher (1945) and Bocher et al (1946) distin-
guished between the two subspecies of Hera-
cleum sphondyleum L., ssp. sphondyleum and
ssp. sibiricum (L.)SIMONKALI, while this distinc-
tion was not made in the Djursland material.
Here, on the other hand, the subspecies of
Sclerantius annuus L., ssp. annuus and ssp.
polycarpos (L.)THELL. were distinguished be-
tween. The subspecies within Heracleum
sphondylium and Scleranthus annuus have
similar ecology and were therefore fused into
the two broad species. In the Djursland mate-
rial Taraxacum sect. Erythrospermim DAHLST.
EMEND H.LINDB.FIL. was distinguished from
other Taraxacum sectios. This was not the case
in the rest of the material, although from the
field notes we know micro-species of this
characteristic sectio to have occurred. This
taxon was preserved as it occurs frequently
and its ecology is markedly different from
other sectios.

The common species Poa angustifolia L.
and P. pratensis L. s.str. was distinguished
between in all samples except in the Djursland
material. The authors find it unreliable to dis- -
tinguish between the two species in the field
and have therefore decided to fuse them into
the broad species Poa pratensis L. s.lat.

Explanatory variables

The number of environmental variables pro-
vided are limited, except for Fredskild (1954)
and the Djursland material. Table 2 serves the
dual purpose of giving a survey of variables
included in the gradient analysis and simulta-
neously providing an environmental charac-
terisation of the grasslands included in the
analysis.
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Fredskild (1954) indicates precisely the
pH measuring method, i.e. 0-12 cm topsoil
diluted in water (1:2,5) and measured by glass
electrode. The Djursland material is compara-
ble; 0-10 cm fresh topsoil mixed with demin-
eralised water (1:2) and stirred and measured
after 10 minutes. Bécher (1945) and Bocher et
al. (1946) states that pH was measured elec-
trometrically, the soil being "root-soil" and “ca.
0-5 cm." respectively, but nothing is men-
tioned about dilution medium or soil/liquid
ratio. Based on the range of pH values in the
data, we assumed that dilution in water was
also applied by Bocher and Mortensen.

Aspect and inclination were combined
to give values of potential direct irradiation,
calculated as the relative daily direct irradia-
tion compared to a horizontal surface at two
different days: March 1, in spring, when
growth rates increase with temperature and
june 23, in mid summer, when drought is a
risk. For detailed formulas consult Igbal
(1983), Klein (1977) and Andersen (1980).

Bocher (1945), Mortensen (1953, 1955)
and the Djursland material includes subjective
classifications of geological substratum where-
as Fredskild (1954) includes particle size ana-
lysis. In Bocher (1946, 1947) and Bocher et al.
(1946) soil type indications are part of the de-
scription of localities, and in the Thy/Han-
herred similar descriptions are found in the
collectors field notes. Based on these sources,
samples were assigned to one of 5 soil classes:
Limestone (including chalk), clay (clayey till,
including marl, colloidal clay and moler),
sand/clay, diluvial sand (including gravel)
and post-glacial, marine sand (including
gravel, shingle, and eolian sand). The soil class
limestone often coincides with shallow soils,
all other soil classes imply deep soils. 22 sam-
ples remained unclassified.

The three levels of “coast” were judged
from maps, with inland localities being situ-
ated more than 1 km from the coast, and the
distinction between bay and sea judged sub-
jectively.

Supplementary to variables working on
local scale, a number of regional variables
were also included. The geographical position
of each sample was read as its UTM co-
ordinates for northing and easting (UTM
ED50 estimated with 100 m precision). All lo-
calities were assigned to one of 13 regions (fig.
1) delimited subjectively by the authors with
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respect to differences in predominating geo-
logical strata and local climate (Vestergaard &
Hansen 1989). All samples were then assigned
average values for their particular region with
respect to mean annual precipitation, mean
precipitation May-July and length of growing
season counted as days with a mean tem-
perature above 6 °C (Vestergaard & Hansen
1989).

As an aid in the interpretation of ordi-
nation axes (see Persson 1981) we included a
set of site calibrations based on the autecologi-
cal classification of species initiated in the
works of Grime (1974) and Ellenberg (1974).
Six categories of species indicator values were
obtained from Ellenberg et al. (1992) and 3
categories from FIBS (Grime, Hodgson &
Hunt, unpub.}). We used these to calculate for
each sample, averages of each indicator cate-
gory over all species, weighted by species fre-
quencies. Instead of using the unbalanced
CSR-radii given in the FIBS-database, we used
the tabulated compound strategy (e.g. Achillea
millefolium being a CR/CSR-strategist) to cal-
culate a CSR-ratio giving equally abundant

- species the same weight in the estimate of site

condition. In the database each species can
take strategy value multiples of halves, thirds,
fourths and sixths, leading to 12 points as the
smallest common multiple. A species recorded
as a CS/CSR-strategist was consequently as-
signed 5 points for competitive ability, 5 for
stress tolerance and 2 for ruderal adaptation
as opposed to 3, 3 and 2 in the FIBS-database,
whereas a C-strategist was given 12 for com-
petition and zero for stress and ruderal adap-
tation (6, 0, 0, in FIBS). These “site calibra-
tions” are not to be confused with measured
environmental variables and have therefore
been assigned a superscript “c” as a suffix to
the name.

The last four variables are vegetation
descriptors rather than explanatory variables:
species number per plot, number of annual
species per plot, species density (average
number of species per subplot) and annual
density (average fraction of annuals per sub-

plot).

Methods of data analysis

Ordinations were run using the data package
CANOCO vers.3.12 (ter Braak, 1991). For the
purpose of coenocline extraction, DCA with
detrending by segments and non-linear res-



caling with default options was chosen (CA
resulted in a pronounced quadratic distortion
of the second axis). Neither weighting nor ex-
clusion of species and samples were applied
initially; but see discussion of outliers below.
After the warnings regarding ordination in-
stability in CANOCO given by Oksanen &
Minchin {1997), all ordinations were rerun
using the recommended debugged version of
Decorana (Hill 1979, Oksanen & Minchin
1997). In only one data-set the correlation coef-
ficient between the two ordinations were less
than 0.999 (0.94 and 0.91 respectively on the
third and fourth axes) and for that data-set we
used the Decorana ordination instead of the
Canoco version. Pearson product moment cor-
relation, multiple regressions and analysis of
variance were carried out using functions
cor.test, Im, aov and anova in S-PLUS vers. 3.3
(Statistical sciences 1995) and Kendall rank
correlation was computed using proc corr in
SAS vers.6.11 (1989). Rank correlation statis-
tics was chosen based on the reasoning that
relationships among variables and between
axes and variables are not necessarily linear.
To evaluate the consistency of gradients
revealed by DCA in the full data-set, eight
subsets were also subjected to DCA. These
were extracted from the full set as follows:

1. Common species, here defined as species pre-
sent in at least 75 samples (617 samples, 69
species).

2. Subordinate species, here defined as species
with a maximum average frequency when
present of .35 (107 species, 450 samples).

3. Dominant species here defined as species
present in at least 5 samples and with a
minimum mean frequency of 0.45 (64 spe-
cies, 610 samples).

4. Acidic grasslands (samples with a pH<6.8,

305 samples, 290 species).

S. Calcareous grasslands (samples with pH>6.2,
367 samples, 357 species).

6. N-Jutland (samples from Thy, Hanherred
and Himmerland, collected 1942-1946; 203
samples, 270 species).

7. E-Jutland (Samples from the unpublished
Djursland material, collected 1994-1995; 148
samples, 217 species).

8. Zealand (Samples from Zealand and Men,
collected 1944-1954; 119 samples, 231 spe-
cies).

Results _

Outliers, although potentially interesting, are
unwanted in DCA as they can cause axes dis-
tortions resulting in exceptions overruling
general patterns. In this study we defined and
calculated the isolation of a sample as the mean
distance of that sample to the sixth to 15th closest
sanples on each axis. Figure 3 shows the distri-
bution of samples corresponding to different
degrees of isolation. The distribution has a
long tail, and we decided to omit the six most
outlying samples. The effect of omitting out-
liers was pronounced, especially on axes 3 and
4 (fig. 3). Excluding the next most outlying
samples did not affect the DCA-axes mark-
edly. By the same iterative method, we re-
moved from one to six outliers from the eight
subsets prior to the ordination reported on
below.

Table 3 shows, for all data-sets, eigen-
values, total inertia (TI) and percentage varia-
tion explained by DCA'™, The full data-set was
found to have a high TI and only 8.3 % varia-
tion explained by DCA"™. This ratio was ap-
parently influenced by infrequent species: as
much as 24.1% of variation was explained in
the subsets containing only the common spe-
cies. Figures for explained variation in the re-

Table 3. Eigenvalues, TI and explained variation in ordination of the full dataset

and 8 subsets.

Data DCA' DCA’ DCA’ DCA' TI  %Explvar.
EGV EGV  EGV EGV
Full set 0.44 0.37 0.29 0.23 16.0 8.3
Common species 0.36 0.27 0.16 0.15 3.9 24.1
Subordinate species 0.62 0.49 0.42 0.36 23.3 8.1
Dominant species 0.42 0.32 0.24 0.21 6.7 17.8
Acidic grasslands 0.41 0.31 0.26 0.25 11.0 11.2
Calcareous grasslands 0.44 0.35 0.28 0.21 137 9.2
E-Jutland 0.49 0.35 0.20 0.18 6.8 17.8
N-Jutland 0.43 0.34 0.25 0.21 10.3 119
Zealand 0.52 0.41 0.25 0.21 9.8 14.1
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gional subsets were considerably larger than
in the full data-set (tab 3), which indicates that
also regional differences constitute part of the
residual variation of the full set.

We saw no reasons for initial discarding
of any of the four DCA axes as eigenvalues
showed a gradual decline from axes one to
four and all gradient lengths exceeded 3
5.D.units (unimodal response model justified).
No polynomial distortions were detected by
visual inspection of axes (fig. 3), and only a
tendency of a double sided “tongue effect”
could be hypothesised on axes 1-2. CANOCO
has no option for extracting more than 4 axes
and therefore two alternative fifth axes were
extracted by non-standard methods. First, an
additional axis was extracted using DCA' as
covariables. Secondly, DCA' was run as co-
variable during the extraction of four addi-
tional axes, the fourth of which was examined
as a potential fifth axis. However CANOCO
has no detrending option for covariables, so
the first method resulted in a CA-axis with an
unrealistic high eigenvalue, exceeding that of
DCA'. The latter produced an axis with a rea-
sonably low eigenvalue, but both methods re-
sulted in a fifth axis showing strong rank cor-
relation with standard DCA-axes of higher
order, and the fifth axis was therefore left out
of further consideration.

A scatterplot matrix of DCA™ in the full
data-set against the best correlated axes in all
subsets (fig.4) revealed that the major coeno-
clines DCA"™ were also prominent in most
subsets. Although all correlations were highly
significant, DCA' was reproduced less con-
vincingly in the acidic grasslands and in
northern Jutland. A clear DCA? was only ab-
sent in the subordinate species and the cal-
careous subsets. The order of the first two
axes was reversed for the Zealand and the N-
Jutland subsets. DCA™ were less clearly re-
produced although significant elements of
these coenoclines were reflected in all subsets.

Table 4 shows a correlation matrix of
the explanatory variables including many
significant correlations. Some of these are self
evident such as the positive correlation be-
tween species number and species density.
The negative correlation between northing
and easting, needs further explanation: from
the site map (fig.1) it appears that sampling
has been concentrated in a broad band ori-
ented southeast to northwest.
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Table 5. Correlation between explanatory variables and
DCA™. Kendall Rank Correlation .*=P<0.001, *=P<0.0001.

DCA1 IDCA2 DCA3 DCA4

DCA1 1] -003] 0.1+ -0.01
DCA2 003 1] -001] -0.02
DCA3 0.1*) -0.01 1 -0.05
DCA4 -0.01/ -0.02] -0.05 1
pH | -0.55% 0.29* -0.19% 007
pH" | -0.47*| 0.42%] -0.28* -0.04
CONTINENTALITY" | -0.50* 0.15%] -031% -0.1*
SLOPE -0.26**| 0.28** -0.09] 0.00
WATER® 0.39**] 0.35%] 0.14* -0.17*
IRRADIATION 1/3 | -0.38** -0.23*| -0.06] 0.04
LIGHT -0.38** -0.22** -0.05| 0.19*
TEMP -0.43**| -0.26* -0.01 0.08
IRRADIATION 23/6 | -0.02 -039* 000] 0.0
COMPETITION® 0.01] 009 007/ -057*
NITROGEN' | -0.05] 039+ 023 037"
STRESSS | 022 -0.03 -0.23*| 033"
DISTURBANCE' | -0.29%  -0.05] 026" 0.00
EASTING -0.18* -0.09*)  0.07) -0.15*
NORTHING 027 0.02] -0.17* 0.08
PRECIPITATION *Y' | 0.25** 0.03/ -0.27** 0.12*
PRECIPITATION 0.16*  0.08] -0.24* 0.12
MAY-JULY | |

GROWTH DAYS -0.04| -0.11*] 050% -0.01
ANNUALS -0.52%] -0.14*]  0.04| 0.22*
PERCENT ANNUALS | -0.50** -0.18* -0.00] 0.23**
SPECIESNUMBER | -0.03| 030 0.01 0.22*
SPECIESDENSITY | 0.09] 022 0.09* 0.32*|

Table 6. Inclusion order and F-values of factor variables in Al
OVAs with respect to DCA". For comparison with continuos
variables, factor conversions of two of the most influential co
tinuos variables are included for each axis. Number of factor
els in parenthesis. Levels of significance: *=P<0.001, **=P<0.0

DCA1 DCA2 DCA3 DCA4
No F| No F| No F{No|
SOIL (5) 4 2] 1]99*| 1[123| 3|28
REGION (13) | 3| 17| 5] 4| 2| 39*| 4{ 6
COAST (3) 5 1| 4{13*| 4 o[ 5]
PH(3) 1| 562**| 3|24~ 3| 3i*
IRRADIA- 2177+
TION1/3 (3)
IRRADIA- 2[ 51*
TION23/6 (3)
GROWTH 5| 0.05
DAYS (5) o
COMPETI- 1| 34¢
TION (3)
NITROGEN 2| 29
(3)




given together with levels of probability *= 0.001,**=0.0001. Cor-
relations with tau > 0.3 are in bold. The presence of four clusters

Table 4. Correlation among explanatory variables. Kendalls tau is
of inter-correlated variables is indicated in bold frames.
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The strongest of the remaining correlations
were grouped in what we recognised as four
main clusters: 1) pH and continentality, 2) water
availability and topoclimate, 3) fertility and com-
petition and 4) regional features (table 4). The
correlation between water® and nitrogen® con-
stitute a link between the second and third
cluster.

Table 5 and 6 show correlations between
DCA™ sample scores and the variables. DCA'
was correlated with pH & continentality® and
topoclimate, ranging from warm and dry cal-
careous slopes with many annuals and species
with a subcontinental European distribution
to cool and humid, acidic grasslands with
predominance of species with a relatively oce-
anic European distribution. Along DCA?, pH
and water’ combined in the opposite way.
With low scores were found relatively fertile
grasslands on clay, limestone and occasionally
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diluvial sand with good water supply, and in
the opposite end were found the notoriously
infertile, dry grasslands on marine and eolian
sand (see also fig.5). It should be acknowl-
edged that Ellenbergs N-value should be in-
terpreted as a general fertility indication,
rather than as a precise index of nitrogen
availability (Ellenberg et al. 1992).

DCA™ were less consistent across the
subsets and should be interpreted with cau-
tion. DCA’ correlated with soil type and re-
gion (tab.6 & fig.5), the one extreme being
characterised by grasslands of high pH on in-
fertile marine sand and limestone with a con-
tinental element in the vegetation, and the
other by grasslands of lower pH on relatively
fertile sand and clay. Being fitted fifth in the
ANOVA (table 6), number of growth days were
found to be almost completely aliased to re-
gion, suggesting that local climate could be re-
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Figure 5. Factor plots of soil and region with respect to relevant DCA-axes
(cf. table 6). The boxes cover the interquartile range, and the whiskers
{dotted lines) extend to the extreme values or 1.5 x the interquartile range,
whichever is less. Horizontal ticks indicate samples with extreme values.

26



sponsible for some of the regional element in
DCA’. DCA' was highly negatively correlated
with competition® and nitrogen’ and positively
with stress® (tab. 5).

The vegetation descriptive variables
were also related to ordination axes: The eco-
cline along DCA' was of very significant im-
portance for the annuals, and the coenoclines

of DCA', DCA®and DCA' produced conspi-
cuous species density patterns (fig 6). No sig-
nificant patterns were detected along DCA’.
Species density was modelled in terms of the
most influential calibrated variable along each
axis (continentality’, nitrogen® and competi-
tion") and graphed along with the matching
histograms of the number of Danish grassland
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Figure 6. Species density in coenoplanes. Only DCA 1, 2 and 4 are shown, DCA 3 did not
correlate with species density. Open quadrates correspond to samples with an average of
less than 5 species per 0.1 m2, small dots correspond to an average of between 5 and 15
species, medium dots indicate more than 15 species and large dots more than 20 species.
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species corresponding to the levels of these
variables (fig. 7). A marked coincidence was
found between predicted species density and
actual number of grassland species (regional
species pool}) along these three gradients.

The consistency of the first two coeno-
clines across species groups, study areas and
study years, encouraged us to model these in
environmental terms. Most relationships were
found to be linear, and a simple transforma-
tion of pH justified the use of multiple linear
regression. Table 7 shows ANOVA tables,
comparing for each coenocline models in-
cluding one to four terms added sequentially
by forward selection from all variables (with
the exception that closely related measured
variables were preferred to calibrated vari-
ables when of comparable strength). The ta-
bles also include r* for the fit of each model.
Figure 8 and 9 show plots of the models and
their fitted single terms (for factor variables
compare with figure 5). the model of DCA'
was convincing: as much as 70% of sample
score variation was explained by only two en-
vironmental variables, pH and irradiation
March 1 (tab.7). Continentality was partly ali-
ased to pH and irradiation, which somewhat
masked its strong correlation with DCA'.
DCA’ was less clear - first we needed to incor-
porate a calibrated variable in the model (ni-
trogen’), and after fitting four variables, ap-
proximately one third of the variation in sam-
ple scores still remained unexplained (tab.7).
The less convincing fit of this model might be
due to the lack of precise indications of site
fertility, a difficult variable to cope with.

Table 7. ANOVAs comparing successively more complicated multiple regression models including up to the
four most important variables (selected by forward selection). Fraction of variation explained by fit (r’) in
last column. Degree of freedom, sum of squares, F-values and probability levels relate to the added variable.

Response: DCA'

o Terms B Test Df S5  FValue Pr(F) r
1/pH ; 1 2795 1848 < 0.00001 0.56
1/pH + irradiation 1/3 +irrad 1/3 1 716 473  <0.00001 0.71
1/pH + irradiation 1/3 + continentality’ +cont 1 26.5 175 < 0.00001 0.76
1/pH + irradiation 1/3 + continentality + region +re;ion 12 364 20 <0.00001 0.83
Response: DCA’

i Terms . - Test Df S5 FValue Pr(F) r
Nitrogen® 4 1383 175.6 0.39
Nitrogen® + soil type +soil 4 658 835 <0.0000 0.59
Nitrogen® + soil type + (irradiation23/6) +(irrad 23/6)° 2 199 50.6 <0.0000 0.66
Nitrogen® + soil type + (irradiation23/6)'+ pH  +pH 1 6.4 325 <0.0000 0.69
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Discussion

Methods

Lately, Canonical correspondence analysis
(CCA) has gained in popularity and is held by
many ecologists as the most powerful tool for
gradient analysis purposes (e.g. ter Braak &
Prentice 1988, Palmer 1993 ). We support the
alternative view stated by @kland (1996), that
indirect methods, like CA and DCA, are fun-
damentally different from CCA, and that
choice of method should depend on the objec-
tive of the study. CCA deliberately discards
the very important residual variation by con-
straining coenoclines to be linear combina-
tions of variables. This could easily lead to
distortion of the complex gradients present in
the vegetation data, especially if the environ-
mental data are sparse. Secondly, as demon-
strated in this study, relationships between
environmental variables and major coeno-
clines are not necessarily linear. Therefore,
when general gradient analysis is the objec-
tive, indirect methods should be the first
choice.

The high total inertia (TI) compared to
the eigenvalues of DCA'™ questions the multi-
variate approach to vegetation science adop-
ted in this study. However, the ordination has
been shown to make ecological sense, result-
ing in consistent and interpretable grassland
coenoclines, and it is thus the large TI that
calls for an explanation. The decrease in re-
sidual variation in regional subsets and sub-
sets excluding uncommon species, indicates
that “noise” is generated by local species pools
and stochasticity in species occurrences (espe-
cially regarding uncommon species). In addi-
tion, polynomial distortions (detrending is
only performed with respect to axis 2-4) and
species responses differing from the assumed
unimodal symmetrical response (e.g. Austin et
al. 1994 ) are likely to contribute considerably
to TL.

In large data-sets, correlation between
coenoclines and environmental variables
(including permutation statistics in CCA) tend
to be extremely significant, and this condition
is not changed substantially by applying e.g.
Bonferoni corrections. A highly significant
correlation does not however guarantee that
the result can be reproduced under slightly
different conditions. We therefore support the
idea of Lawesson (1997) that subsets of species
data can be used to validate or moderate con-
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clusions obtained in gradient analysis, and in
this study we extend subset ordination to in-
clude also geographical and ecological subsets
of the data.

Ordination

Earlier attempts to interpret ordination axes
within the framework of plant strategy theory
has been fruitful (del Moral 1983, Oksanen &
Ranta 1992). In this study DCA" did not re-
produce the CSR-strategy theory as defined by
Grime (1974). DCA' did show significant cor-
relation with disturbance’, but disturbance®
was confounded with the better correlated
variables irradiation and pH.

The turnover along the axis from conti-
nental to oceanic species accompanied by in-
creased moisture and acidification is a striking
feature of the axis, leading to the suggestion of
a “trans-ecosystem” gradient behind DCA": in
the dry, calcareous axis end, topoclimate and
mineral soils favour the continental type
grasslands with high species turnover rates,
and frequent drought episodes allowing for
annuals as a major vegetation component. In
the opposite end, the relatively oceanic grass
heath is favoured. This coincidence of rela-
tively continental species and dry calcareous
soils is rarely discussed in current ecological
literature, but Sterner (1922) gave it a compre-
hensive treatment. The significance of conti-
nentality in the flora was also recognised by
Bocher (1945), who based his classification of
grassland vegetation largely on the occurrence
of species with a characteristic geographical
distribution, e.g. subcontinental or oceanic.

Surprisingly, no correlation with stress
or competition® was found along the fertility
ecocline (DCA?). As a partial explanation we
suggest that most of the sampled communities
has been influenced by grazing; especially the
relatively fertile grasslands, that would grow
into scrub without grazing. Grime (1979) de-
fines grazing as a disturbance and grazing is
therefore predicted to reduce the intensity of
competition. However, grazing is not pre-
dicted to increase stress levels, so in this par-
ticular case our results conflict with CSR-
strategy theory, lending some support to al-
ternative views (e.g. Oksanen & Ranta 1992)
suggesting a different role for grazing. We
would suggest that moderate grazing acts to
reduce the benefits of the pure C, S and R
strategies: Relative fast regrowth following a



defoliation is advantageous, yet fast growing,
erect growth forms will be eliminated. The ef-
fect of grazing will of course depend on the
intensity and frequency of grazing, but we
suggest, that moderate repeated grazing fa-
vours the stress tolerators relative to the com-
petitors and ruderals in unimproved temper-
ate grasslands.

The regional element in DCA® makes
this ecocline less obvious to interpret in a
plant strategy context. Along the fourth coe-
nocline (DCAY), a strong expression of com-
petition” and stress” was found, accompanying
nitrogen® as expected from theory. The low
rank of competition as a vegetation structur-
ing force found in this study, is hypothesised
to result from the comparatively low fertility
of dry unimproved grasslands. In many of
these grasslands the first C-strategists to ap-
pear in a successional sequence will be shrubs
and trees, and they are not represented in our
analyses.

Seen in a local scale perspective, the di-
versity response along DCA® and DCA® are
consistent with expectations based on theory
(Grime 1979) and experiments on productivity
gradients (Campbell and Grime 1992, Tilman
1993): high o-diversity was found with low
intensity of competition (DCA®) and the diver-
sity pattern along the fertility ecocline (DCA’) is
in accordance with the expectation of a posi-
tive effect of fertility in the lower end of the
productivity range (Grime 1973, Al-Mulfti et
al. 1977). The diversity response along the con-
tinentality ecocline (DCA') is harder to interpret
in terms of local interactions, although it could
be argued, that dominance in terms of biologi-
cal control over nutrient cycling could explain
the low a-diversity in humid acidic grassland,
and a harsh environment with frequent epi-
sodes of drought could account for the low o-
diversity in the “continental type grassland”.

Figure 7 suggests a very simple alterna-
tive explanation of a-diversity, that is in ac-
cordance with the species pool hypothesis
(Taylor et al. 1990, Zobel 1997). The striking
coincidence between predicted species density
and the estimated size of the regional species
pool, almost seems to render local scale expla-
nations superfluous. It makes biological sense
to interpret the diversity patterns along DCA’
in terms of species pool size, but figure 6 indi-
cates that the species pool hypothesis cannot
stand alone. Along DCA® we see a positive ef-

fect of fertility, whereas the opposite is the °
case along DCA'. The biological interpretation
of this apparent contradiction is clear: we
should expect the highest species density to
occur in moderately fertile grasslands - as long
as the intensity of competition is kept low, e.g.
by grazing!

The present study demonstrates - the
benefits of both the local scale and the species
pool perspective, and we believe that both
viewpoints are necessary to reach an under-
standing of the mechanisms behind diversity.
Experimental studies investigating their rela-
tive importance should be encouraged, to-
gether with the formulation of a consistent
species pool theory incorporating ecological,
historical and evolutionary explanations of
species pool size.
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Abstract

A hierarchic classification of Danish natural
and semi-natural grassland vegetation on well-
drained soils is constructed by TWINSPAN on
the basis of 614 samples from vegetation with
continuous coenoclines, yet total turnover in
species composition in more dimensions. The
optimal hierarchic level, and indirectly the size
of clusters, are determined by Indicator Species
Analysis. The classification is interpreted in
terms of variables relating to abiotic ment and
vegetation structure and to major ecoclines as
identified in a previous gradient analysis. The
twelve final clusters are compared to syntaxa
of formal phytosociology and to communities
in the British Vegetation Classification. It is
discussed how to achieve floristically homo-
geneous clusters without sacrificing the eco-
logical interpretability and validity of the
clusters in time and along geographical gradi-
ents.

Keywords: Acidic, calcareous, Europe, plant
community, temperate, continuum, Trifolio-
Geranietea sanguinei T.Miill. 1961, Koelerio-
Corynephoretea Klika ap. Klika et Nowak
1941, Festuco-Brometea Br.Bl. et R.Tx. 1943,
Calluno-Ulicetea Br.Bl.& R.Tx.1943.

Nomenclature: Flora Europaea (Tutin et al.
1964-1980).

Introduction

Faced with the diverse array of approaches to
the classification of vegetation (e.g. Whittaker
1978), a fundamental question arises: why clas-
sify vegetation? Shimwell (1971) posed the
question and answered simultaneously that
classification is an inherent and intuitive act of
the human race. There are, however, strong dif-

ferences among approaches, ranging from
those who believe to identify real communities,
to those who classify for practical reasons. Par-
allel contrasts exist with respect to the methods
applied; from ideal true cluster seeking (e.g.
Noy-Meir & Whittaker 1977) to pragmatic con-
tinuum segmentation. Agglomerative cluster-
ing algorithms imposed on coenoclines have
been coined continuum segmentation, and so
has the division of CA-axes by means of indi-
cator species in Two-Way-INdicator-SPecies-
ANalysis (TWINSPAN, Hill 1979) (van Groene-
woud 1992).

A related fundamental question of vege-
tation classification is whether to optimise
within-cluster floristic homogeneity or maxi-
mum reflection of the environment. The Braun-
Blanquet approach (Westhoff & van der Maarel
1978) seems to favour very narrow communi-
ties (associations) defined solely in terms of
floristic composition, whereas the majority of
vernacular designations of vegetation types,
e.g. dune, heath, forest, are abstractions im-
plying differences in vegetation structure, eda-
phic and climatic conditions, and not necessar-
ily a certain composition of species. An ap-
proach with narrow clusters demands the
erection of equal clusters for vegetation appar-
ently stable for centuries as well as for succes-
sional stages only existing for a few years,
whereas an approach based solely on meas-
ured environmental variables demands an a
priori selection of relevant variables, which
might be wrong.

The aim of the present paper is to present
a classification of Danish grassland communi-
ties on well drained soils based on a compro-
mise between cluster homogeneity and reflec-
tion of environmental conditions. High priority
will be given to achieve consistency of clusters
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in time (succession) and space (a larger region,
i.e. Denmark).

Danish grassland classification
Since Eugenius Warming described the world
biomes as 'plant communities’ (Warming 1895)
and Christen Raunkizer introduced the statisti-
cal approach to vegetation description focusing
on ecoclines rather than ecotones (Raunkizer
1909, 1918), the tradition in Danish vegetation
ecology has been to use broadly circumscribed
units defined from vegetation structure and
dominant life-form rather than from exact
floristic composition. Many attempts to classify
vegetation in accordance with this ‘vegetation
reflects environment’-view were carried out,
resulting in a ‘Danish school’ of vegetation
classification (Shimwell 1973: 229-234). These
two pioneers did hardly treat Danish dry
grasslands. Warming considered temperate
grassland vegetation merely a product of cul-
ture, without much ecological interest (War-
ming, 1895: p.275), except for the dune com-
munities which he monographed (Warming
1909). Raunkizer (1909, 1913) only described
grassland from very acidic soils. Grentved
(1927), following Raunkizer, described the
grassland vegetation on Danish commons, and
later Serensen (1948) reanalysed Grentved’s
data demonstrating his Quotient of Similarity.
Tyge W. Bocher’s classifications of commu-
nities from grassland (e.g. Bocher 1945; Bocher
et al. 1946) and heathland (e.g. Bocher 1941,
1943) have quite a different location on the
conceptual continuum from emphasis on clus-
ter homogeneity to reflection of the environ-
ment. Bocher defined communities by con-
stancy of species, yet rejected the character
species of the Braun-Blanquet approach. In-
stead Bocher replaced these with groups of di-
agnostic species based on a combination of
phytogeographic type and autecology (see
Shimwell 1973: 234). The approach of Bécher
was apparently compatible with the Braun-
Blanquet approach as some of his vegetation
entities were formally named and typified into
syntaxonomy by other workers (e.g. Vaccinion
vitis-ideae Boch.1943 emend.Schub.1960).

Material and methods

The floristic material treated here is the same as
in Ejrnees & Bruun (subm.), viz. a compilation
of all published and unpublished datasets se-
lected by two criteria: Standardised sampling,
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and herbaceous vegetation from old and un-
improved sites. The studies selected is Béocher
(1945, 1946, 1947, 1957, unpubl.), Bocher et al.
(1946, unpubl.), Mortensen (1953, 1955), Fred-
skild (1954), Ejmaes (unpubl.), Ejrnaes & Bruun
(1995) and Wind & Ballegaard (1996) - see
Ejrnzes & Bruun (subm.) for details. The six
most outlying samples were omitted prior to
classification, yielding a dataset of 387 species
in 614 samples. This study is consequently
more comprehensive than any of the above
mentioned, implying a unique opportunity to
synthesise a new classification on a more ob-
jective basis.

Choice of clustering method

Aiming at a classification based on floristic
composition, and yet interpretable in terms of
environmental conditions, a method based on
ordination seemed optimal. An additional ad-
vantage of an ordination is its noise-reducing
effect, which was desirable since a major part
of the floristic variation in the data could be
considered noise (normal for vegetation data,
see Ejrnaes & Bruun subm. for a discussion). A
further advantage is the approximately linear
relationship between ecological distance and
floristic dissimilarity along non-linearly re-
scaled DCA-axes (Dkland 1986; Ejrnaes & Bruun
subm.). Gauch & Whittaker (1981) proposed
the method ‘Ordination Space Partitioning’
(OSP, e.g. DCASP), dividing the primary coeno-
plane into a number of clusters either by a divi-
sive algorithm or by hand. Gauch (1982) stated
that at least four criteria could be independ-
ently optimised by any one division: a) equal
space, b) compactness, ¢) equal numbers, and
d) division in sparse regions. Gauch (1982) rec-
ommended to optimise equal space and com-
pactness, to a lesser degree equal numbers, and
to adjust subsequently according to sparse re-
gions. We find this reasoning sensible, though
the compactness criterion would not solve
much in the present case, since compactness in
the primary coenoplane (Ejrnes & Bruun,
subm.: fig. 3) tends to increase towards the
centre where divisions necessarily must take
place to optimise equal space and numbers.
Likewise, the primary coenoplane does not
show sufficient disjunctions or sparse regions
to make a division by hand into ‘natural clus-
ters’ feasible. We tried to make divisions in the
ordination hyperspace made up of the four in-
terpretable axes using Euclidean distance as
dissimilarity measure and a simple non-



hierarchic clustering method (SAS Institute Inc.
1990: proc fastclus), but the outcome was diffi-
cult to interpret in ecological terms.

The best alternative proved to be TWINSPAN.
The method is i) based on Correspondence
Analysis, ii) employing a divisive algorithm
{less noise sensitive than agglomerative; Gauch
1982), and iii) being polythetic as opposed to
the intentional polythetic but in practise mono-
thetic Braun-Blanquet approach (syntaxa above
the level of association are often defined from
presence of single character species; Feoli
1977). A drawback of all hierarchic methods is
that they do not optimise the compactness and
separation of clusters since divisions are con-
strained by preceding divisions or junctions
(Gauch 1982), and we therefore felt free to rear-
range end-clusters within the tree a posteriori
(this is only expressed in the naming though).

TWINSPAN synthesis

TWINSPAN-classification in the version of Ok-
sanen & Minchin (1997) with superstrict con-
vergence criteria was run by means of the
package PC-ORD 3.0 (McCune & Mefford 1997).
The maximum possible number of cutlevels (5)
was used, resulting in a somewhat coarser
abundance scale than in the original data but
still an acceptable resolution (0.1-0.2, 0.3-0.4,
0.5-0.6, 0.7-0.8 and 0.9-1.0). The maximum
number of indicators per division was set to 15,
as the data set was believed to be sufficiently
large and the samples sufficiently species rich
for that. Altering the mentioned options did
not markedly affect the output. We did not try
to change the input order as Jari Oksanen’s
program for that - CEPSHUFL - does not accept a
dataset of this size (Oksanen & Minchin 1997).
It is worth noting that all but one of the data-
sets tested by Oksanen & Minchin (1997} were
very small, and that the only large set (roughly
half the size of the present) produced stable

solutions even with more lax convergence cri-

teria than used here.

Divisive clustering was allowed to proceed
to level 5 (32 end-clusters) and this preliminary
tree was evaluated by the Species Indicator
Analysis, proposed by Dufréne & Legendre
(1997) and available in PC-ORD 3.0 (McCune &
Mefford 1997), in order to select the appropri-
ate stop level. Dufréne & Legendre (1997) com-
pute for each species in a data set an indicator
value for a given a priori classification by mul-
tiplying its relative abundance (average abun-
dance of the species in a given group of sam-

ples over the average abundance of that species
in all samples) with its relative frequency
(fraction of samples in given group where the
species is present), and they test the obtained
values by a permutation test. They argue that
the sum of significant indicator values will in-
crease with cluster homogeneity, hence more
and smaller clusters, and that it will increase
with species fidelity to clusters, hence large
and few clusters. From this follows that the
sum of significant indicator values will reach a
maximum somewhere between 1 and N clus-
ters. In a dichotomous tree, the number of
clusters is doubled in every level with respect
to the previous level. In the non-hierarchic k-
means-clustering method applied by Dufréne
& Legendre (1997) can provide clusterings with
any desired number of clusters, also a series of
clusterings with the number of clusters in-
creasing by one. Although we turn the focus
from the optimal number of clusters to the op-
timal hierarchical level, the method is useful. In
the case of our dichotomous TWINSPAN tree the
sum of significant indicator values (1000 Monte
Carlo permutations}) was maximal at level 2
(results not shown). We decided to make a few
adjustments to the tree: there were no signifi-
cant indicators for the subdivision of cluster 4
(sand grassland), and we decided not to divide
this cluster further. As we did not want to treat
different successional stages as different com-
munities, the subdivision of cluster 7 (within
xeric grassland} was avoided. These refinements
yielded a tree similar to that shown in fig. 1,
except that all “new” clusters in level 4 were
further subdivided to level 5. In a new Species
Indicator Analysis the sum of significant indi-
cator values was maximal at level 4 in the tree
(fig. 1), and it was decided to omit level 5.

I8 19 20 21 22

23 24 25 26 27 3.261.0

30852

30198

Figure 1. TWINSPAN Iree with 12 end-clusters. The number of
samples is shown next to each node, and the sum of significant
indicator values used to assess the optimal level is shown to the
[eft at the four levels. The similar sum for level 5 (not shown) is
3011.
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Table 1. Indicator Species Analysis of the TWINSPAN tree. For each species is shown two figures separated

by a slash: its relative abundance in each cluster (average abundance in the cluster over the average abun-
dance in all samples) and its relative frequency (fraction of samples in the cluster where the species is pre-
sent), both expressed as percentages (the value 0/0 not shown). The first two columns show the maximum
Indicator Value over all clusters and the statistical significance of it computed by 1000 MonteCarlo per-
mutations. 163 species with nonsignificant indicator values and low absolute frequencies have been omit-
ted. Allegedly symmetric indicators (IV__ >55%) are shown in bold.

Species IVmax twi5 (w17 twif twi19 tw20 tw21 w22 tw23 w24 tw25 tw26  tw27

Poa compressa a5 " | 55/47 | 718 26/15 214 03 911 on

Festuca trachyphylla 19 *** | 67/24 | 1112 15/7 62 13 0N

Bromus sterilis 10 *** |100/10

Alyssum alyssoides 8 " | 76/10 | 24/4

Mealilotus alba 6" 100/6

Papaver argemong 5 84/6 | 16/2

Anchusa officinalis 4" B4/5 | 16/2

Bromus serectus 4" 40/7 | 14/2 21/4 25/8 mn

Melampyrum arvense 4 55/7 45/3

Lithospermurm arvense 3r 10073

Artemisia campastris 57 *** | 33/73 25/63 30/74| 1/8 M 03 4T 1/ 113 519

Bromus hordeaceus coll. 49 *** | 20/56 39/78 11/44| 13/46 1/6 11/32 02 03 49 0/3 o7

Arenaria serpyllifolia 42 *** 1 19/56 36/75 10/37| 6/23 1/4 15/48 11/29 013 213 0/2

Sedum acre 41 *** | 16/53 28/82 3196 02 413  4/20 17 317 2/20 10/35

Convolvulus arvensis 34 | 45148 27/25 12116 11/31  2/4 2/2

Phleum phleoides 30 "™ | 2937 30733 26133 36 33 813 1/2

Potentilla argentea coll. 24 """ | 19/25 46/45 815 | 2/8 - 6/6 18/6 2/3

Trifolium campestre 23 *** | 14/27 35/51 20/z22| 10/8 02 109 15 514 3/3 8

Myesotis ramosissima 19 %" | 27/27 2625 1/4 | 35/23 /2 6/6 2/2

Acininos arvensis 18 *** | 40/33 22/12 12119 2/2 26/18

Aflium vineale 14 ™" | 3816 4120 511 11/8 4/3

Veronica arvansis 14 *** | 1718 36/33 28/23 12 1223 0ON 5/5

Medicago minima 13 """ | 3313 67720

Vicia hirsuta 11 | 2113 3824 1411| 6/8 1010 4/3 4/3 o 32

Echium vulgare 7™ 3911 418 191

Sedum telephium coll. 4" 307 112 24 6/2 42 2213 a/2

Saseli libanotis 4" 427 29/4 28/4

Valerianella locusta 4" 20/8 19/2 54/8 8/3

Trifolium striatum a5 34 | 77145 515 22 1010 a2

Alra caryophyllea 21 6/2 |76/27| 2/4 7/3 11 6/4 213 o7

Erophila vema 20" 1113 |57135| 37 14 1619 678 8/7

Saxifraga granulata 15 ** 5/12 |32/45 15/31 3B 1832 1/5 23/32 277

Myosotis stricta 12" 26/8 |66M18 4/2 4/2

Patrorhagia prolifera 10 * 32/8 |66M6 2/2

Arabidopsis thaliana 5° 13/5 | 69/8 16/6 2n

Cerastium semidecandrum 41 ***  13/40 | 46/80 17/44| ¢&/8 519 2/8 2/5 8NM7 17 177 1/4

Trifolium arvense 35  9M7 [39/53 33/63 113 27 1Nhv 517

Helichrysum arenarium 18 *"*  14/14 | 29/25 49/37 1/3 713

Vicia lathyroides 14 7/8 |35/25 3319| TH5 44 313 1/3 483 277 4/8

Armeria maritima 13 ** 2/7 |15/43 18/41| 215 1/6 1045 377 15 M7 19/i41 15/33 717

Dianthus dsltoides 12 = 1/2 |24/24 31H9| 278 22 1710 0oN 1314 477 57 22

Erodium cicutarium 7 11 |e4H0 34/4 i

Lychnis viscaria 5° 6/3 |23M4 2917 2012 2/3 20/9

Trifoliurm dublum Sk 21N 13116 3/14 | 1715 2213 3N 107 1077

Veronica verna 5§ an 83/6 15/4

Pulsatilla pratensis 49 == 2/6 BN2 |62/78 24 113 2f6 2/3 23 18/23

Thalictrum minus coll. 14 2/2 B/6 |48/30 410 1210  6/5 22 1210 6/8

Veronica spicata 12 19/10| 62119 42 23 8/3 213 4/4

Silene ofites 7 96/7 4f2

Scleranthus perennis 6" 2/2 |44115| 8/8 22/3 24/4

Dactylis glomerata coll. 68" | 14/88 8/63 1/15 23100 1600 17/97 1275 2/22  3/24 427

Galium verum 51" | 10/80 12/98 14/96 7/69 572 12/97 8/82 | 1/35 7/73 11/90 5/73 8/69

Avenula pratensis 48 *** | 6/42 20/80 9/52 2/38 8/48 2077 23/89 | O/8 7140 1/3 27 213

Centaurea jacea 48 " 1 12/47 T/25 0O/7 25/62 20/76 11/55 22067 177 0/3

Medicago lupulina 47 | 789 10@7 349 21/60 2022 2474 24/82 /2 0/3 8/33

Centaurea scabiosa 33" | 23141 2110 12/54 23/40 6/23 33/46 1/4 07

Phleum pratense ssp. ber- a3 *** | 13/40 16/41 211 28/85 3M6 25/65 10/33 2/15 02
tolonii

Ononis repans 3t ™t | 12/44 13/45 5/22 20/46 9/38 20/42 12737 | 1/11 7/24 77

Daucus carota 23 |11y 46 45/46 TH6 4M3  29/43 0/2 o7

Filipandula vulgaris 23 | e21 10/24 8M5 823 17/36 25/45 18/39 8/23

Anthyllis vulneraria 18" |} 616 12035 3N9 1/6 15/42 15/44 W7 610  39/47 206

Silene nutans 16 *** | 20/2t 1418 1015 1318 10/6 24725 | /5 777 o7 0/2
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Hypericum perforatum
Geranium sanguineum
Origanum vulgare
Fragaria viridis
Scabiosa columbaria
Allium oleraceum
Prunus spinosa
Geranium molle
Helianthemum nummulari-
um coll.
Silene vulgaris ssp. vulgaris
Phleum arenarium
Bellis perennis
Lolium perenne
Elytrigia repens
Potentilla reptans
Lathyrus pratensis
Carex hirta
Ranunculus repens
Agrimonia eupatoria
Geranium dissectum
Vicia sativa ssp. nigra
Myasotis arvensis
Equiselum telmateia
Galium palustre
Juncus inflexus
Potentilla anserina
Rubus sect. Rubus
Sonchus arvensis
Thiaspi caerulescens
Capsella bursa-pastoris
Cirsium vulgare
Festuca arundinacea
Rubus caesius
Anthriscus sylvestris
Picris hleracioides
Tanacetum vulgare
Tragopon pratensis coll.
Arrhenaterumn elatius
Galium mollugo
Heracleum sphondylium
coll,
Campanula persicifolia
Hedera helix
Vincetoxicum hirendinaria
Brachypodium sylvaficum
Clinopodium vulgare
Stellaria holostea
Primula veris
Cirsium acaule
Carex flacca
Viola hirta
Leucanthemurm vulgare
Taraxacum sp.
Festuca pratensis
Plantage media
Senacio jacobaea
Knautia arvensis
Avenula pubescens
Trifolium pratense
Fragaria vesca
Ranunculus acris
Leontodon hispidus
Tussilago farfara
Inula salicina
Ranunculus bulbosus
Cynosurus cristatus
Cearastium fontanum ssp.
friviale
Thymus pulegioides
Trifolium repens
Taraxacum sect. Erythro-
sperma
Astragulus danicus
Potentilla cinerea
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Briza media
Carex caryophyllea
Arabis hirsuta
Succisa pratensis
Euphrasia stricta
Geum rivale
Koeleria pyramidata
Campanula glomerata
Sanguisorba minor ssp.
minor
Polygala amaralla
Crepls pragmorsa
Hieracium lactucella
Polygonatum multiflorum
Brachypodium pinnatum
Festuca rubra
Poa pratensis
Plantago lanceoiata
Deschampsia flexuosa
Galium saxatile
Carex pilulifera
Agrostis vinealis
Genista anglica
Holcus mellis
Lathyrus montanus
Anemone nemorosa
Vacclnium mynrtillus
Equisstum pratense
Hypericum pulchrum
Nardus stricta
Carex panicea
Stellaria graminea
Rumex acetosa
Danthonia decumbens
Veronica oflicinalis
Potentilta arecta
Trifolium medium
Polygala vulgaris
Equisetum arvense
Mypericum maculatum
Rosa pimpinellifolia
Ammophilia arenaria
Veronica chamaedrys
Linaria vulgaris
Polypadium vulgare
Silena vulgaris ssp. mariti-
ma
Calamagrostis epigelos
Pimpinella saxifraga
Lotus corniculatus
Holcus lanatus
Salix repens coll,
Vicia cracca
Hippophae rhamnoides
Potentilla tabemaemontani
Equisetum hiemale
Cochlearia officinalis
Plantago maritima
Solidago virga-auraa
Antennaria.dioica
Agroslis stolonifera
Linum catharticum
Senecio integrifolius
Empetrum nigrum
Prunella vulgaris
Carlina vulgaris
Galium sterneri
Gentianslla amarelta
Leontodon autumnalis
Erigeron acre
Draba incana
Hypochoeris maculata
Papaver dubium
Botrychium lunaria
Centaurium erythrasa
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Omalothaca sylvatica 6" 1111 | 8oz |
Luzula campestris 59 110 7/55 6/48 2/38 2/22 17/84 3/28 [13/84 23/89 11/59 10/67 4/42
Agrostis caplilaris 58 ™™ 114 11/65 5/52 5/31 4/28 1/77 111 |[17/81 28/94 11/62 SR33 223
Anthoxanthum odoratum 47 210 8/31 7/22 25 532 17/61 1/8 | 7/38 33/89 6/45 9733 3IN7
Festuca ovina 42 *** 115  12/67 9/52 1/8 2/22 17/81 12/68 (14/73 21/88 5/33 6/44
Hieracium pilosella 42 = 872 11/86 8/81 754 116 13/80 975 | 6/57 14/89 S5/A1 12/93 B8/65
Achillea millefolium ag ** 6/62 976 3/26 11777 7/64 12/30 8f62 | 4/32 15/92 1697 967 1H3
Campanula rotundifolia 3/ 114 3/22 3/26 2/23 8/60 12/84 16/84 | 9/62 14779 9/62 20/87 4/25
Viola canina 34 on o2 17 610 13/26 7A10 | 8/24 26/47 1238 10/20 18/44
Hypochoeris radicata ao - 02 310 17 4/8 02 5/6 21 | TH4 37/48 16/24 1413 10M9
Calluna vulgaris 28 12 o/2 1/3 2/3 |56/49 2436 A7 a7  8ng
Rumex acetosella 24 *** 1/5  19/41 9/26 36 01 |29/49 2333 277 14/29
Aira praecox 18 *** 12 3131 1/4 710 1614 3736 21 17 4/8
Teesdalia nudicaulis 4" 34/10 3/4 N5 237 8/4
Corynephorus canescens 71 ™ 1419 2/3 217 82/73
Carex arenaria 64 ™" 1/6 2/18 26/74 1/6 113 9/32 7/20 17779  4/27 |32/92
Jasione montana 49 4/6 15/20 22/30 13 1/4 814 49/60
Hieracium umbellatum 48 *** 1/3 o0/2 &/22 1/8 110 3113 446 12/32 520 7/31 29/73 | 30/69
Thymus serpyllum 39 *** 1/6 7/24 26/74 0/2 1113 13/45 /3 3111 8/34 18/60 | 22/69
#samplas 103 51 27 13 50 K} a7 37 123 29 15 48
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coclines unlikely to be found with grassland vegetation in Denmark.
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DCA-1 [Oceanity]

Figure 3. Prediction of optima of the twelve end-clusters on the primary coenoplane (DCA, vs.
DCA,) based on a logistic model of cluster occurrence in terms of the two axes. The coeno-
clines correspond to complex gradients in pH and drought (DCA)) and fertility (DCA,). The
contour lines delimit for each cluster an area with a probability of meeting that cluster being
three times the fraction of that cluster out of all samples. Cluster numbers are indicated on
the figure with numbers placed at outer margins of cluster areas. Except for the central clu-
ster 21, where the number is placed inside the cluster area. Dots show the actual position of
samples, and plot regions without points should be interpreted as combinations of the e-
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Results

A hierarchic structure with 12 final clusters
emerge from the clustering procedure (fig. 1).
The first dichotomy divides the most important
coenocline (DCA,; 5.19 SD units) which runs
from open vegetation on south-facing slopes
with calcareous soil to humid leached acidic
grasslands (fig. 2). The two dichotomies at level
2 both divides the second most important coe-
nocline (DCA,; 4.71 SD units) which mainly re-
flects productivity running from relatively fer-
tile grasslands on clay, limestone and occasion-
ally diluvial sand with good water supply, to
infertile dry grasslands on marine or eolian
sand (Ejrnzes & Bruun, subm.). The division of
cluster 1 also follows DCA, to some extent. The
significant indicator species for the divisions
appear from table 1.

Description of main types

Four main clusters emerge from the first two
divisions, and they correspond to the poles of
the two main ecoclines and are centred to-
wards the four corners of the almost rhombic
configuration of sample points in the primary
coenoplane. At this level the sum of significant
indicator values is close to its maximum (93%),
which means that these clusters are relatively
homogeneous and well suited as main grass-
land vegetation types. The optima and varia-
tion of the main types and the end-clusters
with respect to the primary coenoplane appear
from fig. 3.

Cluster 3 XERIC GRASSLANDS (181 samples)

This is relatively open vegetation - often rich in
annual species - occurring on drought-exposed
soil. The soil pH ranges from approximately 5
to well above 8 (mean 7.1). Apart from the spe-
cies indicative of both cluster 3 and 4, e.g. Dac-
tylis glomerata, Galium verum, Avenula pratensis,
character species for this cluster are Artemisia
campestris, Bromus hordeaceus, Arenaria serpylli-
folia, Sedum acre, Convolvulus arvensis and
Phleum phleoides.

Cluster 4 CALCAREOUS GRASSLANDS (181 sam-
ples)

This is closed species-rich vegetation on lime-
stone soil or moraine soil containing calcite
CaCO, (pH ranging from below 6 to 8.5 with a
mean of 7.3). It less often occurs on south-
sloping terrain, and then the soil has a signifi-
cant content of clay. Besides Dactylis glomerata,
Galium verum, Avenula pratensis which are also
indicative of cluster 3, the most prominent in-

dicators are Primula veris, Cirsium acaule, Carex
flacca, Viola hirta and Leucanthemum vulgare.

Cluster 5 ACIDIC GRASSLANDS (160 samples)
This is closed vegetation on north-facing slopes
and other sites which are not exposed to
drought, and where the soil is well below neu-
trality and often leached and acidic - pH below
4 to 7 (mean 5.2). Besides the species indicative
of both cluster 5 and 6 - Luzula campestris,
Agrostis capillaris and Anthoxanthum odoratum,
the strongest indicators are Rumex acetosa, Dan-
thonia decumbens, Veronica officinalis and Poten-
tilla erecta.

Cluster 6 SAND-GRASSLANDS (48 samples)
This cluster is not divided further and it is de-
scribed below as cluster 27.

It is striking how many (sub-) continentally
distributed taxa which are indicative of cluster
1, the dry and/or calcareous grasslands. This is
to some degree an expression of the fact that a
dry and warm local climate produces a high
base saturation of the soil. But calcareous sub-
strates appear to be preferred by continentally
distributed taxa also in the absence of a dry lo-
cal climate. We have anecdotal evidence that
some species which are calcicolous in north-
west Jutland tend to be less pH-limited in the
subcontinental region, e.g. Avenula pratensis,
Filipendula vulgaris, Geranium sanguineum, Ori-
ganum vulgare, Scabiosa columbaria and Helian-
themum nummularium. This phenomenon is
also relevant along a latitudinal gradient in
Europe (Etherington 1975: 278).

Description of end-clusters

The twelve end-clusters are described in terms
of their characteristic flora and significant fea-
tures of their local environment with due refer-
ence to the gradient analysis (Ejrnaes & Bruun,
subm.). The descriptions follow a scheme: The
most prominent indicator species (character
species) are listed first (all significant indicator
species appear from table 1). Then frequency-
dominant species are mentioned, ie. species
with abundance >0.95 in more than 50% of the
samples in the cluster. These species need not
be dominant in terms of biomass, as even small
stature species occurring scattered in a species
dense vegetation can reach high frequency
counts. Then come constant species, i.e. species
which occur in more than 50% of the samples
in a cluster. Species names are followed by the
number (in brackets) of samples in the cluster
where the species is present.
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Figure 4. Diversity and local environment in the twelve end-clusters. Number of species per sample, species
density, percentage of annuals in the species density, soil pH, incident radiation on March 1, and angle of
slope. The dark boxes are the 3. quartiles below and above the median (white bar), the thin vertical bars are

the 99% confidence limits and the horizeontal bars each represent an outlier.

- Two measures of species diversity are used:
species number per sample (1 m® in 10 subplots
randomly distributed in a homogeneous stand)
and species density {(average no of species per
subplot of 0.1 m’) (fig. 4). For clusters where
the vegetation is rich in annuals, the per cent
contribution of these to the species density is
indicated.

Diversity figures as well as figures for soil
pH are followed by 99% confidence intervals in
parentheses. The local environment is de-
scribed by the most significant explanatory

variables (fig. 2 and 4), though soil pH and
relative irradiation on March 1 are mentioned
without exception (see Ejrnees & Bruun subm.
for details on available variables). Distribution
of soil types in the clusters appear from table 2.
For all types the prose description is accompa-
nied by a dot-map of Denmark see appendix L.
The maps should be interpreted as documen-
tation of the type rather than distribution of the
type. The reason for this is a biased sampling in
certain regions, especially favouring calcareous
and sand-grasslands Bocher {(1945) and Bocher

Table 2. Percentages of crude soil types within the twelve end-clusters.
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Table 3. Comparison of the twelve end-clusters with the closest unit of formal syntaxonomy (mainly Schubert
et al. 1995; Dierfen 1996) and the classification of British Plant Communities (Rodwell 1993). Brackets indicate
doubtful assignments.

| cluster British Plant Communities

syntaxon (North Germany)
(Plantagini-Festucion ovinae Passarge 1964) .15
Plantagini-Festucion ovinae Passarge 1964 (espec. 17
Helichryso-Phleetum phleoidis (Bécher 1945)

| CG7 Festuca ovina-Hieracium pilosella-Thymus
pulegioides grassland

Dierflen 1996) -
Plantagini-Festucion ovinae Passarge 1964 OR 18 | (U1 Festuca ovina-Agrostis capillaris-Rumex |
Koelerion glaucae (Volk 1931) Klika 1935 acetosella grassland / Erodium cicutarium-
Teesdalia nudicaulis sub-community)
(Trifolio medii-Agrimonietum T.Miill.1962) 19 | MGS Cynosurus cristatus-Centaurea nigra
o - | grassland / Lathyrus pratensis subcommunity
Geranion sanguinei (Galio borealis-Geranietum 20
sanguinei R.Tx.1967 AND Geranio-Trifolietum
alpestris TMull1962) PES SRR S T
(Bromion erecti Br.Bl.& Moor 1938) 21 MG5 Cynosurus cristatus-Centaurea nigra
! grassland / Galium verum subcommunity AND
- CG2 Festuca ovina-Avenula pratensis grassland
Bromion erecti Br.BL& Moor 1938 (e.g. associa- 22 | CG2 Festuca ovina-Avenula pratensis grassland
tion Solidagini-Helictotrichetum Will., Delft et
Rijke 1981) NV I | N
Violion caninae Schwick.1944 ' 23 | U2 Deschampsia flexuosa grassland / Festuca |

ovina-Agrostis capillaris subcommumt}; e
| U4 Festuca ovina-Agrostis capillaris- -Galium

Violion caninae Schwick.1944 AND Vaccinio-

Callunetum Biiker 1942 24 | saxatile grassland / Lathyrus montanus-Stachys
betonica and Holcus lanatus-Trifolium repens
- subcomunities AND Ul Festuca ovina-Agrostis
! capillaris-Rumex acetosella grassland / Galium
: saxatile-Potentilla erecta subcommunity |
25 i
26 |
Corynephorion canescentis Klika 1934 27 |

et al. (1946). Nevertheless, most clusters seem
to be rather evenly distributed over the sam-
pled area. Exceptions to this picture are men-
tioned below.

A comparison of the end-clusters to formal
syntaxonomy and to the British Vegetation
Classification (Rodwell 1992) is shown in table
3. Differences in data collection introduce some
noise to the comparison: our data are frequen-
cies, which have a non-linear relationship to
ramet density, but hardly any relationship to
cover, which forms the base of the mentioned
approaches. But, most complications regarding
a comparison owes to the Danish climate and
the available pool of grassland plant species
being considerably different from Central Eu-
rope and Great Britain. Furthermore, South
Scandinavia is only superficially treated in the
phytosociological literature.

The naming of clusters constituted a speci-
fic challenge. We decided to combine the na-

mes of two constant species that, preferably

each, but alternatively in combination, charac-

terise and distinguish one community from the

other. In addition, the first species was chosen

to indicate the relationship of the cluster to

main grassland types: Artemisia campestris

indicate xeric grassland, Dactylis glomerata

indicate calcareous grassland, Rumex acetosa
indicate acidic grassland and Carex arenaria

indicate sand-grassland.

Cluster 15 ARTEMISIA CAMPESTRIS-POA COM-
PRESSA GRASSLAND (103 samples)

The significant indicator species are the clonal
grasses Poa compressa (48) and Festuca trachy-
phylla (25), and the annuals Bromus sterilis (10)
and Alyssum alyssoides (10). Weaker indicators
are the ruderal species Melilotus alba (6) and
Papaver argemone (6), and Melampyrum arvense
{7). The vegetation often has a low total cover,
thus there are no frequency-dominants, al-
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though Galium verum rather often gain high
abundance. Constant species are Galium verum
(93) and Dactylis glomerata (91), and to a smal-
ler extent Artemisia campestris (75), Hieracium
pilosella (74), Poa pratensis (63), Bromus hor-
deaceus (58) and Sedum acre (55). Also Achillea
millefolitm (64) and Arenaria serpyllifolia (58) are
rather constant, but never with high frequen-
cies.

The vegetation is relatively species poor, 24
(¥2) species per sample on average and 9.4
(+0.8) species per subplot, but rich in annuals -
20% (+3) of the species density. The local envi-
ronment is characterised by very high pH (7.5
£0.2) and very high incident radiation. Drought
is the major limit to productivity, and cessation
of grazing leads only to a succession in a very
slow speed towards scrub often dominated by
Prunus spinosa. This type of grassland occur
predominantly in the precipitation-poor re-
gions of Denmark: along the coasts of the Great
Belt and the eastern Baltic Sea.

Cluster 17 ARTEMISIA CAMPESTRIS-TRIFOLIUM
STRIATUM GRASSLAND (51 samples) ’
The significant indicator species are all annual
species occurring in less than 50% of the sam-
ples - viz. Trifolium striatum (23), Aira caryo-
phyllea (14) and Erophila verna (18). Saxifraga
granulata (23) is a weaker indicator; it is proba-
bly at lot underestimated in the data as the
majority of Bocher's surveys were undertaken
during summer. Another weak indicator is Pei-
rorhagia prolifera (8) which also occurs in cluster
15. The tussocky grass Avenula pratensis (41) is
the only frequent dominant. The constant spe-
cies are Galium verum (50), Hieracium pilosella
(44), Sedum acre (42), Avenula pratensis (41), Cer-
astium semidecandrum (41), Bromus hordeaceus
(40), Achillea millefolium (39), Arenaria serpyllifo-
lin (38), Plantago lanceolata (38), Poa pratensis
(37), Festuca ovina (34), Agrostis capillaris (33),
Festuca rubra (33), Artemisia campestris (32),
Ranunculus bulbosus (28), Trifolium arvense (27)
and Trifolium campestre (26). Also Dactylis glom-
erata (32) and Luzula campestris (28) are con-
stant, but always with low abundance unlike in
other clusters.

The vegetation is species rich - on average
32 (+3) species per sample, 14.9 (1.2} per sub-
plot, and rich in annuals - 20% (+3) of the spe-
cies density. A moderate soil pH (6.8 +0.4)
combined with high irradiation indicates non-
calcareous unleached soils.
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Cluster 18 ARTEMISIA CAMPESTRIS-CAREX AREN-
ARIA GRASSLAND (27 samples)
Significant indicator species are Pulsatilla prat-
ensis (21), Thalictrum minus (8), and weaker Ve-
ronica spicata (5). Galium verum (26) is the only
frequency dominant species. Constant species
are Sedum acre (26), Hieracium pilosella (22),
Carex arenaria (20), Thymus serpyllum (20), Tri-
Sfolium arvense (17), Festuca rubra (16) and Poa
pratensis (16). Also rather constant, but always
at low abundance is Artemisia campestris (20),
Agrostis capillaris (14), Avenula pratensis (14),
Festuca ovina (14) and PIanfago lanceolata (14).
The vegetation is relatively species poor - on
average 25 (¥4) species per sample, 10.5 (+1.6)
per subplot, but relatively rich in annuals - 13%
(£5) of the species density. The type mainly oc-
curs on post-glacial marine sand and shingle
deposits, in north-west Jutland on drought
prone fixed dune sites though. Often the sub-
strate have been calcareous, but now being
somewhat leached, though never acidified (pH
6.2 £0.4), and the irradiation is high. The vege-
tation share some characteristic species with
cluster 27, e.g. Corynephorus canescens (5). The
presence in northern Jutland of continentally
distributed species in calcareous fixed dune
grasslands is unique in Europe (Bocher 1954).

Cluster 19 DACTYLIS GLOMERATA-LOLIUM PER-
ENNE GRASSLAND (13 samples)

Significant indicator species are Bellis perennis
(8), Lolium perenne (8), Elytrigia repens (8), Poten-
tilla reptans (7), Lathyrus pratensis (6), Carex hirta
(5), Agrimonia eupatoria (6) and Vicia sativa ssp.
nigra (5). The only frequency dominant species
is Festuca rubra (12). Constant species are Dac-
tylis glomerata (13), Poa pratensis (12), Phleum
pratense ssp. bertolonii (11), Achillea millefolium
(10), Plantago lanceolata (10), Taraxacum sp. (10),
Galium verum (9), Medicago lupulina (9), Centau-
rea jacea (8), Centaurea scabiosa (7), Cynosurus
cristatus (7), Hieracium pilosella (7) and Ranun-
culus bulbosus (7).

Diversity is variable but may be very high -
on average 30 (+9) species per sample, and fre-
quently very species dense: 13.9 (45.1) species
per subplot, despite the prevalence of species
potentially capable of dominance. The soil is
clayey, either moraine clay or Eocene (plastic)
clay, the pH is very high (7.6 £0.7), and moder-
ate irradiation and oozing subsoil water makes
sites less susceptible to drought and potentially
productive. OQur information on grazing in the



old data sets is inadequate but we hypothesise
that grazing controls the competitive species
and allow for the co-occurrence of less com-
petitive species. Despite the occurrence of spe-
cies typical for improved pastures, the type is
unimproved and contains numerous species
indicative of absence of fertilisation and culti-
vation.

Cluster 20 DACTYLIS GLOMERATA-ARRHENATE-
RUM GRASSLAND (50 samples).

Significant indicator species are Arrhenaterum
elatius (21) and Galium mollugo (13), and weaker
but significant Heracleum sphondylium (10),
Campanula persicifolia (16), Hedera helix (6) and
Vincetoxicum hirundinaria (7). Frequency domi-
nant species Festuca rubra (38), and occasionally
characteristic forbs like Geranium sanguineum
(16) or Vincetoxicum hirundinaria. Constant spe-
cies are Dactylis glomerata (45), Centaurea jacea
(38), Galium verum (36), Poa pratensis (33),
Achillea millefolium (32), Primula veris (32), Cam-
panula rotundifolia (30). The coarse grass species
like Arrhenaterum and Dactylis only rarely
dominate the vegetation.

The vegetation is not species poor - on aver-
age 28 (£3) species per sample, but with a low
species density, 9.6 (£0.8) species per subplot.
This is probably a reflection of the larger plant
modular size, i.e. dominance. The vegetation is
supposedly ungrazed or lightly grazed, but the
steepness of the slopes (36° on average) makes
scrub encroachment take place at a very slow
rate. Soil pH is high (7.2 £0.3), and the irradia-
tion moderate.

Cluster 21 DACTYLIS GLOMERATA-RANUNCULUS
BULBOSUS GRASSLAND (31 samples)

Significant indicator species are Ranunculus
bulbosus (28), Cynosurus cristatus (19), Cerastium
fontanum ssp. triviale (23) and Thymus pulegioi-
des (13). Frequency dominant species are Fes-
tuca rubra (30) and less often Avenula pratensis
(24). Constant species are Dactylis glomerata
(30), Galium verum (30), Achillea millefolium (28),
Hieracium pilosella (28), Campanula rotundifolia
(26), Luzula campestris (26), Festuca ovina (25),
Agrostis capillaris (24), Plantago lanceolata (24),
Poa pratensis (24), Briza media (23), Medicago Iu-
pulina (23), Phleum pratense ssp. bertolonii (20),
Anthoxanthum odoratum (19), Primula veris (18),
Carex caryophyllea (17), Centaurea jacea (17), Ru-
mex acetosa (17), Linum catharticum (16),
Pimpinella saxifraga (16) and Taraxacum sp. (16).

The vegetation is very species rich - 39 (£5)
species per sample, and 19.1 (¥2.2) per subplot.
The soil pH is high (7.2 +0.4), the soil is sandy
moraine deposits, of which some contain cal-
cite and some are decalcified with pH just be-
low 7. The irradiation is relatively low, the sites
often being north faced slopes. This cluster is
somewhat transitional to acidic grassland.

Cluster 22 DACTYLIS GLOMERATA-KOELERIA PY-
RAMIDATA GRASSLAND (87 samples)

Significant indicator species are Koeleria pyrami-
data (43), Campanula glomerata (21), and weaker
but significant Sanguisorba minor ssp. minor {14),
Polygala amarella (10) and Crepis praemorsa (8).
Only Avenula pratensis (77) is a frequency dom-
inant species. Constant species are Festuca rubra
(74), Campanula rotundifolia (73), Galium verum
(71), Medicago lupulina (71), Dactylis glomerata
(65), Hieracium pilosella (65), Pimpinella saxifraga
(65), Festuca ovina (59), Centaurea jacea (58),
Briza media (56), Plantago lanceolata (55), Achillea
millefolium (54), Galium sterneri (53), Lotus corni-
culatus (52), Linum catharticum (50), Carex flacca
(45), Cirsium acaule (45), Ranunculus bulbosus
(45) and Carex caryophyllea (44).

The vegetation is very species rich - 35 (¥2)
species per sample on average, and 15.2 (+1.1)
species per subplot. Soil pH is high (7.3 £0.1)
and irradiation moderate. Within Denmark all
of the significant indicator species occur almost
exclusively in northern Jutland, where also the
geographic centre of the cluster is. Vegetation
resembling the core of the type occur scattered
in the precipitation-poor region. The substrate
in northern Jutland and on the isle of Men is
slopes of Cretaceous chalk, more or less cov-
ered by sandy moraine deposits. In the rest of
the country the substrate is calcite-rich sandy
moraine.

Willems et al. (1981) investigated Danish
vegetation similar to this community with tra-
ditional phytosociological methods, and de-
scribed the association Solidagini-Helictotri-
chetum Will., Delft et Rijke 1981 (in the alliance
Bromion erecti Br.Bl.& Moor 1938). Their relev-
ées could surely be ascribed to cluster 22, but
the remaining part of cluster 22 and the whole
of cluster 21, which also fits with the diagnostic
species of Mesobromion, cannot easily be as-
signed to Solidagini-Helictotrichetum.

Cluster 23 RUMEX ACETOSA-DESCHAMPSIA FLEX-
UOSA GRASSLAND (37 samples)

49




Significant indicator species are Deschampsin
flexuosa (34), Galium saxatile (19), Carex pilulifera
(14) and Agrostis vinealis {11). Deschampsia
flexuosa is almost always dominating the vege-
tation. Constant species are Luzula campestris
(31), Agrostis capillaris (30) sometimes co-
dominant, Fesfuca ovina (27), Poa pratensis (25),
Campanula rotundifolia (23), Festuca rubra (22),
Rumex acetosa (22), Hieracium pilosella (21), Cal-
luna vulgaris (18) and Rumiex acetosella (18).

The vegetation is species poor - 16 (+3) spe-
cies per sample and 7.1 (+1.2) per subplot. The
soil is very acidic (pH 4.6 #0.2), and often
podzolised. The type occur predominantly on
level terrain to north-facing slopes with low
incident radiation. The type can be seen as a
transition to the dwarf-shrub heath, though
chamaephytes play only a minor role. The ap-
parent concentration of the cluster on the Mols
peninsula, Eastern Jutland, is probably a sam-
pling artefact. This grassland type is underrep-
resented in Bocher’s samples, and is known to
be common, especially in the precipitation-rich
regions.

Cluster 24 RUMEX ACETOSA-AGROSTIS CAPILLA-
RIS GRASSLAND (123 samples)

The only significant indicator species for this
the largest cluster is Stellaria graminea (38). This
apparent paradox arises as the cluster repre-
sents the middle of the primary coenoplane - or
“normal” grassland vegetation. Frequency
dominant species are Agrostis capillaris (116)
and Festuca ovina (108). Constant species are
Achillea millefolium (113), Hieracium pilosella
(110), Luzula campestris (110), Anthoxanthum
odoratum (109), Plantago lanceolata (107), Campa-
nula rotundifolia (97), Festuca rubra (95), Poa
pratensis (92), Galium verum (90), Rumex acetosa
(86), Ranunculus bulbosus (78), Danthonia deciim-
bens (63), Trifolium medium (63) and Pimpinella
saxifraga (62). These species are among the
most comumnon grassland species.

The vegetation is species rich - 31 (+2) spe-
cies per sample, and 15.0 (£1.0) per subplot-
and occurs mainly on level to north-facing
ground. It is related to cluster 23 but the soil
pH is a litile higher (5.2 #0.1) which has pro-
found impact on the number of species.

Cluster 25 CAREX ARENARIA-FESTUCA RUBRA
GRASSLAND (29 samples)

Significant indicator species are Rosa pimpinel-
lifolia (16), Ammophila arenaria (19), Veronica
chamaedrys (16), Linaria vulgaris (9), Polypodium
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vulgare (8) and Silene vulgaris ssp. maritima (3).
The only frequency dominant species is Festuca
rubra (28), and constant species are Poa pratensis
(29), Achillea millefolium (28), Galium verum (26),
Carex arenaria (23), Pimpinella saxifragn (23),
Agrostis capillaris (18), Campanula rotundifolia
(18), Lotus corniculatus (17), Luzula campestris
(17), Plantngo lanceolata (17) and Veronica offici-
nalis (15). Chamaephytes such as Calluna vul-
garis and Vaccinium myrtillus are absent.

The vegetation is relatively species poor - 23
(+3) species per sample and 11.5 (£1.5) per
subplot. The substrate is eolian sand, often
previously calcareous but now decalcified,
yielding a soil pH of 6.0 (30.5). This type
mainly occurs in north-western Jutland, but
similar vegetation without Rosa pimpinellifolia is
found in the precipitation-poor region.

Cluster 26 PLANTAGO MARITIMA-SOLIDAGO VIR-
GA-AUREA GRASSLAND (15 samples)

Significant indicator species are Plantago mari-
tima (13), Solidago virga-aurea (13), which are
also constant, and Antennaria dioica (7), Agrostis
stolonifera (8), Linum catharticum (12), Senecio
integrifolius (7), Empetrum nigrum (8), Prunella
vulgaris (10), Carlina vulgaris (8), Galium sterneri
(10), Gentianella amarella (5), Leontodon aufum-
nalis (7), Erigeron acre (5), Draba incana (3) and
Hypochoeris maculata (4). Some of these species
are widespread and often occur in habitats
other than grassland, but at least Agrostis stolo-
nifera, Dactylis glomerata, Solidago virga-aurea,
Anthyllis vulneraria and Hypochoeris maculata
seem to have specialised ecological races on the
sampled localities (e.g. Bocher 1961: Dactylis;
Lampinen 1990: Anthyllis). Festuca rubra (15) is
the only frequency dominant species. Constant
species are Hieracium pilosella (14), Campanula
rotundifolia  (13), Pimpinella saxifraga (13),
Galium verum(11), Hieracium umbellatum (11),
Taraxacum sp. (11), Achillea millefolium (10), Lo-
tus corniculatus (10}, Luzula campestris (10),
Thymus serpyllum (9), Carex flacca (8) and Plan-
tago lanceolata (8).

The vegetation is species rich - 30 (6) spe-
cies per sample and 16 (*+1.3) per subplot. The
type is found on steep north-facing slopes of
limestone, more or less overlaid by eolian sand.
The eolian sand contains varying amounts of
calcite as it is partly produced by the seas ero-
sion of calcareous cliff. These circumstances,
which are limited to north-westernmost Jut-
land, results in a very variable soil pH (6.7



$1.0). Typical for the cluster is also a very low
irradiation. The geographic range corresponds
to that of this peculiar mixture of limestone
and eolian sand. Only one, apparently misclas-
sified, sample from outside this area has been
included in the cluster.

The cluster seems somewhat misplaced in
the first division, where it was separated from
the calcareous grassland (it shares many species
with cluster 22) and fused with acidic grass-
land, but the odd mixture of species give it a
transitional status. This type bears obvious
ecological similarities to the English chalk
heath (Grubb et al. 1969) and limestone heath
(Etherington 1981} although the particular spe-
cies are different.

Cluster 27 CAREX ARENARIA-CORYNEPHORUS
CANESCENS GRASSLAND (48 samples)
Significant indicator species are Corynephorus
canescens (35), Carex arenaria (44), Jasione mon-
tana (29), Hieracium umbellatum (33) and Thy-
mus serpyllum (33). No frequency dominant
species are found. Constant species apart from
the indicator species are Galium verum (33), Hi-
eracium pilosella (31) and Festuca rubra (30).

The vegetation is species poor - 15 (£3) spe-
cies per sample and 6.2 (£1.3) per subplot. It
occurs on postglacial marine deposits all over
the area north of the isostatic line where the
coastline has retreated during the last 5000
years. The largest areas of such deposits are
found in northern Jutland. The soil pH is low
(5.5 £0.2) and irradiation is moderate. The tex-
ture of the substrate makes the sites very sus-
ceptible to summer drought, which is likely to
be a major. constraint on productivity and spe-
cies composition. The cluster contains a transi-
tion towards the vegetation of the ‘white’ dune
- a few samples having species like Ammophila
arenaria and Lathyrus japonicus, suggesting a
former sand-drift.

Discussion

A gradient analysis (Ejrnaes & Bruun subm.)
showed that the floristic variation in these dry
grasslands was continuous and with an almost
complete turnover of species from one axis end
to the other along at least two axes. The re-
placement of species were judged from the
length of DCA-axes scaled in SD-units, assum-
ing the average species to appear, reach its op-
timum and disappear in 6 SD-units (Minchin
1987), and it should be taken into account that

the applied abundance scale favours presence
over abundance, which is reported to shorten
DCA-axes {Eilertsen et al. 1990). No natural
clusters were obvious in a plot of samples in
the primary coenoplane (fig. 3), except for a
weak disjunction between cluster 3 acidic
grassland and cluster 4 sand grassland. This ob-
servation lends support to the view that species
basically behave individualistically, and that
communities are not discrete units in the eco-
logical space (cf. Austin 1990). Despite this
continuous variation, the clustering procedure
yielded a number of floristically and ecologi-
cally well-defined clusters. This leads us to
conclude that vegetation classification often, if
not always, is continuum segmentation (van
Groenewoud 1992 on TWINSPAN), but never-
theless feasible and useful, both to scientific
research and to nature management and con-
servation.

There is always a certain stochastic element
in a species’ abundance, and especially re-
garding its absence and presence at a site. In
dynamic plagioclimax vegetation, species re-
gional dynamics (sensu Eriksson 1996) lead to
an interaction between species and landscape,
and hence to stochastic differences in grassland
species pools. A site of calcareous grassland
surrounded by heathland is likely to have a
somewhat different composition of subordi-
nate species than a similar site surrounded by
other calcareous grasslands, due to the mass
effect. In order to achieve a classification ac-
knowledging that sites with a similar environ-
ment can have vicarious species, some within-
cluster floristic heterogeneity should be al-
lowed for. The breadth of our clusters seems to
be suitable to avoid as much stochasticity as
possible.

Vegetation succession implies events of lo-
cal extinction and colonisation, further raising
the element of stochasticity, and reducing the
predictability of species composition in terms
of the local environment. This relationship suf-
fers even further if the vegetation is under
strong influence by man. The classification ap-
proach taken in formal syntaxonomy and the
British Vegetation Classification emphasising
within-cluster floristic homogeneity and si-
multaneously aiming to cover the entire gradi-
ent in human interference with vegetation im-
plies the description of separate entities of
vegetation created or strongly influenced by
man and of short-lived successional stages, e.g.
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formal syntaxonomy and the British Vegetation
Classification. What such an approach to
vegetation classification might gain in preci-
sion of vegetation description, is lost in a weak
correspondence befween associations/com-
munities and local environment. In the hierar-
chic formal syntaxonomy this problem is fur-
ther accentuated by the assignment of succes-
sional phases to very different syntaxonomic
levels depending on vegetation type (see van
der Maarel 1996 for examples). We support the
original idea of Bocher (1945) to classify only
vegetation with low human interference and
our clusters have deliberately been made suffi-
ciently broad to include short-lived stages
characterised by reversible overgrowing by
coarse grasses, forbs and scattered shrubs. It is
striking that the syntaxonomic parallels of our
clusters are exclusively found on the level of
alliance, the associations being much too nar-
row. Rodwell (1992) states that the British
communities have been delimited in attempt to
obtain a breadth similar to that of syntax-
onomic associations. FHowever, common com-
munities, e.g. MG5, have a breadth similar to
our clusters, but the rarer ones being much
narrower.

The comparison of the final clusters to phy-
tosociological classifications from adjacent
countries leaves 4 clusters without direct par-
allels, and 2 clusters without any equivalent.
Cluster 25 (Carex arenaria-Festuca rubra
grassland) has affinities to Hieracio-Empe-
tretum Libbert 1940, but it also contains calci-
colous species like Geranium sanguineum.
Cluster 26 (Plantago maritima-Solidago virga-
aurea grassland) has some affinity to Genti-
anello-Pimpinelletum saxifragae R.Tx. 1967 de-
scribed from south Norwegian calcareous fixed
dunes, due to constant species as Festuca rubra
and Pimpinella saxifraga, and rare subordinate
species as Draba incana. But this association
does not show the intimate mixture of calci-
fuges and acidifuges characteristic of cluster 26.
It thus seems likely that the distribution of the
communities typified as clusters 25 and 26 are
limited to southern Scandinavia.

The recently proposed Indicator Species
Analysis (Dufréne & Legendre 1997) has pro-
ven useful for vascular plant frequency data,
by guiding the breadth of clusters, and by pro-
viding the classification with a synoptic deter-
mination key (table 1). Dufréne & Legendre
(1997) distinguish between asymmetric and
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symmetric indication. Symmetric indicator
species are indicating the true cluster member-
ship, and their presence are likely in all mem-
bers of that cluster, while asymmetric indica-
tors only have the former feature. According to
Dufréne & Legendre (1997) the limit between
asymmetric and symmetric indication corre-
spond to 55% of perfect indication. This value
is not, however, supported in our data: Carex
arenaria, Luzula campestris and Agrostis capillaris
are occurring rather frequently and abundantly
outside the cluster for which they should be
syimmetric indicators.

Some vegetation classifications contain an a
priori division of the data according to soil
type or other environmental features, but the
justification is not always evident. The division
in the British Vegetation Classification (Rod-
well 1992) into calcifugous, mesotrophic and
calcicolous grasslands, allegedly determined
by the presence of conspicuous elements of cal-
cifugous or calcicolous species (mesotrophic
grasslands having neither), gives the impres-
sion of a division along a gradient in soil acid-
ity. The argument appears circular, though,
since the soil acidity preference of species
probably is judged from their presence in com-
munities traditionally coined calcicolous or cal-
cifugous. The cluster of ours having the most
‘mesotrophic’ vegetation (cluster 19) occur on
calcareous soil with very high soil pH, and the
same goes probably for its British parallel
MGS5. Furthermore, communities combining
calcifugous and calcicolous species (e.g. our
cluster 26 and the British chalk heath) does not
easily fit into the pattern.

The common treatment of ‘dune vegetation’

" as a separate vegetation type, due to eolian

sand being its substrate (e.g. Warming 1909), is
not supported by the present classification con-
sidering the dispersion of eolian sand over the
clusters (tab. 2). The mentioned approaches to
classification are analogous to the direct ap-
proach to gradient analysis (see also Carleton
et al. 1996). The gradient analysis of the present
data set showed the vegetation to respond to a
set of ecological gradients in a complex manner
that could not be predicted by the single gradi-
ents (Ejrnaes & Bruun subm.). A classification
of samples based on the two most important
explanatory variables, soil pH and relative ir-
radiation, resulting in the four combinations of
acidic/basic vs. moist/dry, would only poorly
reproduce the classification presented here.



Similarly, the present classification in combi-
nation with the gradient analysis of the same
data indicate that a simple division according
to soil types would also sacrifice the floristic
homogeneity of clusters. In conclusion, the best
way to simultaneously optimise precision of
the vegetation description and ecological va-
lidity is an ‘indirect’ approach to classification.
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Appendix I. Dot-maps of end-clusters in Denmark.
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Figure 5. Sites of cluster 15 Artemisia campestris-Poa Figure 8. Sites of cluster 19 Dactylis glomerata-Lolium
compressa grassland perenne grassland

Figure 6. Siles of cluster 17 Artemisia campestris-Trifo- Figure 9. Sites of cluster 20 Dactylis glomerata- Arrhen-

lium striatum grassland aterum grassland

Figure 7. Sites of cluster 18 Artemisia campestris-Carex Figure 10. Sites of cluster 21 Dactylis glomerata-Ranun-

arenaria grassland culus bulbosus grassland




Figure 11. Sites of cluster 22 Dactylis glomerata-Koele- Figure 14. Siles of cluster 25 Carex arenaria-Festuca ru-
ria pyramidata grassland bra grassland

Figure 12. Sites of cluster 23 Rumex acetosa-Deschamp- Figure 15. Sites of cluster 26 Plantago maritima-Solida-
sia flexuosa grassland go virga-aurea grassland

Figure 13. Sites of cluster 24 Rumex acetosa-Agrostis Figure 16. Sites of cluster 27 Carex arenaria-Coryne-
capillaris grassland phorus canescens grassland
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Abstract

I investigate the response of grassland plants to
environmental gradients. I show that species
responses to pH can be symmetric unimodal,
asymmetric unimodal and bimodal. Discon-
tinuous bimodal distributions disappear in
more environmental dimensions and along the
two major ecoclines revealed by correspon-
dence analysis, but the asymmetric response
type remains frequent. Consequently multi-
variate methods based on weighted averaging
are burdened by biased estimates of species
optima. Though not always assuming the cor-
rect response function, I demonstrate that de-
trended correspondence analysis produce coe-
noclines interpretable in meaningful environ-
mental terms, that have a high explanatory
power with respect to species occurrences. I
therefore recommend extensive use of indirect
ordination as evaluation tool of the realism of
any predictive model of vegetation based on
measured variables.

I present indicator values of pH optima and
amplitude are presented for 146 species and
show that they correlate with, yet differ consid-
erably from, indications from Central Europe.

Introduction -

The development of predictive tools in plant
ecology is a lasting challenge (see e.g. Keddy
1992). Autecological knowledge is a basic pre-
requisite and the extraction of simple, yet reli-
able measures of important species character-
istics, has been a major field in plant ecology.
Autecological information in the form of indi-
cator values (e.g. Ellenberg 1974, 1992) has re-
ceived much attention and has been used for
estimating site conditions (e.g. Persson 1980).
Grime (1973, 1974 & 1977) suggested reducing

the plant environment to a disturbance and a
productivity gradient, leading to three major
adaptive strategies in plants; of which the pure
forms are known as competitors, stress tolerators
and ruderals. Methods for extracting relevant
autecological information have also been
studied. Gauch & Whittakers (1972) continuum
theory provided a theoretical basis for the pre-
diction of species distribution and vegetation
composition. Hill (1973) introduced indirect
gradient analysis by correspondence analysis, ba-
sed on unimodal species responses to plant
ecology, and ter Braak (1986) added to this the
direct gradient analysis tool canonical correspon-
dence analysis.

Austin et al. (1984) and Austin (1987) stud-
ied the distribution of Eucalypt species in
southern New South Wales and found that
ideal bell shaped curves were not universal,
and Austin (1994} therefore questioned the
validity of approaches based on weighted av-
eraging of species responses to environmental
gradients, including e.g. ordination by corre-
spondence analysis. This is in conflict with
Oklands (1990: 141-155) recommendations
based on a thorough discussion of shortcom-
ings and potentials of CA and DCA. @kiand
concludes that detrended correspondence ana-
lysis (DCA), despite its faults, is a useful ordi-
nation method, that has been the basis for a
considerable number of successful gradient
analysis studies. A major concern to vegetation
ecologists should therefore be whether indirect
gradient analysis using an ordination method
with a potentially incorrect assumption of re-
sponse function should be given up in favour
of the more flexible modelling of single species
responses in terms of measurable environ-
mental gradients.
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Ordination methods are bound to extract
general coenoclines, based on a common model
for species responses, ignoring differences
among species with respect to shape and inten-
sity of the response. This constraint is poten-
tially severe, especially if many species deviate
from the assumed model of species response,
e.g. by having bimodal or skewed response
curves when a symmetrical unimodal response
is assumed, or if species generally respond to
different gradients.

Austin’s alternative approach of modelling
single species responses (Austin et al. 1994) is a
direct gradient analysis and consequently relies
on prior knowledge about the composition of
major environmental gradients. This demand
does not necessarily cause any problems when
gradients are strong and simple but could be
troublesome when complex gradients in multi-
ple dimensions are present. In this study of
gradients and response curves of Danish
grassland plants, I aim:

1) To investigate species response curves to en-
vironmental gradients in dry grassland.

2) To compare the potential of coenoclines ex-
tracted by correspondence analysis with
gradients modelled using measured vari-
ables, with respect to predicting species oc-
currences in dry grassland.

3) To present pH indications for Danish grass-
land plants.

Study area and data collection

The data consists of 620 samples (387 species)
of herbaceous grassland vegetation originating
from 180 localities in Denmark (figure 1). Sam-
pled plant communities includes slopes, up-
lifted marine deposits and stabilised dunes, but
‘previously fertilised or cultivated plots were
consciously avoided. This material covers the
major gradients in grasslands on well drained
soils, but some of the species occur frequently

Table 1. Summary of variables used in gradient analysis.

outside the sampled gradients, e.g. Anenone
neriorosa L. in forests, Carex flacca Schreber in
fens and Calluna vulgaris (L.) Hull in dwarf
shrub heaths. The data was obtained by sam-
pling in the 40s, 50s and 90s by different re-
searchers applying comparable methods: spe-
cies occurrences were recorded in 10 randomly
spaced subplots of 0.1 m® each, within a ho-
mogenous stand of approximately 10-100 m’.
Sampling included measurements of pH, slope
and aspect, together with geographic position
and field classification of soil type (table 1). I
used slope and aspect to calculate relative daily
values of direct irradiation on March 1 and
June 23 (ignoring influence from the atmos-
phere, and shading from the surroundings).
Soil was divided in four classes: Dilluvial sand
and gravel, alluvial sand and gravel (including
eolian sand), clay (including sandy clay, clayey
sand and silt) and limestone. The material was
divided in five geographical regions (figure 1).
Frequency in subplot data was used in re-
sponse smoothing and calculation of indicator
values, whereas only presence/absence data
were used in modelling. Only species having
25 or more records, 146 speci€s in all, were in-
cluded in the single species parts of the study.
For a more detailed description of the material
see Ejrnaes & Bruun (subm.).

Methods

I used the debugged version of DECORANA
(Oksanen & Minchin 1997) for ordinations and
S-PLUS vers. 3.3 (Statistical sciences 1995) for
modelling species responses. I applied de-
trended correspondence analysis (DCA) with
detrending by segments and non-linear re-
scaling in order to extract unrestricted general
coenoclines of the data. No initial exclusion nor
downweighting of species or samples was ap-
plied, but six problematic outlying samples
caused distortion of ordination axes 3 and 4
and were consequently omitted during the

Variable ~~~~~~~ Meanvalue Min. value Max. Value Measurement scale  Missing values
pH 6.4 3.8 8.6 continuous 44

Slope 25 0 50 continuous 22

Relative irradiation March  1.09 0 237 continuous 22

3

Relative irradiation June 0.94 0.60 1.01 continuous 22

23

Precipitation y" 569 mm 450 mm 700 mm Discrete - 8 steps

Soil Categorical, 4 levels 22

Region Categorical, 5 levels 13
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Figure 1. Location of sites and regions included in the analysis.

analysis (for discussion see Ejrnaes & Bruun,
subm.). To avoid circularity in the part of the
analysis involving coenocline fitting to species
occurrences, separate DCA analyses were run
with respect to each species that were subjected
to subsequent modelling, excluding that par-
ticular species from the DCA.

To describe species responses to the pH-
gradient, a kernel smoother (weighted running
averages) was used with the available triangle
kernel and the minimum bandwith resulting in
relatively smooth curves locally (function
=ksmooth, kernel=trigngle, bandwith=1}). In or-
der to determine the predictive potential of
coenoclines versus measured variables, a lo-
gistic multiple regression was applied in terms
of a generalised additive model with stepwise
selection of variables and opportunities for
both linear and smoothed responses of species
to single terms (function=gam and step.gam,
family=binomial). The functions predict.gam and
expand.grid was used to graph two-dimensional
probability surfaces for selected species. The
sample plots span a pH-gradient from 3.8-8.6,
but the shorter interval 4.3-8.3 was chosen for

the pH-gradient part of the study, as only 10
samples had pH-vaalues outside this range.

Results
Four major types. of response curves to pH
were observed (fig. 2):

1) Symmetrical unimodal, e.g. Dianthus deltoi-
des L. , Koeleria pyramidata (Lam.) P.Beauv.,
Lotus corniculatus L.

2) Asymmetrical unimodal, e.g. Medicago lu-
pulina L., Deschampsia flexuosa (L.)Trin., Dau-
cus carota L. ssp.carota.

3) Bimodal, e.g. Campanula rotundifolia L., Suc-
cisa pratensis Moench., Cerastium semidecan-
drum L.

4) Broad ranging/indifferent, e.g. Galium verum
L., Achillea millefolium L., Festuca ovina L.

These twelve species were selected for subse-
quent multiple logistic regression of presence/
absence data. Table 2 sumunarises the results.
Generally the residual deviance of the two
model approaches are of comparable strength,
and a paired T-test did notreveal significant
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Figure 2. Types of Responses to pH. Species shown are: Achillea millefolium (Achi mil), Campanula rotundi-
folia (Camp rot), Deschampsia flexuosa (Desc fle), Dianthus deltoides (Dian del), Galium verum {Gali ver),
Koeleria pyramidata (Koel pyr), Medicago lupulina (Medi lup), Succisa pratensis (Succ pra).

Table 2. A comparison of additive GAM-models based on measured variables and DCA-coenoclines respec-
tively. Variables were selected stepwise (forward and backward) from pools of 6 measured variables and 4
DCA-coenoclines, and the best model in terms of the AIC-statistics was selected. The number of variables/
coenoclines included and the residual degrees of freedom is shown in parenthesis. Predicted range corre-

sponds to maximum and minimum predictions.

Species Measured variables DCA-axes
% Residual variance predicted range % Residual variance predicted range

Dianthus deltoides 60 (6, 529) 0.00-0.58 64 (3, 531) 0.00-0.51
Lotus corniculatus 84 (5, 530) 0.06-0.87 79 (4, 533) 0.00-0.90
Senecio integrifolius 37 (3, 532) 0.00-0.87 43 (4, 536) 0.00-0.95
Daucus carota 76 {5, 535) 0.00-0.85 71 (4, 534) 0.00-0.99
Deschampsia flexuosa 35 (6, 529) 0.00-1.00 46 (4, 530) 0.00-0.99
Medicago lupulina 54 (5, 524) 0.00-0-96 56 (4, 527) 0.00-0.96
Campanula rotundifolia 79 (5, 533) 0.08-0.97 70 (4, 530) 0.00-0.97
Cerastium semidecandrum 72(5,524) 0.00-0.87 64 (4, 533) 0.00-0.95
Succisa pratensis 60 (5, 524) 0.00-0.83 61 (4, 533) 0.00-0.83
Achillea millefolium 89 (3, 535) 0.00-0.98 79 (3, 534) 0.00-0.98
Festuca ovina 80 (6, 526) 0.00-0.97 68 (4, 530) 0.00-1.00
Galium verum 84 (4,530) 0.00-0.96 79 (3, 534) 0.00-0.95

differences between the model approaches
with respect to mean ratio of residual to null
deviance. Exceptions are Deschampsia flexuosa
for which the measured variables model has a
marked better fit and Campanula rotundifolia,
Cerastium semidecandrum, Achillea millefolium
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and Festuca ovina for which the coenocline mo-
del has the best fit. For most species the coeno-
cline model is simpler regarding number of
included terms and has more residual degrees
of freedom than the measured variables coun-
terpart.



I graphed the predicted distribution of spe-
cies in two dimensions based on the two dif-
ferent approaches in order to investigate the
bimodal response to pH observed for some
species, and to compare the two modelling
approaches in a different setting. The gradients
chosen were DCA'? and the two most impor-
tant measured variables for each species, se-
lected by forward selection. The species chosen
were the three bimodal species of table 2 as
well as Galium verum, the most constant species
in the dataset. The diagrams shown in figure 3
and 4 confirm, that with this dataset and only
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two allowed dimensions, coenoclines are better
predictors of species distributions than meas-
ured variables. Furthermore, both approaches
resulted in weakening or disappearance of bi-
modality.

Based on measured variables (fig. 3), the
probability of finding Campanula rotundifolia is
predicted to increase from dry calcareous via
dry siliceous to moist grasslands of a wide pH
range. Cerastium semidecandrum is predicted to
occur mainly in relatively dry conditions
avoiding low pH and northern aspects. A
slight bimodality with respect to. pH remains,

Campanula rotundifolia
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Figure 3. Two-dimensional contour plots of species along two environmental gradients. The plottet
points correspond to the distribution of sample plots in gradient plane, “+" indicate presence of the
species. Contour lines correspond to minimum and maximum predicted probability (rounded to
nearest 0.05) within the sampled area, and a level corresponding to app. half of maximum, fixed for

each species in figures 3 and 4.
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Galium verum

> MESOTROPHIC CLAY
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Campanula rotundifolia

OLIGOTROPHIC, DRY SAND «—-——-> MESOTROPHIC CLAY

DRY GRASSLAND ---w> HUMID GRASS HEATH

Cerastium semidecandrum
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Figure 4. Two-dimensional contour plots of species in the grassland coenoplane. The plottet poeints
correspond to the distribution of sample plots in the coenoplane, “+” indicate presence of the spe-
cies. Contour lines correspond to minimum and maximum predicted probability (rounded to near-
est 0.05} within the sampled area, and a level corresponding to appr. half of maximum, fixed for

each species in both fig. 3 and 4.

but the distribution is clearly continuous. Suc-
cisa pratensis is predicted better by annual pre-
cipitation and irradiation than by pH, and
should be found in regions of high precipita-
tion, combined with conditions of low irradia-
tion. Galium verum, showed little response to
irradiation, but should occur less frequently in
acidic than in calcareous grassland.

The response surfaces with respect to coe-
noclines (fig. 4) contain additional information.
None of the species responses were bimodal
with respect to these gradients, and Campanula
rotundifolia, Cerastium semidecandrum and
Galium verum were predicted more clearly with
a wider range of probabilities. Ejrnzes & Bruun
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(1997, submit.) interpreted DCA' as the vegeta-
tion component in an “ecosystem ecocline”
ranging from grasslands with warm and dry
topoclimate and high pH, with many annuals
and subcontinental species, to acidic grasslands
with cool and humid topoclimate and more
oceanic species. DCA’ was interpreted as a re-
sponse to a fertility gradient ranging from no-
toriously infertile grassland on dry eolian sand
to naturally productive grasslands on relatively
moist calcareous clay. Swuccisa pratensis was
predicted to prefer acidic grasslands with a
cool, humid topoclimate and relatively fertile
grasslands. Cerastium semidecandrum was pre-
dicted to prefer infertile grasslands and a warm



.and dry topoclimate. Campanula rotundifolia
was predicted to prefer relatively moist and
fertile conditions, and Galium verum was
dicted to prefer infertile and moderately dry
grasslands.

Appendix I lists the pH preferences of 146
species. The pH optimum was found as the
value corresponding to maximum value of the
species response predicted by Kernel smooth-
ing. The weighted mean was found as the
mean of all pH-classes weighted by the species
response in that class predicted by Kernel
smoothing. The pH amplitude was the range
within which 90 % of the occurrences were
predicted to occur. I have chosen to include
local optima for 24 species having marked bi-
modal responses (see also App. II). I found a
pH-amplitude of less than 2 pH-units for 27
species, and they all had optima at either ex-
treme of the pH gradient, and these are conse-
quently suggested as good indicator species
with respect to pH in Danish grasslands. For 23
species, fitting pH did not significantly im-
prove a model of species distribution after fit-
ting irradiation March 1, and the pH indica-
tions of these species should be used with cau-
tion. I strongly advice against using the biased
weighted average optima for environmental
calibration. For many species the two values
differ by more than 1 pH-value, generally so
- that a less extreme optimum is suggested by
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Figure 5. Plot of Ellenbergs “Reaktionszahl” against
the pH optima found in this study, for 73 common
grassland species (r'=0.49). Abbreviated names of
species with the most divergent indicator values are
‘plotted on the diagram: Fest tra=Festuca trachyphyl-
la, Rosa pim=Rosa pimpinellifolia, Trif arv= Trifo-
lium arvensis, Plan mar=Plantago maritima, Prun
vul=Prunella vulgaris.

weighted averaging. Of the 123 species with
significant response to pH listed in this study,
73 are also assigned pH-optima on an ordinal
scale from 1-9 in Ellenberg (1992). Figure 5
shows the relation between the two sets of val-
ues, and though a significant positive correla-
tion can be seen, large differences between the
two sets of values are obvious. I also compared
site calibrations of pH based on weighed aver-
ages of Ellenbergs reaktionszahl with site pH,
and found this measure to be considerably
more reliable than the single species values.
Linear regressions of single species pH-optima
and site pH predicted by Ellenberg numbers
gave figures for r’ of 0.49 and 0.66, respectively.

Discussion

Soil reaction (pH), though not a resource for
plants, is known as one of the measurable
quantities that is best correlated with grassland
vegetation, and it is typically reflected in
grassland classifications (e.g. Rodwell et al
1992). Among the four observed types of re-
sponses to pH, the asymmetric unimodal and
the bimodal responses are problematic with
respect to regression and calibration based on
weighted averaging (Austin 1994). The two
dimensional response surfaces shown in fig. 3,
suggest that the strikingly bimodal response
curves observed for some species with respect
to pH, should be interpreted as covariance pat-
terns rather than responses of species to gradi-
ents. In this way our results support the view
of Austin et al. (1984) that observed bimodality
does not necessarily imply ecotypic differen-
tiation or competitive exclusion. For example
the observed pH-bimodality of many of the
species preferring moist conditions (e.g. Ranun-
culus acris L. and Leontodon hispidus L.) merely
suggests a coincidence, and maybe a causal
link, in dry grasslands, of high soil moisture
and pH-values corresponding to moderately
acidic siliceous soils and moderately alkaline
calcareous soils. Both conditions could arise for
example as the result of oozing ground water
on slopes.

The comparison between models based on
measured variables versus coenoclines led me
to the following concluding remarks with re-
spect to the use of correspondence analysis in
vegetation ecology:

1) Though many species do not fit the ideal
unimodal symmetric response curve, DCA
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is a robust ordination method (given appro-
priate data) enabling the extraction of
meaningful coenoclines.

2) DCA is a powerful tool for dimensionality
reduction, eventually leading to the sugges-
tion of new overlooked environmental vari-
ables or combination of variables.

3) Vascular plant species generally respond to
the same major gradients.

The observation that the first two DCA-axes
actually correlated with both of the two most
influential measured variables (pH and water
availability), but in different ways (Ejrnees &
Bruun, subm.) can serve as an exemplification
of the second of the above statements: Irradia-
tion and pH correlated positively with axis 1
along an ecosystem ecocline from a continental
type grassland to an oceanic type of grass
heath. On the second axis, pH and water avail-
ability combined in a fertility ecocline. The fer-
tility ecocline of axis 2 does not represent a
surprise, whereas the ecosystem ecocline on
axis 1, seem to have been largely overlooked in
recent ecological studies in temperate grass-
lands, but see Sterner (1922).

The importance of the third statement lies in
the notion that gradient analysis is a useful
part of vegetation ecology: Predictions gener-
ated from gradient analysis of vegetation are
not just insignificant averages of multiple dif-
ferent species responses, but have significance
for single species too.

Recently, the indirect approach of corre-
spondence analysis has been largely aban-
doned in favour of the direct approach offered
by canonical correspondence analysis (@kland
1996). It should be acknowledged off course,
that when the objective is to create predictive
models for species occurrences, indirect gradi-
ent analysis can not substitute the direct analy-
sis of vegetation responses to measurable
properties of the environment. But, DCA pro-
vides a very useful way of testing the validity
of a model based on modelling of species re-
sponses in terms of measured variables, and
only unrestricted (indirect) gradient analysis
can serve the purpose of an open minded
search for overlooked complex gradients, and
hence lead to new ecological insight and better
predictions.

Although skewed response curves were
found frequently in this study, the critical view
of Austin (1994) upon ordination methods
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based on weighted averaging is not fully sup-
ported. On the contrary it is suggested that the
incompleteness of measured variables can have
an equal or greater negative impact on the
goodness of fit than the incorrectness of the
assumed symmetric unimodal response of or-
dination methods based on weighted averag-
ing. This statement applies to correspondence
analysis more than to canonical correspon-
dence analysis, as the latter also relies on prior
understanding of underlying gradients.

On the other hand, the marked differences
found between response optima obtained by
kernel smoothing and by weighted averaging
indicates that DCA could be improved by sub-
stituting the weighted averaging algorithm
used to calculate species optima with a density
probability algorithm based on the more real-
istic and flexible assumption of unimodal, but
not necessarily symmetric response curves.

The pH amplitude values presented here,
indicates that not only is the physiclogical am-
plitude of species with respect to pH pro-
nounced (Ellenberg 1992), the realised response
to pH is generally also of great amplitude. Soil
pH is not a plant resource but acts both as a
direct variable influencing plant physiology
(Austin & Smith 1989), and an indirect variable
through the influence on microbial activity and
hence nutrient cycling. The pH optima of a
species should thus be expected to be influ-
enced by other factors of importance to fertility
and pedogenesis, leading to variations in pH
optima for species occurring in different eco-
systems and geographical regions. It is there-
fore not surprising that major discrepancies can
be found between pH-optima of species in
unimproved, dry grassland of Denmark and
pH indications for species encompassing both
natural and more perturbed habitats of Central
Europe.
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Appendices

Appendix 1. Indicator value with respect to pH of 146 common Danish grassland species. Species with in-
significant response to pH after fitting relative irradiation on March 1, have values followed by a question
mark. Two values are presented when two peaks of near equal importance were observed. Weighted aver-
ages were obtained by weighting of evenly spaced pH-intervals by kernel smoothing probability estimates.
Range was defined as the minimum range including 90 % of the estimated species population. The pH val-
ues corresponding to conspicuous, but subordinate, peaks are indicated in the last column. The curves of

these bimodal species are presented in fig. 5. Values for species wi
irradiation are shown in parenthesis.

th insignificant response to pH after fitting

Species pH-optimum weighted mean pH-amplitude Local optima
Achillea millefolium 5.5 6.1 43-7.8

Acininos arvensis 8 7.5 6.8-8.3

Agrimonia eupatoria 8.3 7.2 5.9-8.3

Agrostis capillaris 4.6 5.5 4.3-6.7

Agrostis stolonifera {(6.6) {(6.5) 4.8-79

Agrostis vinealis 4.3 5 4,3-5.9

Aira caryophyllea (5.9) (6.2) 4.5-7.9

Aira praecox 47 53 4.3-6.3

Allium oleraceum 8.3 7.2 5.9-8.3 6.0
Allium vineale 8.3 71 54-8.3 6.7
Anemone nemorosa 4.3 5 4.3-6

Anthoxanthum odoratum 5 5.6 4.3-68

Anthyllis vulneraria 8.3 7 5.7-83

Arabis hirsuta 71 7.1 6.2-8.3

Arenaria serphyllifolia 8.2 7.1 6.0-8.3

Armeria maritima 6.2 6.1 4.3-74

Arrhenaterum elatius 7.6 6.9 5.3-8.3

Artemisia campestris 8.2 7 5.6-8.3

Avenula pratensis 7 6.8 5.3-8.3

Avenula pubescens 6.5 6.7 5.3-83

Bellis perennis 8.2 7.1 5.8-8.3

Briza media 7.2 7 5.8-8.3

Bromus hordeaceus coll. 8.3 6.9 5.6-8.3 6.4
Calluna vulgaris 4.3 4.9 4.3-5.6

Campanula glomerata 7.3 7.3 6.6-8.1

Campanula persicifolia 6.6 6.8 5.9-8.1

Campanula rotundifolia 4.9 6.1 4.3-7.7 7.0
Carex arenaria 5.6 6.6 4.3-6.6

Carex caryophyllea (6.5) (6.2) 4.3-7.8

Carex flacca 7.2 7.1 6.1-8.3

Carex hirta 5.2 59 4.3-83 8.2
Carex pilulifera 43 49 43-5.7

Carlina vulgaris 7.2 7.1 6.2-8.3

Cerastium fontanum ssp. triviale 5.7 6.1 4.3-8.3

Centaurea jacea 8.3 7.2 6.1-8.3

Centaurea scabiosa 74 74 6.6-8.3

Cerastium semidecandrum 8.3/6.1 6.6 5.1-8.3 6.1
Cirsium acaule 7.4 7.2 6.3-8.3

Convolvolus arvensis 8.3 7.3 6.0-8.3

Corynephorus canescens 5.6 5.5 44-6.4

Cynosurus cristatus 6 6.3 4.8-8.3

Dactylis glomerata coll. 8.3 7 5.7-8.3

Danthonia decumbens 5 55 4.3-6.7

Daucus carota 83 74 6.6-8.3
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Deschampsia flexuosa
Dianthus deltoides
Echium vulgare
Elymus repens
Equisetum arvense
Erophila verna
Euphrasia stricta
Festuca arundinacea
Festuca ovina

Festuca pratensis
Festuca rubra

Festuca trachyphylla
Filipendula vulgaris
Fragaria vesca
Fragaria viridis
Galium mellugo
Galium saxatile
Galium sterneri
Galium verum
Geranium sanguineum
Helichrysum arenarium

Hieracium pilosella
Hieracium umbellatum
Holcus lanatus

Holcus mollis
Hypericum perforatum
Hypochoeris maculata
Hypochoeris radicata
Jasione montana
Knautia arvensis
Koeleria pyramidata
Lathyrus montanus
Lathyrus pratensis
Leontodon autumnalis
Leontodon hispidus
Leucanthemum vulgate
Linaria vulgaris

Linum cartharticum
Lolium perenne

Lotus corniculatus
Luzula campestris
Lychnis viscaria
Medicago lupulina
Medicago minima
Myosotis ramosissima
Ononis repens
Origanum vulgare
Petrorhagia prolifera
Phleum pratense ssp. bertolonii
Phleum phleoides
Pimpinella saxifraga
Plantago lanceolata
Plantago maritima
Plantago media

Helianthemum nummularium coll.

43
5.9
82
8.3

(5.5)
8/5.8

(5.3/7.4)

8.2
5
7.3
(6.9)
7.9
6.5
75
8.3
7.4
43
7.1
6.3
6.5
8
6.4
(5.3)
43
43
43
8.3
(6.3)
5
5.6
(6.9)
7.3
49
7
5
7.3
7.3
(5.8)
7.4
(8.2)
6.4
45
6.2
8
8.3
83
8.2
83
8.3
83
7.8
7
(5.7
6.3
7

49
5.8
75
6.7

(5.8)
6.5

(6.4)
7.7
5.8
7.3

(6.4)
7.3
6.6
7.3
7.1
7.2
49
6.6
6.4
6.6

6.8

(6.2)
5.6
5.8
4.9
6.7

(6.2)
52

(6.2)
7.2
5.3
7.2
5.7
63
6.6

(6.2)
7.2

(6.8)
6.4
5.6
5.8
74
7.6

6.8
7.5
7.3
7.1
6.9
6.3
(6.1)
6.5
7.1

-4.3-5.6

4.6-6.6
6.3-8.3
4.3-8.3
4.3-8.3
5.0-8.3
4.6-8.3
7.0-8.3
4.3-7.4
6.6-8.3
4.3-8.3
6.3-8.3
5.4-8.3
6.4-8.3
5.9-83
6.4-8.3
4.3-5.6
4.7-8.0
4.9-8.3
5.4-8.3
5.7-8.3
57-8.2
4.3-8.3
4.3-7.1
4.3-7.2
43-5.6
43-8.3
45-7.6
4.3-6.3
4.5-8.3
4.3-7.8
6.5-8.1
4.3-6.2
6.4-8.3
43-74
4.3-8.2
4.4-8.3
4.7-7.8
6.4-8.3
55-8.3
4.7-7.9
4.3-7
4.5-6.8
6.6-8.3
6.8-8.3
5.8-8.3
5.1-83
6.7-8.3
5.5-8.3
6.0-8.3
5.7-8.3
4.5-8.0
4.3-7.7
5.4-7.7
6.2-83

6.1

5.8
74

6.6

5.2

83

8.3

6.4
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Poa compressa

Poa pratensis
Polygala vulgaris
Potentilla argentea coll.
Potentilla erecta
Potentilla reptans
Potentilla tabernaemontani
Primula veris

Prunella vulgaris
Pulsatilla pratensis
Pulsatilla vulgaris
Ranunculus acris
Ranunculus bulbosus
Rosa pimpinellifolia
Rumex acetosella
Rumex acetosa
Saxifraga granulata
Scabiosa columbaria
Sedum acre

Senecio integrifolius
Senecio jacobaea
Silene nutans

Solidago virga-aurea
Stellaria graminea
Succisa pratensis
Taraxacum sp.
Taraxacum sect. Erythrospermum
Thalictrum minus coll.
Thymus pulegioides
Thymus serpyllum
Tragopon pratensis coll.
Trifolium arvense
Trifolium campestre
Trifolium dubium
Trifolium medium
Trifolium pratense
Trifolium repens
Trifolium striatum
Veronica arvensis
Veronica chamaedrys
Veronica officinalis
Vicia sativa ssp. nigra
Vicia cracca

Vicia hirsuta

Vicia lathyroides
Viola canina

Viela hirta

8.3
(4.3).

6.6
49
8.3
6.3

74
(5.1)

5.8
53
45
43
53
7.8
8.3
7.1
7.6
7.9
6.8
43
4.9
7.1
(6.4)

8.3
5.8
(7)
6.4
8.2
(6)

(5.8)
6.2
(6.6)
(5.2)
5.2
(5.9)
@
6.4
(5.7)
5.1
83

7.6

(6.2)
55
6.6
5.2
7.2
63

6.8
6.1
(6)
6.3
6.5
5.7
53
5.6

7.3
6.8
7.1
7.5
6.9
6.6
53

6.6
(6.3)
6.2
6.9
6.2
(6.8)
6.6
6.6
(6.5)
5.7
6.8
(6.2)
6.5
(6.5)
(5.9)
54
(6.5)
(6.4)
6.9
(6.4)
57
7.4

6.7-8.3
43-8.3
4.3-8.2
4.3-8.1
43-6.2
5.9-8.3
5.0-7.8
5.6-8.3
5.3-8.3
4.7-7.7
43-7.6
4.3-80
49-8.3
4,3-7.0
4.3-64
4.3-7.1
43-83
5.9-8.3
5.5-8.3
6.4-7.9
6.8-8.3
5.1-8.3
4.3-8.3
4.3-6.3
43-8.2
4.6-8.3
4.3-8.0
4.9-7.4
5.3-8.3
4.7-7.8
5.5-8.3
5.4-8.3
5.2-8.3
5.3-83
4.3-7.2
55-8.3
4.3-8.3
5.4-8.3
47-8.1
4.3-7.6
4.3-6.6
5.2-8.3
4.5-7.8
5.8-8.1
4.9-8.0
4.3-7.0
6.6-8.3

6.5 8.3

8.2

8.3

6.5

B.1

8.1
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Appendix II. Response curves of species with a markedly bimodal response to pH.
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Article IV

Carex arenaria L.
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Abstract

A detrended correspondence analysis of grass-
land cryptogams is presented. The analysis is
based on 160 10 m’ sample plots covering a
range from acidic to calcareous grasslands on
different soil types and different slopes and
aspects. The ordination is compared with an
ordination of the same plots based on vascular
plants. Cryptogams were generally found to
respond to the same major gradients as vascu-
lar plants, and the possible explanations and
implications are discussed. The most important
two-dimensional ecological space was defined
and graphed for the 12 most common crypto-
gams, among which both specialists and gen-
eralists were found.

A comparison with three inventories of
Danish grasslands from the period 1945-1955
revealed significant differences regarding both
species richness and single species frequencies.
Two generalist bryophytes were found to be
more frequent in the recent material whereas
two specialist bryophytes were more frequent
in the old material. These differences are dis-
cussed in relation to a reported impoverish-
ment of the cryptogam flora in Dutch and Brit-
ish chalk grasslands.

Keywords: Bryophytes, mosses, liverworts,
hepatics, lichens, DCA, coenoclines, vegetation,
fugitives, Denmark, semi-natural, unimproved,
diversity, conservation.

Nomenclature: Mosses follow Andersen et al.
(1976), Lichens follow Alstrup & Sachting
(1989), and Hepatics follow Smith (1990).

Introduction
It is a tradition to include cryptogams in phy-
tosociological and ecological studies in Danish
grasslands (Bocher 1945, Bocher et al 1946,
Mortensen 1953, Fredskild 1954, Ejrnas &
Bruun 1995). Despite this, cryptogams have
only received little attention in the proceeding
data treatments, and Fredskild (1954) stated,
that mosses and lichens are nearly always in-
significant in the dry grassland ecosystem.

Cryptogams in chalk grassland have
come into focus after the findings of an impov-
erishment over the last 40 years of the bryo-
phyte and lichen flora in Dutch (During &
Willems 1986) and the lichen flora in British
(Gilbert 1993) chalk grassland. Temperate
grassland. is a plagioclimax ecosystem, and
many simultaneous changes have taken place
over the last decades, on local (dereliction, fer-
tilisation) as well as landscape scale (depo-
sition of atmospheric oxides of nitrogen and
sulphur). The interpretation of changes in the
cryptogam flora therefore relies on autecologi-
cal information.

Cryptogams differ from vascular plants
- in particular with respect to size and relative
growth rates. A fugitive or opportunistic strat-
egy is common among cryptogams, but by no
means universal (Slack 1982, During 1979). In
cryptogam communities without noticeable
competition from phanerogams, or under con-
ditions of tolerated phanerogam induced
stress, a diverse array of life forms and life
history strategies may partition the niche hyper-
space (Slack 1982, Muotka & Virtanen 1995). A
point of some debate has been whether crypto-
gams respond to the same environmental gra-

75



dients as vascular plants. It has been shown
that cryptogam ecoclines differ from vascular
plant ecoclines in oligotrophic mires (Jkland,
1990) and boreal forests (Carleton, 1990), where
shortages of nutrients and light lead to a con-
centration of vascular plants in locally more
productive parts of the ecosystem. Herben
(1987) found that the distribution of grassland
bryophytes was determined largely by other
factors than the vascular plants, but permanent
grid studies demonstrated strong correlation
between vascular plants and bryophytes with
respect to spatial pattern and dynamics in
Dutch chalk grasslands (During & Lloret,
1996). In a comprehensive survey of the lichens
of British chalk grassland, Gilbert (1993) stated,
that lichens specific to open grassland, rely
heavily on regular disturbances creating suit-
able regeneration gaps. The objectives of the
present study are:

1) To describe the ecoclines most relevant to
cryptogams and compare these with the
vascular plant ecoclines.

2) To describe the preferences of common
grassland cryptogams.

3) To compare the grassland cryptogam flora
of 1995-97 with that of 1945-1955.

Study area and data

In May-June 1997, a field inventory was carried
out, collecting mosses, hepatics and lichens in
138 sample plots in 30 localities distributed in
Eastern Jutland, with a concentration in S
{fig.1). The localities cover a major part of the
variation in Danish grasslands with respect to
soil type, pH, topography and grazing regimes,
and all were old, permanent grasslands, that
never experienced fertiliser treatment. Samples
of vascular plants and scil were obtained from
the same plots in 1994-1995.

The sample plot was a circle of 10 m?,
and all cryptogams in the plot were recorded
as either present or dominant, the latter corre-
sponding to a cover of at least 20%. The cover
of bare soil was estimated on a percentage
scale. Presence of vascular plants were re-
corded within10 subplots of 0.1 m’ placed ran-
domly within the plot.

In 1994-1995, soils were sampled to 10
cm depth, analysed for pH and classified in
one of 5 classes: Limestone (including chalk),
clay (clayey till, including marl, colloidal clay
and moler), sand/clay, diluvial sand (including
gravel) and postglacial, marine sand (including)
gravel, shingle, and eolian sand). The soil class
limestone coincides with shallow soils, all other

Lagend
@B4cher ot al. 1948

QBruun & Eimma 1082
OEpnms & Poulsan 1897

Figure 1. A site map showing the distribution of sites belonging to the new and old studies.
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soil classes are characterised by deep soils. To-
pography was recorded as slope and aspect,
when slope exceeded 5 degrees, and converted
to an irradiation index corresponding to rela-
tive values of irradiation (ignoring the influ-
ence of an atmosphere) on two arbitrary dates:
March 1 and June 23 (see Ejrneaes & Bruun,
subm.). Grazing was estimated from current
practice and land use history on a 5 point scale:
l=ungrazed for 15-40 years, 2=ungrazed or
very lightly grazed for the last 10 years, 3=light
grazing regime, 4=moderate grazing regime,
5=intensive grazing regime. In addition, indi-
cator values for each site were obtained by
weighted averaging of Ellenberg-values (Ellen-
berg et al. 1992) and Grime’s CSR-values (Gri-
me et al., unpubl.) with the frequency of the
vascular plant species (see Ejmzs & Bruun,
subm.). By definition we write these site indi-
cations with a small superscript “c”, to keep in
mind that they represent estimates based on
autecological accounts from the literature,
rather than real measured quantities. Table 1
gives a survey of included variables.

A subset from Ejrnaes & Bruun (1995) of
old unimproved grasslands from NW Zealand
was included in our study, as both cryptogam
and soil sampling was similar to the Jutland
data. The combined material consists of 158
samples including 63 mosses, 20 lichens and 5
hepatics, with the majority of samples in the
pH range from 4-6. A list of species found 'in

these two recent inventories is given in appen-
dix L.

For comparison with data from the 40’s
and 50's, we used cryptogam data published
from Himmerland (Bocher et al. 1946) and
from Hindsholm and Samse (Mortensen 1953,
1955). We did not include data from Bocher
(1945) or Fredskild (1954) since these lists ap-
peared incomplete in comparison with the
other material, probably due to less intensive
sampling or suboptimal sampling seasons. We
did only use presence/absence data, as these
were believed to result in a more robust com-
parison, less influenced by differential sam-
pling techniques. The old material consists of
157 samples including 64 species of mosses, 34
lichens and 4 hepatics, with the majority of
samples in the pH range from 6-8.

Taxonomic notes

For the identification of Cladonia spp. standard
chemical spot tests and UV-lights were used.
Species of the Cladonia chlorophaea group
(including C. fimbriata (L.) Fr.) are.difficult to
distinguish between, and except for typical C.
fimbriata we used the collective name Cladonia
chlorophaea agg. Typical C. pyxidata (L.) Hoffm.
was not found in this study.

Bocher et al. (1946) included in their
study both epilithic and epiphytic species (the
latter presumably growing on shrubs, fallen
twigs or exposed roots). These were not inclu-

Table 1. Variables used in coenocline interpretation and response modelling.

Variable Mean value Range Measurement scale Missing values
pH 5.7 3.8-86 continuous

Slope 18° 0° - 44° continuous

Relative irradiation March 3 1 0-22 continuous

Relative irradiation June 23 0.94 0.75-1 continuous

Species number 27 2-60 continuous/discrete
Species density 13 1.2-134 continuous

Light’ 7.2 60-7.7 continuous
Temperature’ 5.2 4.0-6.1 continuous 2
Continentality 3.2 2.0-49 continuous

Water® 4.1 32-54 continuous 1
Acidity® 4.5 18-79 continuous

Nitrogen' 3.2 19-58 continuous

Competition® 29 1.5-51 continuous

Stress® : 59 22-85 continuous

Disturbance* 3.2 0.3-5.6 continuous

Number of annual species’ 3 0-18 continuous/discrete

% density of annuals 8.7 0-59 continuous

Grazing 5 levels

% bare soil 11 0-68 continuous

Soil 5 levels
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ded in the comparison between the old and re-
cent inventories. Interpretation of names in the
old material did generally not cause problems.
However, Bocher et al. (1946) used the name
Mnium cuspidatum (L.) Neck. neque Hedw.,
which we interpret as being identical with Pla-
giomnium affine (Funck) Kop. found in the recent
material. Webera sp. found by Mortensen (1953,
1955), is hypothesised to include Pohlia nutans
(Hedw.) Lindb..

Critical material is deposited in the sec-
ond authors private herbarium.

Methods

For the purpose of searching for ecoclines, the
debugged version of DECORANA (Hill 1979,
Oksanen & Minchin 1997) was used to carry
out detrended correspondence analysis (DCA)
with default options. Outlying samples were
omitted after visual inspection of DCA-axes 1-
4. We used logistic regression in the form of gen-
eralised additive modelling for the analysis of
single species niche preferences (Chambers &
Hastie 1993), and G-test for independence for the
analysis of differential number of single species
records in the new and old datasets (Sokal &
Rohlf 1981). A two-sided T-test was applied to
test for differences in mean species numbers
per sample between the old and new dataset.
S-Plus ver.3.3 (Statistical sciences 1995) was
used for generalised additive modelling of the
DCA coenoclines in ecological .terms (func-
tion=gam, step.gam), for modelling of single
species occurrences (function=gam, step.gam,
family=binomial), for graphing species prefer-
ences in contour plots (function=predict.gam,
type="response” and function=contour), for test-
ing differences in single species occurrences
between the recent and old data set (func-
tion=fisher.test), and for testing differences in
species number per plot (function= t.test).

Results

The eigenvalues of cryptogam DCA axes 1-4
were 0.58, 0.39, 0.24 and 0.21 respectively, and
total inertia amounted to 7.9. Corresponding
eigenvalues for the vascular plant ordinations
were 048, 0.35, 0.20, 0.17 with total inertia
amounting to 7.1. Visual inspection of simple
xy-plots revealed no signs of interactions be-
tween environmental variables and axes 3-4 of
neither dataset, and these subordinate axes
were therefore left out of further consideration.

Grassland ecoclines

The best generalised additive models of cryp-
togam coenocline 1 and 2 in terms of environ-
mental variables are summarised in table 2 and
figure 2, together with the corresponding mod-
els for phanerogam coenoclines 1 and 2. There
is a striking agreement between the models of
phanerogam and cryptogam coenoclines. The
dependency on pH and continentality" along
DCA-1 is shared by cryptogams and vascular
plants, and irradiation for vascular plants and
temperature® for cryptogams are obviously
related. On the second axis, soil type, irradia-
tion, nitrogen® and disturbance® make up a
complex fertility gradient for vascular plants.
Irradiation and water® are important for cryp-
togams and these could also be hypothesised to
make up a complex fertility - of relevance to
the cryptogam layer.

Table 1 includes a model of cryptogams
in terms of the phanerogam coenoclines and
vice versa. The models of cryptogam coeno-
clines in terms of phanerogam coenoclines
were found to be better than the corresponding
models based on environmental variables,
whereas cryptogam coenoclines were inferior
predictors of phanerogam coenoclines com-
pared to measured variables. A Pearson prod-
uct moment correlation did not reveal any cor-
relation between the number of vascular plants
and the number of cryptogams per sample.

Table 2. Comparison of models of cryptogam and phanerogam coenoclines, respectively (response = DCA
axes 1-2). Two types of models are reported on: a model in environmental terms, and a model in terms of the
coenoclines of the other vegetation layer. Goodness of fit is reported by r’; refer to fig. 2 for fit of single terms.

Response Cryptogams Phanerogams

Terms in model r Terms in model e
DCAl pH + continentality + temperature 0.75  pH + continentality + irradiation 0.89
DCA2 Irradiation + water 049  Soil + irradiation + disturbance + nitrogen  0.68
DCA1 Phanerogaml + phanerogam2 0.80  Cryptogam]l + Cryptogam?2 0.78
DCA2 Phanerogaml + phanerogam2 0.55  Cryptogaml + Cryptogam2 0.62
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Figure 2. The centred fitted terms of the models based on environmental variables reported on in table 2.
Broken lines indicate pointwise standard error estimates corresponding to an approximate 95 % ¢ interval for
the variation in the slope. Scale on the abscissa is fixed for each model, enabling a comparison of the single
term contributions to the model.
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Figure 3. Contour diagrams of the 18 most frequent cryptogams of the data-set. The
diagrams show the distribution modelled in terms of the two primary phanerogam
ecoclines (“continentality” and “fertility”). With regards to R. squarrosus, P. nu-
tans, H. splendens og C. furcata, the best environmental variables explained con-
siderably more of the variation than did the phanerogam coenoclines, and they
were consequently modelled in terms of these variables.



Species preferences

Figure 3 shows contour plots of the 18 most
frequent cryptogamic taxa in the recent mate-
rial. The contour plots were based on general-
ised additive models of species occurrences in
terms of the first two phanerogam coenoclines,
except for the few cases where the best two-
terms model based on environmental variables
was obviously better than the phanerogam
based model.

Marked differences between the species
was observed, some like Ceratodon purpureus
(Hedw.) Brid., Hypnum cupressiforme Hedw. and
Rhytidiadelphus squarrosus (Hedw.) Warnst. be-
haved as generalists occurring throughout the
studied grasslands, whereas species like Camp-
tothecium lutescens (Hedw.) B.5.G., Hypnum jut-
landicum Holmen et Warncke and Brachythecium
albicans (Hedw.) B.5.G. were restricted to a well
characterised segment of the ecoplane.

Changes in cryptogam flora over time

The old and recent material are too different to
be compared in their entities. Figure 4 shows
how the important environmental predictors
pH and irradiation varies between the recent
and the old data-set, and it was decided to di-
vide the material into 5 subsets, with reason-
able representation and uniform distribution of
old and new samples, and carry out compari-
sons mainly on these subsets (fig. 4). Apart

from the four regions shown in figure 4, a fifth
group was defined consisting of all samples
from grasslands on limestone soils.

The 6 commonest species of each data-
set (9 species in all} were selected for statistical
comparisons, and supplemented with Abiet-
inella abietina (Hedw.) Fleisch., because this spe-
cies was reported to decline in the Netherlands
(During & Willems, 1986). All selected species
are widely distributed within the sampled re-
gions (Holmen 1959). The resulting comparison
is shown in table 3. Ceratodon purpureus and
Brachythecium rutabulum (Hedw.) B.S.G. were
found to be more frequent in the new set,
whereas Rhytidiadelphus  triquetrus (Hedw.)
Warnst. and Abietinella abietina were more fre-
quent in the old data-set. Differences were also
found with respect to Fissidens adianthoides auct,
Rhytidiadelphus squarrosus Hedw. and Hypnum
cupressiforme Hedw., but these were less con-
spicuous.

The number of species per plot was
found to be significantly higher on dry calcare-
ous soil in the recent material, whereas a high-
er, although not significantly so, species num-
ber was observed on dry calcifugous soils in
the old material (tab. 3). A closer look revealed
that the difference in diversity found on dry
calcareous soils were caused by bryophytes,
whereas the difference on dry calcifugous soils
were caused by lichens (and significantly so).
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Figure 4. Scatterplot showing the distribution of recent (+} and old () sam-
ples with respect to pH and Relative irradiation March 1. Environmental
segments within which species comparisons are carried out are indicated

with broken lines
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Table 3. Comparison of old and recent cryptogam data from grasslands, divided in 5 groups based on pH,
topography and soil type (fig. 3). Number of samples and number of species records are given together with
indication of significance of differences. T-test is used to test for differences in species numbers, and G-test
for independence for differences with respect to single species records. Probability levels: *: P < 0.05, #+: P <
0.01. Species and records with a declining trend are in italics whereas species with increasing trends are in
bold. Non-significant differences are indicated with arrows.

Limestone  Dry Humid calei- Dry calcare- Humid cal-

calcifugous fugous ous careous
Number of old/recent samples ~ 21/7 15/18 19/38 28/14 23/13
Number of mosses 6.0/6.4 6.2/5.9 6.1/6.9 3.5/6.9 ** 4.7/5.8
Number of lichens 0.6/0.4 4.1/1.3 ** 0.6/0.8 1.1/09 0.3/03
Number of cryptogams 6.6/6.9 103/72 1 6.6/7.8 4.6/7.8 » 5.0/6.1
Ceratodon purpureus 2/4 * 6/12T /1t 2/5* 0/2
Rhytidiadelphus triguetrus 5/01 1/0 10/5 *= 0/1 4/0
Camptothecium lutescens 19/7 5/6 4/10 16/11 T 19/8
Brachythecium rutabulum 0/1 0/7 * 1/97T 1/7 47 *
Hypnum cupressiforme 4/1 9/13 6/24 9/10 * 12/7
Dicranum scoparium 0/1 4/5 6/21 1/1 1/1
Fissidens adianthoides 11/3 4/0 * 1/3 2/4 8/5
Abietinella abigtina 4/1 3/0 = 1/0 6/01 2/0
Scleropodium purum 7/57 2/97 11/28 4/2 14/2 »
Rhytidiadelphus squarrosus 0/1 1/8 13/32 /1 7/6

Table 4 shows species found exclusively in the
old or the recent data-sets (except species re-
corded only once). We find it worth noticing
the occurrence in the old data of Hymenos-
tomum microstomum (Hedw.) R. Brown, Streblo-
trichum convolutum (Hedw.) P. Beauv., Peltigera
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spp.,Pterygoneurum ovatum (Hedw.) Dix., Clado-
nia mitis Sandst., Coelocaulon aculeatum (Schreb.)
Link, and in the new data of Dicranella het-
eromalla (Hedw.) Schimp., Atrichum undulatum
(Hedw.) P. Beauv., Bryum rubens Mitt.,

Poly-

trichum formosum Hedw., Dicranum polysetum

Table 4. Species occurring exclusively in either the old or the new data-set. Only species with

at least two records are included.

Grasslands 1940-50

Brachythecium glareosum
Brachythecium velutinum
Bryum argenteum

Cephalozia bicuspidata
Cladonia cervicomis

Cladonia mitis

Cladonia pleurota
Coelocaulon aculeatum
Ditrichum flexicaule
Hymenostomum microstomum
Leptobryum pyriforme
Leptogium gelatinosum
Mnium stellare

Mycobilimbia sabuletorum
Neckera complanata

Peltigera canina/membranacea
Peltigera didactyla

Peltigera rufescens
Pterygoneurum ovalis
Streblotrichum convolutum
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Grasslands_ 19_90’

"Atnchum undulatum

Bryurn rubens

Campylopus introflexus
Campylopus pyriformis
Cephaloziella divaricata
Cladonia macilenta ssp bacillaris
Cladonia macilenta ssp. macilenta
Dicranella heteromalla
Dicranum polysetum
Ephemerum serratum
Lophocolea heterophylla
Polytrichum formosum
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Sw. and Cladonia macilenta Hoffm. Many of the
exclusive species can be explained by the rela-
tive representation of calcareous versus calci-
fugous grasslands in the two data-sets. This
however does not apply to the three Peltigera
species, Cladonia mitis and Coelocaulon aculea-
tum in the old data-set and Bryum rubens (Mitt.}
in the new data-set, although the latter may
well be among the unidentified Bryum species
that occur in the old data-set. Furthermore, 16
collections of the recent material were pooled
under the “name” Weissia/Hymenostomum
/Astomun, and some of these might belong to
Hymenostomum microstomum.

Discussion

In a gradient analysis based on a larger data-set
from Danish grassland (Ejrnas & Bruun
subm.), the two most prominent ecoclines for
phanerogam vegetation were interpreted as

1) a gradient from humid, acidic grassland to
drier, calcareous grassland;

2) a gradient in productivity (from extremely
dry and infertile to moderately fertile) influ-
enced by pH and water/nutrient availabil-

ity.

The generality of these phanerogam ecoclines
is supported in the present study, and they are
demonstrated to be important predictors for
cryptogams as well. The finding, that crypto-
gams respond strongly to the composition of
phanerogams whereas the reverse is less obvi-
ous, have at least two potential causes:

1) The lack of precision in the cryptogam data
(recorded on a crude scale) creates less pre-
cise coenoclines,

2) grassland cryptogams reflect the environ-
ment less well than vascular plants, due to
lower representativity of a sample (fewer
species) and/or more - stochastic occur-
rences.

It is tempting to add, that the slow growing
cryptogams depend on the vegetation structure
of species composition of the vascular plants,
whereas plants are independent of cryptogams.
Recent findings of bryophyte mediated effects
on the regeneration by seed of vascular plants
(van Tooren 1990) and the importance of li-
chens for vegetation composition (Newsham et

al 1995), clearly indicates that this notion is at
most half true.

Herben (1987) used PCA and small
grassland data-sets for coenocline extractions,
and demonstrated that substitution of vascular
plants with bryophytes of equal abundance
inevitably led to less explained variation. He
therefore concluded that the distribution of
bryophytes was determined largely by other
factors than vascular plants. Our results are
consistent with Herbens (1987) results, yet lead
to the opposite conclusion! Cryptogams re-
spond to the same major gradients as vascular
plants in temperate grassland, but small differ-
ences in structure of relevant gradients and a
more random distribution of cryptogams are
likely to lead to increased noise, when crypto-
gams are included in gradient analysis based
on vascular plants. This conclusion is consis-
tent with the results of Cox & Larson (1993)
studying bryophyte and vascular plant gradi-
ents on talus slopes in Canada. Our results are
also consistent with the finding of ©Jkland
(1990) and Carleton (1990), that subordinate
vegetal:ion components, whatever taxonomic
group, are problematic in a context of gradient
analysis as they tend to accumulate in isolated,
favourable segments of the ecoclines and be-
have as fugitives in the remaining gradient
space. This should not, however, mislead one
to denying such fugitives an important infor-
mation value in community ecology. And,
contrary to the situation in grassland, we
would hypothesise that cryptogams were supe-
rior indicators (compared to vascular plants) of
environmental gradients in forests, dunes and
oligotrophic mires.

Among the single species, both gener-
alists and specialists could be distinguished,
and among the specialists some behaved as
characteristic species of the dry, calcareous
type of grasslands (Camptothecium Iutescens,
Fissidens adianthoides, Bryum capillare, Brachythe-
cium rutabulum), others of the oceanic heathlike
grasslands (Hypnum jutlandicum, Pleurozium
schreberi (Brid.) Mitt., Dicranum scoparium Hedw.
and Cladonia chlorophaea agg.), and yet some of
the oligotrophic sand grasslands (Brachythe-
cium albicans, Cladonia scabriuscula (Del.) Leight).
and to some extent also the generalists Cerato-
don purpureus and Hypnum cupressiforme).

During & Willems (1986) reported a
dramatic decline in the cryptogam flora of
Dutch chalk grasslands, but possible explana-
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tions were multiple: acidification and eutrophi-
cation from atmospheric deposition of nitrogen
and sulphur oxides, dereliction, application of
artificial fertilisers etc. In this study, compari-
son was made only between old, unimproved
grasslands, excluding. scrubs and improved
grassland. Unfortunately, comparisons were
not paired, and therefore, the differences in
cryptogam flora can be due to both changes
over time and differences related to region or
sampling methods.

Nothing like the Dutch situation could
be observed in the Danish material. Lichens
have not disappeared and no overall decrease
in species richness was found. Camptothecium
lutescens is still very common in dry, neutral to
calcareous, semi-natural grassland in Denmark.
We did, however, find significant differences
between the cryptogams in the old grassland
material from about 1950 and the recent mate-
rial. Many of the exclusive species can be ex-
plained by the relative representation of cal-
careous versus calcifugous grasslands in the
two data-sets. This however does not apply to
the three Peltigera species, Cladonia mitis and
Coelocaulon aculeatum in the old data-set and
Bryum rubens in the new data-set (although we
suspect the latter to be among the unidentified
Bryum species that occur in the old data-set).

For the following reasons, we find it
worth considering the possibility of a change
over the last 45 years: the diversity of lichens
and the two significantly more abundant bryo-
phytes of the old data-set indicate a soil type
difference not accounted for by pH and topog-
raphy. Abietinella abietina, Fissidens adianthoides
and the exclusive Peltigera and Cladonia species
all prefer mineral and not too acid soils com-
pared to raw humus soils. The species with an
increasing trend are ubiquitous species that are
very common on a landscape scale, whereas
the declining species are more or less confined
to semi-natural or natural biotopes. Brachythe-
cium rutabulum and Ceratodon purpurens are
both known to be favoured by human activi-
ties. Brachythecium rutabulum thrive under
relatively fertile conditions and tolerate litter
accumulation (During & Willems 1979, Rincon
& Grime 1989) and Cerafodon purpureus is
quoted among the acidification tolerators in a
review of Rao (1982). Indications of a decline is
only found in the calcifugous grassland, hy-
pothesised to have the smallest buffer capacity
against acidification.
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We would like to mention two possible
causes for the observed differences.

1} Relaxed grazing regimes has resulted in a
general accumulation of litter and raw hu-
mus, simultanecusly with a decrease in ex-
posed mineral soil, and

2) Acid rain has led to acidification of vegeta-
tion and topsoil.

The accumulation of litter and raw humus
could be amplified by increasing productivity
owing to climate changes and/or deposition of
nitrogen oxides and ammonia or decreased
intensity of grazing. We believe the changed
grazing regimes over the last century to be the
most important single factor. Landscape pho-
tographs from 1920-1950 (Worsee 1990) clearly
document that former days grazing regimes
were much more intensive (including also
winter grazing) resulting in abundant patches
of exposed mineral soil and low open vegeta-
tion.

In addition, the tendency that uncom-
mon species are being replaced by very com-
mon species, should lead to the consideration
of a possible “mass effect” of spores from the
landscapes surrounding present days semi-
natural grasslands.

We also considered other causes for the
observed differences, and the following should
be mentioned: we suspect that the generally
lower number of bryophytes found per plot in
the old data-set could be explained by the late
summer inventories in the old material, com-
pared to the more convenient late spring and
late autumn inventories carried out for the re-
cent Djursland and Zealand material respec-
tively. This could very well influence recording
of some of the small acrocarps, especially
ephemerals such as Ephemerum serratum.
Against this speaks, that species like Streblo-
trichum convolutum and Hymenostomum mi-
crostomum occur several times in the old data-
set. :

Although not conclusive, our results
suggest a decline of some cryptogamic species
due to changes in grazing regimes, climate,
eutrophication or acidification over the last
decades. A drastic impoverishment in the cryp-
togam flora was not found, but it should be
acknowledged that Denmark has experienced
the same significant changes as the rest of NW
Europe: large areas of old unimproved grass-



lands have been turned into productive grass
fields or have been overgrown by shrubs re-
sulting in an impoverishment of the cryptogam
flora on a landscape scale.
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Appendix I. Cryptogamic species found in unimproved Danish grasslands in the 1990’s. Mosses first, then lichens, then
hepatics. Number of occurrences as a vegetation dominant (>20% cover, app.) in parenthesis.

Bast || Wast ||
Jutland’| Zealand
June | Novem-
1997 |ber1992
Mosses
Abietinella abietina (Hedw.) Fleisch. 1
Amblystegium serpens (Hedw.) BS.G. " 2(1)
Anisothecium rufescens (With.) Lindb. 1
Anisothecium sp. 3
Astomum crispum (Hedw.} Hamb. 5
Atrichum undulatum (Hedw.) P. Beauv. 3
Barbula fallax Hedw.
Barbula sp. 1
Barbula unguiculata Hedw. 9
Barbula vinealis Brid. ssp. cylindrica (Tayl.) 1
Boul. ’
Brachythecium albicans {(Hedw.) BS.G, 28(7) 7(3)
Brachythecium rutabulum {(Hedw.) BS.G. 43(5) A1)
Bryoerythrophyllum recurvirostre (Hedw.} 1
|Chen
Bryum capillare Hedw. 31(1)
Bryum cf. capillare Hedw. 1
Bryum intermedium(Brid.) Bland. 3
Bryum rubens Mitt. 1 6
Bryum sp. 5
|Calliergonella cuspidata (Hedw.) Loesk. 5(1) 1
Camptothecium lutescens (Hedw.) B.S.G. 48(24) 7
Campylium chrysophyllum (Brid.) J. Lange 5
Campylopus introflexus (Hedw.) Brid. 2
Campylopus pyriformis (Schultz) Brid. 2
Ceratodon purpureus (Hedw.) Brid. 56(2) 7
Cirriphyllum piliferum(Hedw.) P. Beauv. 1
Climacium dendroides {Hedw.) Web. et Mohr| - 1
Ctenidium molluscum (Hedw.) Mitt. 6(1)}
Dicranella heteromatla {(Hedw.) Schimp. 8 2
Dicranum polysetum Sw. 4
Dicranum scoparium Hedw. 65(28) 7
Encalypta vulgaris Hedw. 1
Entodon concinnus (De Not.) Par. 1
Ephemerum serratum (Hedw.} Hamp. 2 1
Fissidens adianthoides auct. 19(1} 4(1}
Fissidens taxifolius Hedw. 4
Hylocomium splendens (Hedw.} B.S.G. 17 3
Hypnum cupressiforme Hedw. 83(32) | 12(3}
Hypnum jutlandicum Holmen et Wamncke 29(16)
Hypnum jutlandicum/cupressiforme 7(1)
Mnium hornum Hedw. 2 1
Oxyrrhynchium praelongum (Hedw.) 5 4
Warnst.
Oxyrrhynchium swartzii (Turn.) Warnst. 12(3) 4
Phascum cuspidatum Hedw. 14
Plagiomnium affine {(Funck) Kop. 47(3) 5(1)
Plagiomnium undulatum (Hedw.) Kop. 4
Plagiothecium curvifolium Schlieph. 1
Plagiothecium sp. 2

Pleuridium subulatum (Hedw.) Rabenh.
Pleurozium schreberi {Brid.) Mitt.
Pohlia nutans (Hedw.) Lindb.

Pohlia proligera (Kindb.) Arn.
Polytrichum formosum Hedw.
Polytrichum juniperinum Hedw.
Polytrichum piliferum Hedw.

Pottia lanceolata {Hedw.) C. Muell.

Pottia truncata (Hedw.) B.5.G./intermedia
|(Turn.} Fuernr.
Racomitrium ericoides (Hedw.) Brid.

Rhodobryum roseum (Hedw.) Limpr.
Rhytidiadélphus squarrosus (Hedw.) Warnst.
Rhytidiadelphus triquetrus (Hedw.) Warnst.
Scleropodium purum(Hedw.) Limpr.
Thuidium philibertii Limpr.

Thuidium tamariscinum (Hedw.) B.5.G.

Tortula ruralis (Hedw.) Gaertn., Meyer et
Scherb.
Tortula subulata Hedw.

Weissia/Hymenostomum / Astomum sp.
Lichens

Cladonia arbusecula {(Wallr.) Flotow
Cladonia chlorophaea agg.

Cladonia ciliata Stirt. var. tenuis (Floerke)
Ahti et Lai
Cladonia cornuta (L.} Hoffm.

Cladonia fimbriata {L.) Fr.
Cladonia foliacea {Huds.) Willd.
Cladonia furcata (Huds.) Schrader
Cladonia glauca Floerke

Cladonia macilenta Hoffm. ssp. bacillaris
(Nyl)
Cladonia macilenta Hoffm. ssp. macilenta

Cladonia pociilﬁm (Ach.) Grognot
Cladonia portentosa (Duf.) Coem.
Cladenia rangiformis Hoffm.
Cladonia scabriuscula (Del.) Nyl.
Cladonia sp.

Cladonia squamosa Hoffm.
Cladonia subulata {L.) Wigg.
Collema tenax (Sw.) Ach.
Collema cf. tenax (Sw.) Ach.
Peltigera neckeri Miill. Arg,
Peltigera sp.

Placynthiella uliginosa (Schrad.) Coppins et
P. James
Trapeliopsis granulosa (Hoffm.} Lumbsch

Hepatics

Cephaloziella divaricata (Sm.) Schiffn.
Lophocolea bidentata (L.) Dum.
Lophacolea heterophylla (Schrad.) Dum.

Plagiochila porelloides (Nees) Lindenb. var.
humilis
Ptilidium ciliare (L.} Hampe

41(22)
24

18

7

2
7
77(44)
8
69(28)
4
3
14(1)

15(2)
14(1)

45(2)

n
21
15

- R e

13(1)

—- NN W

p—

4(1)

11(3)

8(1)

4(1)
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Article V

Carex flacca Schreber
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Fifty plots on grassland on well-drained soil were investigated for land use
history and analysed for the species composition of vascular plants,
macrofungi, bryophytes, lichens, hepatics and for 20 environmental variables.

A DCA ordination showed an overall influence of land use history on species
composition. DCA axis 1 was strongly correlated with species diversity of
vascular plants. High species diversity is proposed to result from the combined
action of high pH, high CaCO; content, high age of turf, grazing and absence
of fertilization. A DCCA ordination lead to the proposal of 22 species as
indicators of old, unameliorated grasslands in Denmark.

Keywords: history of land-use; permanent pasture; management; fertilization;
DCA; DCCA,; indicator species; Denmark.

1. Introduction

Grasslands are generaily not considered a natural ecosystem on well-drained soil in
north-west Europe (Coupland, 1993). However, Bécher (1945) and Bush (1993), among
others, present evidence in favour of the hypothesis that grassland vegetation has been
a continuous element in the landscape of north-west Europe since the latest glaciation,
primarily occurring on slopes exposed to drought and erosion and on calcareous soils.
In addition, temporary grasslands may have occurred in open places where herbivores
slowed down the forest succession (Ellenberg, 1963).

The semi-natural grasslands of Europe constitute a major natural resource with an
extraordinarily high species diversity (Loyd et al., 1971; Willems, 1990; Kull and Zobel,
1991). However, intensive agriculture, with its use of artificial fertilizers, has changed
most of the originally species-rich grasslands into highly productive swards of little
conservation value (Duffey er al., 1974; Londo, 1990). The deposition of nitrogenous
compounds from a polluted atmosphere to grasslands has also been recognized as a
threat to low-productive, species-rich grasslands (Bobbink et al., 1992; Willems et al.,
1993).
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Only small areas remain in Europe which have been continuously grazed and not
subjected to tilling or the application of fertilizers (Willems, 1990). Consequently,
conservation authorities need effective tools to ensure a rapid recognition and protection
of the remaining valuable grasslands.

The value of certain grassland species as indicators of old, unameliorated grasslands
is pointed out by Wells ¢f al. (1976), Grime et al. (1988) and Rodwell (1992). However,
few attempts have been made to combine vegetation analysis with thorough research
into history of land use.

The work presented here has two objectives: (1) to assess the influence of different
management regimes on the vegetation (including plants, bryophytes and terricolous
macrofungi) in some Danish grasslands; (2) to propose some indicators of old un-
ameliorated grasslands.

2. Study area and methods

2.1. STUDY AREA

The study was carried out in the environs of Ordrup Nes, north-west Zealand on a
near-shore diluvial moraine formation. All study sites lic on well-drained soil, within
an area of 25 km’. Mean annual temperature is 8°C and mean annual precipitation is
about 500 mm. Soil types vary from sand to loam (Leeper, 1964). _

The vegetation found on old unameliorated grasslands of the area shows, according
to the British vegetation classification (Rodwell, 1992), affinities with Deschampsia
Mexuosa (U2) or Festuca ovina (U1,U3) grasslands on acid soils, to Cynosurus cristatus—
Centaurea nigra grassland (MGS5) on neutral to slightly acid soils and to Festuca
ovina-Avenula pratensis grassland (CG2) on calcareous soils, with most sample plots
belonging to the MGS5 type. A DCA ordination of data from 184 sites from most of
Denmark (Groentved, 1927; Bocher, 1945; Bocher et al., 1946) revealed that our study
covers a considerable part of the variation found in Danish grasslands (Bruun and
Ejrnzs, 1993).

2.2. HISTORY OF LAND USE

The history of land use was investigated in detail by analysis of aerial photographs,
farmer interviews and study of old land registrations. From this investigation, three
key variables were selected and ranked separately on S5-point scales: A, age of turf,
where | =cultivated 5 years ago, 2=cultivated 6-15 years ago, 3 =cultivated 16-45
years ago, 4=cultivated more than 45 years ago, 5 =not cultivated in this century (and
probably never cultivated). B, fertilization, where ! =never fertilized, 2 =not fertilized
directly but part of a larger intensively fertilized pasture, 3 =fertilized once or twice
during the last 40 years, 4= fertilized a few times but with considerable amounts of
NPK during the last 10 years (at least 1000 kg NPK/ha in total), 5=high, constant
level of fertilization during at least 20 years (averaging 2-300 kg NPK ha~' year™'). C,
an estimate for the importance of grazing and trampling during the latest 10 years,
combining history of land use with appearance of the vegetation, where | =no grazing,
2=extensively grazed but no marked influence of the grazing animals on the vegetation,
3 =extensively grazed but marked effects on vegetation, 4 =moderately to intensively
grazed with a short turf, 5=intensively grazed and affected by trampling too.
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2.3. FIELD METHODS

Eleven study sites of 5-15 ha each and with different histories of land use were selected.
All sites were dominated by a grass- and herb-rich vegetation; sown grasslands were
avoided. All sites but one were grazed.

In each of the sites, sample plots were placed by random numbers in previously
selected areas of homogeneous vegetation and topography (judged subjectively). A total
of 50 sample plots were laid out in an attempt to cover the known and visible variation
concerning topography, history and vegetation,

The size of the sample plots was chosen as 6 m x 6 m—a size chosen because we
also wanted to get representative records of fruiting terricolous macrofungi (all fungal
species producing visible fruitbodies, except ectomycorrhizal, coprophilous and wood-
inhabiting species). Each sample plot was divided into 16 subplots. Inside each subplot,
two smaller subplots were placed systematically; one measuring 0-25 m x 0-25 m, assigned
for the recording of vascular plants, and the other a circle of 20 cm’ for the recording
of the remaining cryptogams (mainly bryophytes). In the close vicinity of each sample
plot, six soil samples and four shoot/root samples were taken and subsequently pooled.
The sample plots and subplots were marked permanently.

The recording was carried out in 1992. As an abundance measure, we used frequency
in subplots, as recommended by @kland (1990). Vascular plants and macrofungi were
recorded during 4-14 May and 15-22 July. Through August to late November the plots
were visited at least fortnightly, but macrofungi were only recorded when new fruitbodies
appeared. Other cryptogams were recorded by collections on 8 and 28 November with
a soil sampler, followed by identification in the laboratory.

The nomenclature of vascular plants follows Moore (1982), while that of macrofungi
follows Hansen and Knudsen (1992) for Agaricales, Jillich (1984) for Aphyllophorales
and Dennis (1978) for Ascomycetes. The nomenclature of bryophytes follows Damsholt,
Holmen and Warncke (1969), hepatics follow Grolle (1983) and lichens follow Sechting
(1990). '

2.4. ENVIRONMENTAL VARIABLES

Soil and root samples were taken in August, both to a depth of 10cm.

Extractable NO,~ and pH were analysed on fresh soil samples passed through a
2mm sieve. pH was converted to [H*] for subsequent correlation analysis and vector
fitting, NO,~ was measured by the cadmium-reduction method on a Tecator Aquatec
5400 Flow Injection Analyzer (FIA), following extraction with 1 N KCL

After drying soil samples at 40°C, the following analyses were carried out: PO,
was analysed by the molybdate method (FIA as above) following extraction with water
(chosen because both acid and calcareous soils were represented in the material); loss
on ignition was found after placing soil samples at 600°C for 6 h; particle-size fractions
were determined by passing 100 g dry soil through sieves with size of meshes 500, 250,
125 and 63 pm, with the coarsest fraction made up of the rest from the initial sieving
through a mesh-size of 2 mm. Finally, a qualitative test for the presence of free CaCO,
was carried out by stirring 100 g dried soil in 1~ HCL

Root samples were washed carefully in a sieve with a size of meshes of | mm, a
subsample of about 1/16 was thoroughly cleared for moss remains, sand particles, etc.,
dried at 40°C, weighed, and subsequently the N per cent was determined by pyrolytic
destruction (Dumas method) in a LECO nitrogen determinator. Total root N content
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was calculated as N% x root-dw. Standing dead + living plant material was harvested
in all plots in August on 4 x 86 cm?, pooled, dried and weighed.

Inclination and aspect were measured in the field, and converted to mean annual
potential irradiation (in per cent of that experienced by level ground) obtained with a
precision of 5% (Barry and Vari Wie, 1974). Inclination was also used as an independent
variable. Wind exposure was estimated on a 5-point scale.

Species diversity (a-diversity) of vascular plants, bryophytes and macrofungi was
calculated for each sample plot as the mean number of species per subplot.

2.5. NUMERICAL TREATMENTS

Ordination was used to perform both indirect and direct gradient analyses. CANOCO
3.12 (ter Braak, 1987-1992) was used, providing both DCA (Hill, 1979; Hill and Gauch,
1980) and DCCA (ter Braak, 1986). Detrending by segments was used as recommended
by Knox (1989) and @kland (1990) and non-linear rescaling was preferred as it can be
interpreted in ways of floristic turnover (@kland, 1990). We also used the possibility to
substract the variation explained by a certain covariable in the DCCA. Downweighting
of rare species was avoided, but otherwise standard options were used.

Rare species with only three recordings or less were omitted from further analysis
as their occurrence might be markedly influenced by chance. As the basic unit for
ordination is the response curves of the recorded species in relation to one or more
hypothetical environmental variables, we decided also to omit species consisting of
several ecotypes, among which we could not distinguish effectively in the field. This
was the case for Festuca rubra coll. and Poa pratensis coll. Sample plot 33 is omitted
from the ordination and placed passively in the diagram afterwards as this sample plot
was exposed to a shrub clearing a few years ago.

The coenoclines of the DCA are interpreted by vectors of the environmental variables
showing their direction of steepest increase. Vectors are calculated by a regression
procedure {CANOCO 3.12: ter Braak, 1987-1992).

Correlations between environmental variables and between these and species diversity
were tested by use of Kendall’s rank correlation coefficient. A non parametric test was
chosen as some variables are on an ordinal scale and others were not normally
distributed. Significance of the DCCA was tested by use of a Monte Carlo permutation
test against the null-hypothesis that the configuration was random given the chosen
constraining variables.

3. Results

3.1. ORDINATION

The numerical properties of the basal floristic datamatrix and its derivation for use in
ordination is presented in Table 1. Obviously, many species of macrofungi have been
omitted from ordination. In 1992, both spring and late summer were abnormally dry
in Denmark, which in part explains the low number of [requent macrofungi. As
bryophytes and lichens were also sparsely represented in several sample plots, it was
decided not to run ordinations on separate bryophyte or fungi datasets.

The resulting DCA ordination of 49 sample plots has eigenvalues for the three first
axes of 0:423, 0:301 and 0-197. As recommended by Kenkel and Orléci (1986), we also
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TABLE 1. Numerical properties of the grassland dataset. The two columns to the right show the
properties before and after modification (see text). Definitions according to @kland (1990).

Number of sample plots=N 50 49
Number of species=m 290 192

Vascular plants 153 ' 117

Bryophytes and lichens 38 27

Fungi 99 48
Number of matrix elements =o, 14-500 9-408
Number of nonzero matrix elements =0, 3-202 2-020
Proportion of nonzero matrix elements=o4/o, 016 0-21

Vascular plants 021 0-24

Bryophytes and lichens 017 0-22

Fungi 0-08 - 015
Mean number of species per sample plot m,, 46-6 4]1-2

Vascular plants 319 280

Bryophytes and lichens 63 60

Fungi : 84 7-1
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Figure 1. DCA ordination of medified dataset of 50 sample plots (No. 33 passive). Axes | (horizontal) and
2 (vertical). The eight most significant environmental variables including the diversity of vascular plants are
depicted as vectors indicating the direction of steepest increase. The seven variables are: [#*], course sand
(0-5-2 nun), loss on ignition, age of turf, inclination, grazing pressure, potential irradiation and fertilization.
Sample plots 24, 27,29, 33 and 47 on calcareous soil.
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Figure 2. Classification according to hjstory of land use onto the DCA ordination shown in Figure 1. Al
sample plots are grazed, except No. 35. Group 4 (circles) young oldfields (5-15 years). B (triangles) aged
oldfields (30-50 years). C (asterisks) old fertilized grassland (>50 years). D (squares) Old unamecliorated
grassland (>50 years).

performed a ca on the same material to test if there was any instability in the
performance of DCA (see also Oksanen, 1988). This was not the case as long as the
outlying sample plot 33 only participates as passive sample in the ordination.

A rank correlation analysis was carried out between environmental variables and
axes 1 and 2. The eight most significant environmental variables (P<0:001) and DCA
axes | and 2 are shown in Figure 1, with vectors showing their directions of steepest
increase. A rank correlation analysis between these eight variables (Table 2) revealed
a group of correlated variables, with positive correlations between age of rurf, loss on
ignition, inclination and coarse-sand fraction, while they all in turn show negative
correlations with fertilization. pH, grazing and irradiation show no strong correlations
to other variables.

The far strongest correlation variable to ordination coenoclines is the species diversity
of vascular plants, which coincides with axes 1. A closer look at Table 2 reveals some
possible determinants of species diversity. Strongly positively correlated are pH
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(P<0-001) and to a lesser degree age of turf and grazing intensity (P<0-01), while
fertilization shows a significant negative correlation (P<0-01).

3.2. THE INFLUENCE OF HISTORY OF LAND USE

Figure 2 shows a classification of the plots according to history of land use drawn onto
the DCA ordination. The four classes represent some often encountered types of land
use history in Denmark: old, unameliorated grasslands; old grasslands, which have

Figure 3. DCCA ordination of 192 species, constrained axes I (horizental) and 2 (vertical). Only frequent
species are shown (the 127 species recorded in at least 3 sample plots and 15 subplots). The three constraining
variables are depicted as vectors (cf. Figure 1), the H*-concentration is run as covariable. The angled linc
demarcates an area of high age and low fertilization. The species in this area (black square) are considered
potential indicators of old unameliorated grassland. Abbreviated names of species: Achi mil, Achillea
millefolium L.; Agro cap, Agrostis capillaris L.; Agro vin, Agrostis vinealis Schreber; Aira car, Aira caryophyllea
L.; Aira pra, Aira praecox L.; Anem nem, Anemone nenorosa L.; Anth odo, Anthoxantunm odoratum L.; Anth
vul, Anthyllis vulneraria L.; Arab hir, Arabis hirsuta (L.)Scop.; Arme mar, Armeria maritima (Miller)Willd ;
Arrh ela, Arrhenaterum elatius (L.)Beauv. ex J. & C. Presl; Aven pra, Avenula pratensis (L.)Dumort.;
Aven pub, Avenula pubescens (Huds.)Dumort.; Br ho. o, Bromus hordeaceus L. ssp. hordeaceus; Brac alb,
Brachytecium albicans (Hedw.)B.S.G.; Brac rut, Brachytecium rutabulum (Hedw.)B.S.G.; Briz med, Briza
media L.; Bryu rub, Brvum rubens Mitt.; Calf vul, Caliuna vulgaris (L.YHull; Cama vir, Camarophyllus virgineus
(Wulf.:Fr.)Kumm.; Camp lut, Camptothecium hutescens (Hedw.)B.S.G.; Camp rot, Campanula rotundifolia L.;
Care are, Carex arenaria L.; Care car, Carex caryophyilea Latourr.; Care fla, Curex flucca Schreber, Ce fo.tr
Cerastium fontaman Baumg. ssp. triviale (Link)}alas var. triviale: Cent jac, Centaurea jacea L.; Cent sca,
Centaurea scabiosa L.: Cera pur, Ceratodon purpureus (Hedw.)Brid.; Cera sem, Cerastium semidecandrum L.;
Cirs aca, Cirsium acaule Scop.; Clad fur, Cladonia furcara (Huds,)Schrader; Copr fri, Coprinus friesii Quél.
ss.Lange; Copr pli, Coprinus plicatilis (Curt:Fr.)Fr.; Crin sca, Crinipellis scabefla (Alb.& Schw..Fr.)Murr,;
Cyno cri, Cynosurus cristatus L.; Dact glo, Dactylis glomerata L.; Dant dec, Damthonia decumbens (L.)DC,;
Dauc car, Daucus carota L. ssp. carota; Desc fle, Deschampsia flexuosa (L.)Trin.; Dicr sco, Dricranum
scoparium Hedw.; Elvmt rep, Elymus repens (L.)Gould; Ento pap, Enteloma papiflatum (Bres.)Dennis; Erop
ver, Erophila verna (L.)Chevall.; Fest ovi, Festuca ovina L.; Fest pra, Festuca pratensis Hudson; Fili vul,
Filipendula vulgaris Moench; Fiss adi, Fissidens adianthoides Hedw.; Gale vit, Galerina vittiformis (Fr.)Sing,.;
Gali ver, Galium verum L.; Gera mol, Geranium melle L., Gera sun, Geranium sanguineum L., Hemi del,
Hemimycena delectabilis (Peck.)Sing.; Hier pil, Hieracium pilosella L.; Hier umb, Hieracium umbellatum L.;
Hole lan, Holcus lanatus L.; Hele mol, Holcus mollis L.; Hype mae, Hypericum maculatum Crantz; Hype per,
Hypericum perforatum L.; Hypn cup, Hypnwm cupressiforme Hedw.; Hypo rad, Hypochoeris radicata L.; Knau
arv, Knautia arvensis (L.)Coulter; Leon aut, Leontodon autummnalis L.; Leon his, Leontodon hispidus L.; Linu
cat, Linum catharticum L., Loli per, Lolium perenne L., Loph bid, Lophocolea bidentata (L.)YDum.; Lot cor,
Lotus comiculatus L., Luzu cam, Luzula campestris (L)DC.; Lyco liv, Lycoperdon fividum Pers.; Mara ore,
Marasmius oreades (Bolt..Fr.)Fr.; Medi lup, Medicago lupulina L.; Myce aet, Mycena aetitis (Fr.)JQuél.; Myce
cin, Mycena cinerella Karst.; Myce fil, Mycena filopes (Bull.:Fr.)Kumm.; Myce oli, Mycena ofivaceomarginata
(Massee)Massee; Myos str, Myosotis siricta Link; Omph fib, Omphalina fibula (Bull.:Fr.)Quél; Omph sei,
Omphalina setipes (Fr:Fr.)Quél.; Onon rep, Ononis repens L; Oxyr pra, Oxyrrhynchium proelongum
(Hedw.)Warnst.; Pana acu, Panaeclus acuminatus (Schaeff.)Quél.; Pana ate, panaeolus ater (Lange}Kithn.&
Romagn. ex M.Lge; Ph pr.be, Phieum prarense L. ssp. bertolonii (DC.)Bornm.; Pimp sux, Pimpinelly suxifruga
L.; Plag aff Plagiomnium affine (Funck)Kop.; Plan lun, Pluntage lanceoluta L.; Pleu sch, Pleurozium schreberi
(Brid.)Mitt.; Poly vul, Polygala vulgaris L.; Pote cin, Potentilla cinerca Chaix ex Vill.; Pote ere, Potentilla
erecta (L.)Rauschel; Poie rep, Potentilla reptans L., Pott tru, Poutia truncate (Hedw.)B.S.G.; Prim ver, Primula
veris L.; Prun vul, Prunella vulgaris L.; Ranu acr, Rununculus acris L.; Ranu bul, Ranunculus bulbosus L.; Rhyt
squ, Rhytidiadelphus squarrosus (Hedw.)Warnst.; Rume ala, Rumex acetosella L.; Saxi gra, Saxifraga granulata
L.; Scle pur, Scleropodium purum (Hedw.)Limpr.; Soli vir, Solidugo virgaurea L.; Stel gra, Stellaria graminea L.;
Succ pra, Succisa pratensis Moench; Tana vul, Tanacetunt vulgare L.; Taralery, Turaxacum sect. Erythrospermum
Dahlst. emend H.Lindb.fil.; Turaloff Taraxacumseci, Turaxacum; Thym pul, Thymus pulegioides L.; Trif arv,
Trifolium arvense L.; Trif med, Trifolium medium L.; Trif pra, Trifolium pratense L.; Trif rep, Trifolium repeny
L.; Tuba fur, Tubaria furfuracea (Pers.:Fr.)Gill.; Vere arv, Veronica arvensis L.; Vero cha, Veronica chumacdrys
L.; Vero off, Veronicu officinulis L.; Viol can, Viola canina L.; Viol hir, Violu hirta L. The following specics
with a negative score on axis 1 are omitted from the figure: Anthriscus sylvestris (L.)Hoflm., Convelvolus
arvensis L., Equisetunt arvense L., Jusione momtana L., Senecio jucobava L., Vicia sativa L. ssp. nigra (L.)Ehrh.,
Vicia lathyroides L.
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been intensively fertilized; aged oldfields, which have been grazed continuously during
at least 30 years and not subjected to intensive fertilization; and young oldfields of
only 5-15 years, which have been grazed since abandonment, and have been subjected
to intensive fertilization before abandonment.

Old unameliorated grasslands (D) differ floristically from the young oldfields (A).
A less convincing, but still distinct, difference is seen between old grasslands which
have been fertilized and those which have not (C). However, it scems that aged oldfields,
which have not been subjected to intensive fertilization (B) in some cases develop a
vegetation reminiscent of old unameliorated grassland. Plants threatened on a national
scale were nevertheless only found around sample plots belonging to class D: Dac-
tylorrhiza sambucina, Scabiosa canescens, Dianthus superbus, Potentifla cinerea and
Astragalus danicus (Asbirk and Segaard, 1991). Sample plot 44 does not fit well into
the classification, but we do not attach too much importance to this, as there are some
uncertainties concerning the tilling of the plot in 1981.

3.3. INDICATOR SPECIES

In order to search for indicator species of grasslands with a natural or semi-natural
vegetation, a DCCA was carried out using the variables related to history of land use,
1.e. age of turf, fertilization and grazing to constrain the ordination. The DCCA was
run with pH as covariable as it had shown to be the strongest variable not closely
correlated with land use parameters.

Figure 3 shows a biplot of the species and environmental variables on the first two
axes of the DCCA. Eigenvalues of the first two axes were 0-276 and 0-118, respectively,
and a Monte Carlo permutation test showed significance level of P<(-01. Only species
which occur in at least three sample plots and 15 subplots are shown. Furthermore, an
arbitrary delimitation is made of a part of the ordination diagram that should be
indicative of high age and low influence from fertilizing.

Table 3 shows those of the specics that have been found in the indicator area of
Figure 3. The table consists of 36 species, of which 31 are vascular plants. These are
divided into three groups using available information on autecology (Hansen and
Jensen, 1972; Arnolds, 1982; Hallingbédck and Holmaésen, 1985; Holst, 1987; Grime er
al., 1988). The first group consists of seven species which elsewhere have shown to
thrive also in fertilized grasslands or in young successional stages of oldfield succession.
The second group consists of seven species which are less suitable as grassland indicators
because they are more common in other habitats, 1.e. dune, heath, meadow or wood. The
last group consist of 22 species, which are proposed as indicators of old unameliorated
grasslands of high conservational interest in Denmark. Five of these are mentioned by
Wells et al. (1982) as indicators of unameliorated grasslands of more than 130 years
old.

4. Discussion

The importance of management practices for the potentially species rich seminatural
grasslands of north-western Europe has been elucidated by many workers (Dufley ef
al., 1974; Wells et al., 1976; Grime, 1990). In the present study, age of turf, fertilization
and grazing turn out to be among the eight of 20 measured variables most significantly
correlated with the floristic change along the first two axes of a DCA, with age of turf
and fertilization ranking 2 and 3.
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TaBLE 3. The 36 potential indicator species from Figure 3
divided into three groups according to the literature (see text):
i indicator species, o species with main occurrence in other
habitats than grassland, ¢ species thriving in oldfields or fer-
tilized grassland. Species marked with an asterisk are according
to Wells et al. (1976) indicators of grassland of at least 130

years old.
Agrostis vinealis 0 Anemone nemorovsa
Aira praecox o Cladonia furcata
Arabis hirsuta o Hieracium umbellatum
Avenula pratensis* o Holcus mollis
Briza media o Hypnum cupressiforme
Camarophyllus virgineus o Lophocolea bidentata
Carex caryophyllea* o Rhytidiadelphus squarrosus
Carex flacca
Centaurea jacea Cynosurus cristatus

Hieracium piloselia
Leontodon autumnalis
Lotus corniculatus
Luzula campesiris
Prunella vulgaris
Trifolium pratense

Cirsium acaule
Danthonia decumbens
Festuca ovina’
Filipendula vulgaris*
Fissidens adianthoides
Leontodon hispidus
Linum catharticum
Polygala vulgaris*
Primula veris
Succisa pratensis*
Thymus pulegioides
Viola canina

Viola hirta

T e e
oo o060

Species diversity of vascular plants was by far the most significantly correlated
parameter with the first axis of the DCA. A distinct influence of land use history on
diversity is proposed by our results, but other parameters such as pH seem to be
involved as well.

Surprisingly, none of the attempts to measure soil fertility, e.g. root mass, root N%,
total root N, shoot mass, NO,~, PO/~ showed strong correlations with the major
coenoclines. It thus seems difficult to track the history of land use by analysing soil
and plant samples. The failure of the root nitrogen variables as fertility measures could
be explained by the fact that the root samples were taken following a period of summer
drought. Species or ecotypes with different adaptations should be expected to translocate
nutrients to-the roots more or less effictently during drought. This factor could explain
the surprisingly high root N values in some low-productive plots.

Woodmansee et al. (1981) points to the fact that, except after episodes of drought
or frost, levels of dissolved NO,” and PO,’~ are very low in grasslands of low to
moderate nutrient status. Another possible explanation, indicated by, for example, Heal
and Harrison (1990), is that the measuring of pools is generally insufficient, as it is the
turnover rates that are of importance to the organisms.

On account of the strong correlation between vegetation patterns and history of
land use, it would be tempting to use information of site history as a guideline for
conservation. Nevertheless, it is often very laborious, if not impossible, to get reliable
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information on site history. Furthermore, the effect of a given action, for example
fertilization, is dependent on characteristics of the soil and the composition of the
vegetation (Willems et al., 1993). Therefore, we would rather recommend the use of
vegetational criteria for conservation planning, based on knowledge of the composition
and prerequisites of an undisturbed grassland vegetation. One way of doing this would
be to use the indicator species concept.

Luff et al. (1992) used ground beetles to classify a wide range of grassland habitats.
We recommend the use of plants as indicators, as they are generally easy to determine
and mostly occur in numbers large enough to characterize an area of concern.

Wells (1976) and Grime et al. (1988) give examples of potential indicators for low-
productive British grasslands. Generally, we find a good agreement with our results on
Danish grasslands (Table 3), but we are still in need of a better understanding of the
autecology of grassland species, especially concerning their performance in the cultural
landscape.

The authors thank H. Adsersen for helpful comments on the text.
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3. Future perspectives

The conventions of scientific writing include
the ideals of precision and objectiveness. Self-
criticism exerted by scientists writing scientific
papers is just as hard as natural selection in the
terms of Darwin, leading to fast elimination of
less well fit ideas. I find this to be critical for
the evolution of new original ideas, and it is
therefore the intention of this chapter to serve
the role of an island, where new ideas or per-
spectives are allowed to be presented.

First, I will focus on hypotheses and
ideas that have emerged during my study, yet
did not fit in the restricted discussions in the
papers, and then I will set up propositions for
future research in relation to these. The papers
presented in the previous chapter will be re-
ferred to as [1] to [5].

3.1 Ideas and hypotheses

The first hypothesis is fairly general, yet has a
large potential applicability:

Simple information about vegetation cover (trees,
herbs, bare soil), pH, soil type, topography and soil
moisture can be used to predict the occurrence and
composition of unimproved dry grassland vegeta-
tion with satisfactory accuracy.

The interesting perspective of this hypothesis is
that the predictors mentioned could potentially
be obtained from available soil databases, ele-
vation models and remote sensed data. If the
model works reasonably well, then the pre-
dicted outcome can be compared to actual
vegetation, and the antropogenic impact (in
terms of tilling, eutrophication, reseeding, and
pesticide treatment) be quantified in units of
floristic turnover. The hypothesis regards an
operative model working on a landscape scale,
and it should therefore be subjected to valida-
tion through field sampling in contrasted land-
scapes and different situations.

The hypothesis is not as trivial as it
seems. Generalisation in terms of vegetation
type modelling has obvious advantages com-
pared to the stochastic occurrences of single
species, turning prediction into a game of
chance. My study of single species responses
[3] indicate that such a generalisation can be

justified. Although the predictors in the hy-
pothesis are well known to plant ecologists, the
actual model relating them to vegetation is not
as evident. The primary ecoclines found in the
gradient analysis part of my thesis {1] could be
summarised as

1} An ecosystem ecocline from dry, calcareous
grassland with a continental flora-element
to moist, leached and acidic grasslands with
an oceanic flora-element.

2) A fertility ecocline from fertile grassland on
moist calcareous moraine soils to infertile
grasslands on dry eolian/marine sand.

3) A regional ecocline reflecting regional differ-
ences with respect to predominating geo-
logical features, precipitation and, probably,
landscape history.

4} A successional ecocline from infertile and/or
grazed grasslands with prevalence of the
stress tolerant strategy to fertile, ungrazed
grasslands dominated by tall, fast-growing
competitors.

At least the first and second ecocline could be
modelled in terms of environmental predictors
[1] of which some, like pH, topography and
soil type are simple and operational. The eco-
clines mentioned in 2) and 4) are not surpris-
ing, and they both receive due attention in
ecological literature (e.g.Grime 1979, Tilman
1988). The regional ecocline in 3) is harder to
interpret in ecological terms but is probably
reflecting multiple regional differences within
the sampled area with respect to the geology
and history of the landscape. The underlying
metapopulation processes (Gilpin & Hanski
1991) is believed to bring about variation that is
not readily reduced to a few major gradients. It
should be considered whether the inclusion of
local species pools could improve the predic-
tions of the model without sacrificing its sim-
plicity. The ecosystem gradient underlying the
first ordination axis is hardly mentioned in
contemporary vegetation studies, although it
has received some attention in phytosociology
(e.g. Pott 1995) and early phytogeographical
studies (e.g. Sterner 1922, Bocher 1945). Despite
this, it was found to be the best predictor of
species composition in this study.
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Secondary successions
The second idea could be seen as an elabora-
tion of the first hypothesis:

The outcome of secondary successions on well
drained soils will depend on 1) the species pool, 2)
the landscape and 3) the environment.

This statement is more of a research concept
than a hypothesis, but as it will appear in the
next section, more specific sub-hypotheses can
be deduced from the statement and subjected
to testing,.

In this century, the area of semi-natural
grassland has diminished considerably. Re-
duced grazing, conversions to arable land and
extensive use of fertilisers have changed the
flora and vegetation of open land biotopes
dramatically. Increasing concern for wildlife
(including plants, insects’ and fungi)} has re-
sulted in a quest for opportunities to revert
arable land and improved pastures to heath-
land and semi-natural grassland. Predictive
models of open land successions could serve as
a management tool securing that authorities
make the right priorities.

Tilman (1988) asked: “Why is it, for in-
stance, that species with similar physiological, mor-
phological and life history traits are dominant in a
similar order during secondary successions in dif-
ferent habitats worldwide..”. Despite this encour-
aging statement, I believe it to be less compli-
cated to create a static model of permanent,
more or less steady state grassland (hypothesis
1), than to predict the outcome of a secondary
succession. Although a general successional
pattern might be deduced, the biological
mechanisms determining the outcome of a suc-
cession are not trivial (Tilman 1997). A com-
prehensive model may be out of immediate
reach, but still a quantification of the relative
importance of the three involved factor-com-
plexes of the statement would be a very im-
portant step forward.

Plant ecologists have traditionally fo-
cused on local scale ecological processes in-
volving the interaction of species with each
other and with the environment (Grime 1973,
Grubb 1977, Tilman 1985, Campbell et al. 1991).
Recently attention has been drawn to other
processes, e.g. the role of the species pool
(Taylor et al. 1990) and the importance of re-
cruitment limitation (Tilman 1997). Zobel's
(1997) approach to determining the actual spe-
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cies pool comes very close to my second state-
ment (fig. 2). The species pool in my hypothesis
corresponds to the local species pool in Zobel's
figure, the landscape is the dispersal determi-
nant and the environment is parallel to the fil-
ter. Zobel (1997) distinguishes between abiotic
factors and biotic interactions, yet acknow-
ledges that these act “in concert”. This makes
sense, not least because biotic interactions de-
pend on the species present at any time, 50 the
environment changes character during the
course of succession. In this way, the sequence
of species arriving to a particular biotope may
play a major role for the course and speed of
succession, leaving the door open for stochas-
ticity as an important factor.

A quantification of the relative contri-
butions of the three factor-complexes, will rely
on carefully designed experiments, where the
abiotic environment, the species involved and
the course of species introductions can be con-
trolled and manipulated. It will be of major
interest also to quantify the importance of sto-
chasticity, as the ratio within treatment vari-
ance and between treatment variance.

The third and last hypothesis is related
to the second statement, but only regards the
prediction of one vegetation parameter, namely
species density. Contrary to what could be ex-
pected this specification and narrowing of the
subject leads to further complications. At first
sight the hypothesis might seem slightly off the
track, but hopefully its relevance to my thesis
will emerge from the following discussion:

o-diversity is promoted and largely determined by
the favourability of the environment over time.

A clarification and elaboration of the statement
is appropriate. a-diversity is used here in the
sense of Whittaker (1972), describing the num-
ber of species found in an environmentally
homogenecus sample. In my own investiga-
tions I used 10 samples of 0.1 m’ as a measure
of o-diversity, but the hypothesis also applies
to somewhat larger scales, as long as the crite-
rion of homogeneity and constant area is ful-
filled. I include in the term environment both
the abiotic and biotic environment as these are
interdependent and hardly separable. The term
favourability comprehends the accessibility of
essential resources. What is essential resources
will of course depend on the organisms in fo-
cus, for plants the availability of light, water
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Figure 2. The role of large- and small-scale processes in determining species richness. After Zobel 1997.

and nutrients is essential; but more relevant
than the total amount of resources is perhaps a
predictable and balanced supply. In fact, fa-
vourability is direct proportional to the prob-
ability that an average plant will complete its
life cycle. Major differences as regards de-
mands exist between plants with different
strategies and life forms. The demand of trees
is obviously different from herbs, and bryo-
phytes and lichens have yet other. The phrase
“over time” refers to different time scales, viz
evolutionary time, historical time and ecologi-
cal time (Zobel 1992).

No upper limit to plant diversity

Whittaker (1972) gives a thorough discussion
of diversity, and also specifically discusses en-
vironmental favourableness as a general predic-
tor of diversity. Reviewing existing studies of
relationships between diversity and productiv-
ity, Whittaker (1972: 235) concludes that: “It is
likely that, over a broad range of environments,
these two dimensions are non-correlated.” Whit-
taker points to the importance of temperature
differences along the latitudinal gradient and
to the importance of time-scales relevant for
historical as well as evolutionary processes. I
find the following statement (Whittaker 1972:

241-242) intriguing for the study of plant spe-
cies diversity: “The time scale for this question [a-
diversity of plants] is different from that of the
steady states studied for island faunas (MacArthur
& Wilson 1967, Wilson 1969)..... There are limits
to the extent to which passerine birds can divide
their hyperspace....No such limitation is apparent
for vascular plants, evolution of which has featured
chemical coadaptation ..... and elaboration of niche
difference through more narrowly specific relation-
ships with consumers, symbionts and pollinators.”
This view is supported by the work of Levin
(1970) indicating, that the niche-hyperspace
relevant for niche-differentiation, rather than
being composed by essential resources, is com-
posed by gradients in limiting factors, which
may be both limiting resources and biotic con- -
trols such as predators or parasites.

Taylor et al. (1990) stresses the impor-
tance of the species pool as determinant of spe-
cies diversity: “....the species pool hypothesis pre-
dicts that the decrease in species density with in-
creasing habitat fertility level in temperate regions
discussed by Grime (1979, 1988a), is a consequence
not of a general decrease in the intensity of competi-
tion, but of a general decrease in the size of the pool
of species that are suited or adapted to increasingly
specialized (i.e. more fertile) habitat conditions.”
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According to Taylor et al. (1990) the number of
species capable of growing in a certain place is
determined primarily by the extension in time
and space of a relevant ecosystem. It is argued
that the Sonoran desert of North America and
the Amazon rainforest are both species rich,
despite high and low productivity respectively.

Fertility and diversity

The humped back model of species density in
herbaceous vegetation (Grime 1973, Al-Mufti et
al. 1977) predicts that maximum density is ob-
served at intermediate weights of standing
crop + litter. The biological interpretation of
this relationship given in Grime (1979:p.182-
186) acknowledges the impact of species pools
as well as ecological interactions between vas-
cular plants and their abiotic and biotic envi-
ronment (fig. 3).
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Figure 3. Model summarising the impact of five
processes upon the species density in vegetation.
Key to processes: 1, Dominance; 2, stress; 3, distur-
bance; 4, niche-differentiation; 5, ingres of suitable
species or genotypes. The horizontal line describes
the range of contingencies encompassed by a num-
ber of familiar herbaceous and woody vegetation
types. Key to vegetation types: (i) paths, (ii) grazed
rock outcrops with discontinuous secil cover, (iii)
infertile pastures, (iv) fertilised pastures, (v) derelict
fertile pastures. After Grime (1979: 182),
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Grime (1979) also considers why the British
species pool of calcareous grassland is larger
than that of calcifugous grassland, and sug-
gests that calcicoles have evolved mainly at
low altitudes, where low precipitation and
high temperatures promote base-rich soils.
Grime further suggests that the climatic fluc-
tuations of the semiarid grassland ecosystem
produces vegetation disturbance and environ-
mental heterogeneity, which is assumed to be
conducive to speciation. An important, and
somewhat overlooked, observation of Grime
(1979: p.165) is that communities in the inter-
mediate range of gradients also draw from a
comparatively large pool of species, simply
because they share some of the characteristics
of all the more extreme environments.

The results presented in [1] indicate that
species diversity is not a trivial issue. Although
the diversity of vascular plants was found to be
clearly related to three major ecoclines [1], the
interpretation was not straight forward, ad-
mitting an influence of both evolutionary, his-
torical and ecological processes. At one im-
portant point, the results disagree with the spe-
cies pool hypothesis. A majority of the studied
grassland species have Ellenberg values for
nitrogen of 2 (-3). Nevertheless, the highest
species density recorded along the fertility eco-
cline (DCA-2), correspond to a calibrated El-
lenberg environment indication above 4
[unpublished calculation]. The difference ap-
pears small, but it should be remembered that
we are dealing with a natural productivity
gradient within relatively infertile grasslands,
and that the weighted averaging used to cal-
culate environmént calibrations will tend to
shorten the range of calibrated environment
values compared to the range of species values.
In practice, the results imply that in the most
diverse grasslands, species with a relatively
high nitrogen value (6-8) coexist with species
indicative of infertile grasslands (2-3), and this
is consistent with the model of Grime (1979).

Species pool hypothesis revisited

The species pool hypothesis is still relevant for
the interpretation of the observed patterns
along axis 1 and 4 [1], where diversity re-
sponses are identical with the species pool
maxima with respect to the most influential
gradient along the axes. Despite this coinci-
dence, the species pool hypothesis as stated by
Taylor et al. (1990) appears premature, and



many questions are left unanswered. If their
interpretation is correct, then an ecosystem
reminding of the calcareous grasslands of NW
Europe must have been more widespread than
any other types reminiscent of present days
plant communities. I am willing to accept that
base-rich soils have predominated in the pre-
sumably drier and warmer low altitudes where
speciation has taken place. But why is it, that
the highest species density in today’s Danish
landscape is recorded in relatively fertile grass-
lands [1] that, when subjected to dereliction,
turns into relatively species poor grasslands
dominated by grasses and forbs of large stat-
ure, e.g. Dactylis glomerata, Festuca arundinacea,
Bromus erecta, Centaurea scabiosa, Lathyrus prat-
ensis. It is not evident that ungrazed vegetation
should have been less common than grazed
vegetation in evolutionary time. It is also not
clear why the pool of species adapted to for-
ested habitats is considerably smaller than that
of grasslands. A tempting explanation would
be that the grassland species pool draw from
the steppe species pool, and that the steppe
ecosystem has had a much larger distribution
over time than temperate forests. Against this
explanation speaks, that the vast majority of
temperate grassland species in Denmark are
not readily characterised as steppe species [1:
fig. 7]. On the contrary, most Danish grassland
plants prefer an oceanic to sub-oceanic climate.
The same is true for the macromycetes, where
real steppe taxa, e.g. in the genera Geastrum,
Mycenastrum,  Tulostoma, Marasmius and
Marasmiellus are rare compared to ubiquitous
genera such as Galerina, Conocybe, Hygrocybe,
Entoloma, Agaricus, Mycena and Clitocybe
(Bruun & Ejrnaes 1993).

The origin of species

Darwin (1859) described and interpreted the
distribution of finches on the Galapagos is-
lands. He observed that the unique species
found on these islands were closely related to
species of the American continent, and took
this as an argument in favour of dispersal and
subsequent speciation, as opposed to that times
prevailing belief in the Creation. The speciation
that had taken place on the island was inter-
preted as the result of the daily fight for sur-
vival, and the survival of the fittest {(natural
selection). Darwin also wondered why differ-
ent, yet closely related, bird species occupied
different islands, when the islands were situ-

ated relatively close to each other. Darwin’s
interpretation was that interspecific interac-
tions prevented the establishment of new spe-
cies on an island following chance immigra-
tions - given that the island was already occu-
pied by a bird with a similar niche.

Darwin’s notion of the role of competi-
tive interactions has implications for the proc-
ess of speciation also. The development of dif-
ferent species with similar niches would
probably not have occurred, in the case of one
large island as opposed to many small. Or, in
other words, strong interspecific competition can
also act as a barrier to speciation, although the
elimination of less well fit species is part of
evolution. I would hypothesise, that also in-
traspecific competition could act as a barrier. I
find it unlikely, that major genetic changes will
produce perfectly adapted daughter species at
once. Rather, it should be imagined, that a bal-
anced adaptation taking into account the trade-
offs imposed by a new morphology would
demand both time and resources.

Punctuated equilibria

In favour of this view on speciation stands the
palaeontological documentation of long peri-
ods of stasis followed by abrupt appearance of
new life forms in the fossil record of evolution
(Eldrege & Gould 1972). This pattern led
Eldredge & Gould (1972) to deduce their the-
ory of punctuated equilibria, saying that specia-
tion occurs relatively fast, in small isolated
populations, as opposed to the Darwinian be-
lief in phyletic gradualism stressing the impor-
tance of the slow accumulation of very small
adaptive changes over time, governed by natu-
ral selection. The theory of punctuated
equilibria does not exclude natural selection as
an important factor determining which species
will survive in a common area, but hypothesise
that the driving mechanism behind speciation
must be sought elsewhere (Gould & Eldredge
1977). If the rate of speciation depends on the
landscape, the population genetics, and the

accessibility of unoccupied niches, then evolu-

tionary time can not readily be quantified in
absolute units. One must imagine that under
favourable conditions the evolution of a species
should be counted in thousands, not millions,
of years, and also that this event could not
have happened under a different set of condi-
tions, no matter the time provided.
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Species pools and chance

One of Gould’s (1989) favourite issues is the
importance of stochasticity in the history of
life. Gould (1989) points to the regular occur-
rence of mass extinctions in the history of the
earth. He mentions one of the most extensive
mass extinctions occurring between the Per-
mian and Triassic geological periods some 225
million years ago. This extinction wiped out 52
% of all families, which has been estimated to
correspond to between 80 and 96 % of all spe-
cies. The lucky survivors constituted the mate-
rial for subsequent evolution, and in fact no
new phyla and only few new classes have
evolved since then.

This perspective is however much influ-
enced by the intensively studied animal fossil
record, and recent palaebotanical studies have
cast doubt on the impact of the hypothesised
global catastrophes on plants (Willis & Bennett
1995).

Moderate fertility is favourable

From this point I will reconsider my hypothe-
sis, discussing its relevance on ecological, his-
torical and evolutionary time scales respec-
tively. There is much evidence in favour of a
unimodal response of species diversity to pro-
ductivity gradients (Grime 1973 & 1979, Moore
& Keddy 1989, Grime 1997). The interpretation
of this pattern is not agreed on, however
(Grime 1979, Taylor et al. 1990, Campbell et al.
1991, Oksanen 1996). The biological reasoning
embodied in plant strategy theory (Grime 1979)
is coherent, and much to prefer for Oksanens
“no-interaction model” (Oksanen 1996). Ok-
sanen explains the pattern by stating that in
stressed environments species density is small
because plants are small and scattered, and
under fertile conditions, the reason for low
species density is that plant density is small
due to the large plant size. But, Oksanen forgot
to consider why the size and density of plants
vary along gradients in fertility, and later
studies have showed that the humped back
relationship is not a sampling artefact (Rapson
et al 1997, Zobel & Liira 1997).

I interpret the unimodal species re-
sponse much the same way as Grime (1979),
and find it to be compatible with my hypothe-
sis: on an ecological time scale the most fa-
vourable envircnment is found under interme-
diate levels of stress. Here, neither chronic nu-

trient deficiency nor depletion of light and nu-
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trient by competitors is of major importance to
plants.

Inter-trophic interactions

Also interactions with other trophic levels
should be considered. The importance of ver-
tebrate grazing for diversity has long been ac-
knowledged (Tansley & Adamson 1925), and
now experimental evidence has been presented
in favour of a unimodal response of the inten-
sity of invertebrate herbivory to a primary
productivity gradient (Frazer in press, Frazer &
Grime in press), herbivory being constrained
by resource shortage and predators at either
end of the gradient.

Experiments have shown that grazing
and arbuscular mycorrhiza (AM) may promote
a-diversity (Grime et al. 1987) probably by re-
ducing the intensity of interspecific interac-
tions (Grime 1979, Moora & Zobel 1996), but
this is only part of the story. The very interest-
ing experiment of Moora & Zobel (1996) sug-
gest that AM might both reduce suppression of
small plants by a different neighbour species
and amplify intraspecific competitive suppres-
sion. It is tempting to see the two processes
demonstrated by Moora & Zobel from the fun-
gus perspective: investing in small actively
growing plants will pay off as a future supply
of carbohydrates to the fungus, especially if it
is a “new” species: contact to species with dif-
fering plant phenologies could secure a safe
and continuous carbon supply to the fungus.
Whatever the mechanisms behind, Moora &
Zobel's experiment suggest a potential AM
mediated promotion of micro-scale diversity
by a weakening of interspecific relative to in-
traspecific interactions. Such an environment
will appear favourable from a plants point of
view, as establishment probability is enhanced
by continuously vacant microhabitats with
facilitated access to resources. The contradic-
tory experimental evidence regarding the im-
pact of AM on diversity reported in the review
of (Zobel et al. 1997) may be due to differences
in experimental set up. We know from field
observations that mycorrhizal grassland com-

- munities can differ considerably in species di-

versity, and should therefore not expect an
unambiguously positive effect of AM. It seems
likely that the significance of AM will depend
largely on the environmental and physiological
context, i.e. on the species composition and
population structure of the AM fungal com-



munity, the selection of plant species and their
physiological condition and life history stages,
as well as the abiotic and biotic soil environ-
ment. A recent support for this view can be
found in Streitwolf-Engel et al (1997).

Migration and extinction

On a historical time scale, say following last ice
age, the most important process of relevance to
diversity in Danish grassland vegetation is
immigration of grassland species from their
refuges, and the local or national extinction of
species, once arrived. Although these processes
have taken place repeatedly in the course of
glacials and interglacials, I will concentrate on
the present interglacial, and present evidence
for the hypothesis that calcareous soils have
been favourable for grassland plants, and that
this circumstance may have resulted in com-
paratively large grassland species pools in ar-
eas of abundant limestone soils.

Table 1. Open land species that have been found as
macrofossils, pollen or spores in remains from late
glacial to Atlantic. Species present in the current
Danish flora are listed in the top and extinct species
in the bottom. From Bruun & Ejrnzes (in press)..

Flora of the prehistoric open landscape of Denmark

Allium schoenoprasum Lotus corniculatus
Anthyllis vulneraria Lychnis sp.

Armeria maritima Lycopadium clavatum
Artemisia sp. Onobrychis viciifolia
Aslragalus sp. Origanum vulgare
Botrychium lunaria Plantago lanceolata
Botrychium multifidum Plantago maritima
Calluna vulgaris Plantago media

Campanula sp. Poaceae
Carex sp. Potentilla erecta
Centaurea scabiosa Primula veris

Diphasiastrum complanatum Ranunculus sp.

Filipendula sp. Rumex acetosa
Galium sp. Rumex acetosella
Gentiana amarella Sanguisorba sp.
Gentiana campestris Saussurea/Carlina
Geranium sp. Sedum sp.

Helianthemum sp.
Hypericum sp.

Stellaria graminea
Succisa pratensis

Jasione montana Thalictrum sp.
Liguliflorae-type

(Hieracium, Leontodon,

Taraxacum)
Astragalus alpinus Oxyria digyna
Astragalus frigidus Pleurospermum austriacum
Dryas octopetala Polygonum viviparum
Gypsophila fastigiata Saxifraga oppositifolia

Helianthemum oelandicum  Silene acaulis

Meum athamanticum

Table 1 lists those species found as
macrofossils, pollen or spores in deposits from
late glacial to late atlantic, that can be inter-
preted as grassland taxa. The list is by no
means a complete list of the postglacial flora,
but it gives an impression. The flora of the
open treeless landscape from 11.000-8.000 BC
was apparently a mixture of typical grassland
species, species belonging to present days al-
pine and subarctic vegetation in N Scandina-
via, Scotland, the Alps and the Carpathians, as
well as steppe species with a pronounced con-
tinental distribution (Bruun & Ejrnaes in press).

From preboreal to atlantic time, immi-
gration of trees gradually changed the open
steppe-tundra into a forested landscape - first a
light forest composed of Betula and Pinus, then
also Corylus and finally Quercus, Tilin and
Fraxinus. In this period, grassland species must
have retreated to refuges, where conditions
have been hostile to trees. We do not know
how many species survived this period and
how many species became extinct, and reim-
migrated following the accelerating landnam
about 4000 BC. The presence of a grassland
element is not easily discovered in pollen
analyses (Bruun & Ejmees in press), but a con-
tinuous open land vegetation has been re-
corded from W Jutland (Odgaard 1994),
Blekinge (Berglund 1966) and Britain (Bush
1993). The findings of Bush (1993) also support
a hypothesis of active forest clearing (e.g.
through ring-barking) by mesolithic humans,
the motivation for which is proposed to have
been the conversion of forest to rough pasture
attractive for game animals and edible plants.

Grassland refuges

The presence of refuges for grassland plants
during Boreal and Atlantic in NW Europe has
been hypothesised by several authors (Sterner
1922, Bécher et al. 1946, Iversen 1954 and Pigott
& Walters 1954). Sterner (1922) summarised the
general hypothesis developed from phyto-
geographical observations, stating that the
xerophilous and heliophilous herbaceous flora
in a landscape untouched by humans, should
be looked for on steep southerly exposed slo-
pes or precipices (especially with calcareous
soil), sandy soils in areas of low precipitation,
and rocky escarpments. Figure 4 shows the
density in Denmark of a group of species hy-
pothesised to be late glacial relicts judged from
their present discontinuous distribution. The
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Figure 4. Refuges for late-glacial plants in Denmark
and South Sweden. Density of a group of species
hypothesised as late-glacial relicts by Iversen (1954,
1957) and Bdécher et al. {1946). North of the broken
line a land uplift has exposed slopes and marine
deposits formed by the Littorina and Yoldia sea.

highest density of relicts are clearly found in
landscapes with abundant calcareous soils
and/or dry climate and in coastal areas influ-
enced by erosion and land uplift. The explana-
tion behind this pattern is not only that these
conditions suit the grassland plants well, but as
much that they are hostile to establishment and
growth of trees (Sterner 1922, Bocher et al.
1946). Consistent with my hypothesis is the
finding of extraordinarily high species diver-
sity in Estonian alvar grasslands (Kull & Zobel
1991). Here, abundant shallow limestone soils
and a rising seashore have maintained an open
landscape with sparse tree cover, and the geo-
graphic position, on the continent, has been
favourable, in comparison with Denmark and
Sweden, for immigration processes from ref-
uges in southern and eastern Europe. Suppor-
tive is also the observation that the distribution
of calcicoles is not so limited by pH in drier
climates (Etherington 1975: 268). A small scale
version of this aspect can be observed in Den-
mark where several predominantly calci-
philous vascular plant and bryophyte species
show a markedly wide pH-amplitude in the
precipitation poor Great Belt region, e.g.
Scabiosa  columbaria, Helianthemum nummu-
larium, Carlina vulgaris, Avenula pratensis, Fili-
pendula vulgaris and Camptothecium lutescens.
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Mobile temperate grasslands

The evolutionary aspects of my hypothesis
have already been discussed above. To recap-
ture, favourability on an evolutionary time
scale must include extension of the ecosystem
in space and time and availability of empty
niches. The numerous endemics occurring on
even small islands or mountains indicate that
extension of an ecosystem in time is of far
greater importance than extension in space,
and it even seems likely that the fragmentation
of a community could be conducive to specia-
tion. Populations in fragmented biotopes will
more easily be subjected to genetic drift, and
the absence, in isolated places, of many species
from the regional species pool means more
vacant niches.

I hypothesise that the null community
(where speciation has taken place) of the tem-
perate semi-natural grassland of north-western
Europe has existed mainly in a dry temperate
climate, with glacial refuges south of the Alps
and in transition zones of sparse forest cover
towards the steppe. Relict populations of all
temperate woody taxa except Sorbus and Salix
have been demonstrated to occur as relicts in
southern Europe by Bennet et al. {(1991), who
suggest that the species survived the very dry
conditions under full glacial in montane ra-
vines. Grassland plants, being generally more
tolerant of drought, might well have survived
there too. It is likely that ice movements, fluc-
tuating climate and forests contributed to
fragmentation of the evolutionary environment
of grassland species, and that this has been
conducive rather than restrictive to speciation.
Whittaker (1972) proposed that interaction
with other trophic levels was a key to the un-
derstanding of the outstanding diversity en-
countered in tropical rainforest. Following his
argumentation, I suggest that niche availabil-
ity, and hence speciation, is promoted by her-
bivory, arbuscular mycorrhiza and probably
also other endophytic fungi, and that these
factors work very differently in the forest,
heathland and grassland ecosystem.

What is considered a favourable envi-
ronment will obviously depend on the relevant
organisms, and until now I have focused al-
most exclusively on herbacecus vascular
plants. In a study on grassland cryptogams [4],
no correlation was found between cryptogam
and phanerogam diversity, and not surpris-
ingly so: grazed grassland on calcareous clay,



for instance, is inferior compared to infertile
sand grasslands from a Cladonia point of view.
Much is to be gained from a widening
of the perspective to include processes on dif-
ferent scales (Zobel 1997), but no important
insights will come from a conflict or rivalry
between local scale explanations and explana-

tions focusing on the size of the species pool
(e.g. Taylor et al. 1990). It should rather be kept
in mind, that the study of the expression of
living organisms in a living environment re-
mains an indispensable key to the under-
standing of processes working on historical
and evolutionary time scales.
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3.2 Survey and experiment

Hypotheses are meant to be subjected to tests
aiming to reach a falsification or, what is usu-
ally harder to achieve, a verification. Two short
suggestions will be made of tests of the ideas
and hypotheses presented above. The first
deals with a survey, relating to the first hy-
pothesis, designed to validate a landscape scale
implementation of the ecocline models in [1].
The second treats the design of an experiment
aiming to test my second and third hypothesis.

Landscape scale validation

The first hypothesis calls for a carefully
planned survey of open land biotopes in con-
nection with the development of model pre-
dictions of potential land cover. A validation
must have two objectives: 1) Are the model
predictions reliable and 2) Is the readily avail-
able environmental information sufficiently
accurate. The planning and implementation
should involve the following steps:

1 One or more areas are selected, including a
range of semi-natural biotopes along gradi-
ents in soil types and topography.

2. A modelled map of herbaceous plant com-
munities on well drained soils is created
within the study area on the basis of existing
databases and small scale models [1] [5].

3. A survey is carried out, including sampling
of vegetation, soil type, pH, estimation of
water availability and investigation of land
use history.

4. Model predictions are compared to vegeta-
tion types and the database information is
compared to environmental measurements.

The scale chosen for sampling and prediction is
crucial for the outcome of the validation of the
model. A sampling unit of 10 m* was used in
[1], but for a landscape model to be opera-
tional, larger scales are needed. A sampling
scheme must also take into account that some
plant communities occupy large areas whereas
others are small and fragmented. Linear bi-
otopes such as road verges, field margins,
streams etc. constitute a particular challenge to
sampling.

Two criteria must be met for a success-
ful validation of the model. First the predic-
tions of the semi-natural plant communities
must be sufficiently correct, next, important
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biotopes should only as an exception escape
the mapping process. Therefore sampling is
proposed to be carried out in two tempi. First,
a survey of the biotopes recognised by the
modelled map should be carried out by sys-
tematic’ sampling within each area. Subse-
quently, a stratified systematic sampling of
relevant unrecognised plant communities is
carried out in both unmapped and mapped
parts of the landscape.

The sampling method is suggested to be
a modified version of Raunkier’s frequency in
subplots method [1]. Assuming that most areas
will be large, a subplot area of 1 m® is sug-
gested, with nested circles of 0.1 m’ and 0.001
m’ (Bécher & Weiss Bentzon 1958). The small
circles comprises a very small effort, yet result
in useful estimates of shoot density. The more
heterogeneous the mapped units are, the more
subplots will be needed - between 10 and 25 in
each biotope is believed to be sufficient. The
survey will not only serve the purpose of
model validation, but also be among the first
landscape scale quantifications of the impact of
modern agriculture on vegetation.

Synthetic succession

The objectives for the experiment outlined be-
low is to test the second and third hypotheses
presented above. The experimental concept is
suggested to be a synthetic multi-species suc-
cession in replicated microcosms in an outdoor
situation with experimental control over
growth medium, seed rain and vegetation ma-
nipulations. The experiment will conform to a
standard factorial design. Treatments are se-
lected to represent a realistic variation with
respect to features of the landscape and the
environment. The species pool aspect is repre-
sented in a selection of species with reference
to available autecological information. Four
pairs of treatments are suggested:

A) An organic acidic soil in a humid micro-cli-
mate vs. a calcareous, mineral soil in a drier
micro-climate. :

B) High vs. low nutrient availability.

C) Uncut vs. repeatedly cut.

D) Sequence of species corresponding to their
abundance in the cultural landscape (road
verges, field margins, set asides, etc.) vs.
semi-natural grassland vegetation.



The environment is represented by the treat-
ments from A to C corresponding to the most
important local scale ecoclines found in Danish
grassland along DCA-axes 1, 2 and 4 [1].
Treatment D represents the landscape factor.
For each of the 8 different combinations of
treatment A to C, an appropriate species pool
will be defined, and four to five species will be
drawn from this pool. All 32-40 species will
then be pooled and assigned abundance values
corresponding to the cultural landscape and the
semi-natural grasslands respectively. Based on
these values, two contrasting sequences of spe-
cies will be determined and applied to the pots
as seeds or seedlings over a period of 2-3 years,
with due regard to the species specific regen-
eration phenologies (spring vs. autumn germi-
nation)

This is the outline of the experiment.
There is, however, both practical and theoreti-
cal complications related to its implementation.
As seen from the cubic shape of the ecoplane of
DCA1-2, variation along each of the two axes
occur mainly in the middle range of the other
axis. The consequence is, that an environment
cannot express the extremes of axis one and
two simultaneously. It is therefore suggested to
restrict the difference between the treatments
in A), so that a fertility gradient B} is within
reach. This implies that strong acidity and se-
vere drought should be avoided. In practice,
treatment A) could involve the addition of
sphagnum and lime respectively to a non-
calcareous soil aiming at pH-values of 4.5 and
7 respectively. The climatic difference could be
achieved by the placement of pots on either
side of a 1-2 m high wall running south-west to
north-east. Watering of the pots should aim at
. eliminating episodes of severe drought.

There are other practical challenges:

1. Germination under semi-field condition is a
game of chance, and as the number of spe-
cies from different species pools and their
sequence of establishment is crucial for the
outcome, it would be advantageous to ger-
minate seedlings under controlled condi-
tions of light and temperature and introduce
them to the pots as seedlings. The prize for
improved security, i.e. the loss of an op-
portunity to study treatment effects on ger-
mination, seems to be worth paying.

2. The importance of vertical light gradients in
natural vegetation has long been acknowl-

edged, and it is considered crucial to simu-
late this phenomenon in the pots also, e.g.
by inserting a shading, and vertically ad-
justable cylinder in the pot periphery. This
remedy will exclude the somewhat artificial
possibility of plants escaping competition
and cutting by growing horizontally out of
the pots (pers. obs. Sheffield 1996).

3. Established plants will set seed. Regenera-
tion within the pot should be allowed, but
dispersal between pots should be mini-
mised, in order to exclude differences due to
the spatial arrangement of pots.

4. Other organisms are known to interact with
plants - notably arbuscular mycorrhiza
(AM), saprotrophic micro-organisms, bryo-
phytes and soil invertebrates. Stable popu-
lations of the latter can not be sustained in
the pots, whereas micro-organisms
(including AM) and bryophytes should be
included as a standard inoculum, in order to
simulate the biological processes in a suc-
cession realistically.

5. Herbivores, including snails and slugs,
should be excluded, using fences and possi-
bly also pesticide application on pot sur-
faces.

6. Pot size should be kept at a minimum, yet
be large enough to sustain even fast grow-
ing C-strategists. A surface area slightly
above 0.1 m2 (allowing for comparison with
vegetation sampled by Raunkizr’s method),
and a depth of 30 cm is considered to be
suitable.

7. In order to estimate the stochastic within
treatment variation, a reasonable replication
is necessary - say 10-12 replicates per treat-
ment, resulting in a 160-192 pot experiment.

The course of the experiment should be fol-
lowed by replicated, non-destructive methods.
Preferably the following parameters should be
recorded twice a year, once in spring and once
in autumn:

1. The spatial distribution of species in the pots
{shoot number counted on a grid basis and
categorised as seedlings or established
plants).

2. The average size (height) of species.

3. The estimated cover (on a grid basis).

4. Vertical light gradients in the pots.

5. Nutrient depletion at the time of seedling
establishment.
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7.

Mycorrhizal activity (e.g. bioassay using
rate of seedling infection in target seedlings
of an alien species harvested after a couple
of weeks).

Seed set.

The overall null hypothesis of the experiment
would be, that no differences in vegetation
composition and structure could be detected
between the treatments. The more intriguing
alternative hypotheses that should be investi-
gated can be summarised as:
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: The species composition is identical to the
species pool corresponding to a particular
treatment.

: The vegetation is determined by the se-
quence of species arrivals.

: Intensity of competition (depletion of light
and nutrients) will vary with the environ-
ment treatments and determine the num-
ber of species capable of coexisting.

: Intensity of competition interact with se-
quence of arrival.

: The within treatment variability will be
large compared to the between treatment
variability.

+ The survival probability will increase with

increasing mycorrhizal activity.



4. Nature quality

Environmental management aiming at a gen-
eral protection of wildlife beyond the narrow
scope of conserving rare species threatened
with extinction, is a relatively new discipline. It
has, however, been going on for decades
(Duffey & Watt 1971), and in 1992 the Danish
government passed on a legislation including a
general protection of semi-natural comrmunities
such as dry grassland (Anon. 1992). However,
the definition of these communities and the
objectives for the management has not yet been
stated clearly, and managers frequently face
dilemmas regarding e.g. invasion of open areas
by woody plants.

I will attempt to set up biological criteria
for a well thought out nature management in
Denmark, hence the title nature quality. 1 will
focus on examples from grasslands and related
ecosystems, but it is my ambition to suggest
generally applicable principles. Nature quality
is not yet an approved term of the English lan-
guage (but see Klijn 1994), but related terms
emphasising the quest for an assessment of
values have been used extensively, e.g. nature
conservation, conservation value and habitat gual-
ity (e.g. Margules & Usher 1981, Van Horne
1983, Rossi & Kuitunen 1996). However, nei-
ther of the commonly used terms describe the
phenomenon approached here adequately: the
term conservation appears inappropriate, Den-
mark being a small country where relatively
few organisms and ecosystems can be regarded
as threatened on a wider geographical scale
(Stolze in press). In the previous chapter I em-
phasised the importance of species pools and
the landscape, and seen in that perspective, the
term habitat is too narrow. In fact habitat, in its
original sense, refers to the abiotic environment
of a specific species, and not to a multispecies
community (Whittaker 1972).

Diversity and rarity

The general goal for nature protection and
management in Denmark relates to the man-
agement of localities and landscapes in a sus-
tainable way, giving priority to semi-natural
communities and values related to landscape
aesthetics, public recreation, scientific and edu-
cational interests (Anon. 1992). Further objec-
tives are the promotion of public access and the
reversion of arable land to valuable semi-

natural communities. I will only discuss bio-
logical criteria, excluding predominantly rec-
reational and aesthetic interests, although an
agreement between these different interests
seems within reach in most situations. 1 will
take as a starting point for this treatment not
only the text of the legislation (Anon. 1992), but
also the motivation behind those of the para-
graphs dealing particularly with the protection
of wild plants and animals. Unfortunately, the
motivation is not stated very clearly in the
comments to the legislation, but I nevertheless
dare to deduce the following underlying no-
tions:

1. Nature management can lead to benefits to the
society, most notably of recreational, educational
and scientific character.

2. Other organisms have a right to exist,

Margules & Usher (1981) reviewed the criteria
for the assessment of conservation values used
in the literature and emphasised five criteria
mentioned in more than half of the papers:
diversity, rarity, naturalness, area and threat of
human interference. They stressed the difficulties
related to combining different, partly overlap-
ping criteria in one common assessment, and
pointed to the need for a quantitative ap-
proach.

Diversity and rarity have the advan-
tages of being relatively easy to assess and
handle, and I suspect that is the reason why
red data books and biodiversity assessments
have been so much in focus (Asbirk & Segaard
1991, From & S6derman 1997). However, in the

. context of nature quality, rarity and diversity

are no more than quantifiable properties of
species and communities, that commonly but
certainly not always, correlate with the inten-
sity of human interference with ecosystems,
and they are therefore less appropriate as gen-
eral objectives for nature management. I will
consequently leave rarity and diversity here,
although I do acknowledge the significance of
rarity as a criterion in the field of conservation.

Humans - in or out?

Naturalness embraces the meaning of nature
quality, namely the absence of a disturbing
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human interference. But, naturalness is also a
very vague and imprecise term, that needs
careful definition. Attempts to produce defini-
tions often invoke paradoxes, and the most
conspicuous paradox in the context of natural-
ness is the ambivalence of humans towards
nature,

An antagonistic relationship between
humans and their environment date back to the
ancient fight for survival against an environ-
ment where natural forces (cold winters, wind
erosion, scrub encroachment, herbivore attacks,
diseases etc.) were considered predominantly
negative. Today, the conflict is less pro-
nounced: a notion of affinity with nature has
gradually taken over, and we recognise that the
natural resources of the earth have been over-
exploited by humans for centuries, leading to
an impoverishment of the environment as well
as flora, funga and fauna. The emerging holis-
tic view of humans as an integrated part of
nature, is not readily consistent with the objec-
tive to restrict human activities in order to im-
prove nature quality. I see, on the other hand,
neither ecological nor obvious philosophical
(Fink 1995) arguments for a separation of hu-
mans and nature.

As a consequence of these considera-
tions, I will prefer to substitute naturalness, that
tends to exclude humans from nature, with a
term that emphasises the degree of human in-
terference with the environment instead.

Wildness

I see two alternatives to naturalness, namely
undisturbedness and wildness. Undisturbedness is
commonly used among conservationists, but
unfortunately it creates unwanted associations
of virgin environments, and I therefore prefer
to use wildness. My definition of wildness
sounds:

Wildness is the extent to which a species or habitat
is unaffected by historic humans. Wildness can be
assessed in two dimensions. The first dimension
relates to the intensity and extent of direct and indi-
rect human interference, and the latter relates to the
time a habitat or species has been left without direct
interference.

First it should be stated, that although I men-
tion both species and communities, it lies im-
plicit in the statement, that a biotope contain-
ing several wild species is of greater impor-
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tance than a single wild species. There is how-
ever wild species, especially animals, which
habitat requirements always exceed the area
range of semi-natural biotopes, and such spe-
cies obviously deserve special attention. The
positive value of habitat size, as mentioned by
Margules & Usher (1981), can also be deduced
from the definition above: the intensity of indi-
rect human interference, such as the con-
strained exchange of species with the sur-
rounding landscape, will decrease with the size
of the habitat.

Why only involve historic humans? It is
crucial to the applicability of the above defini-
tion to decide under which circumstances the
interference of humans is to be considered as
negative. This problem was also recognised by
Margules & Usher (1981), and they defined a
natural ecosystem as one in which humans, if
present, are totally dependent upon and lim-
ited by their environment. Such natural human
beings are not encountered in Denmark in
historic time, although a high degree of self-
sufficiency was a matter of life or death for
many people a few centuries ago. Conse-
quently, I will advocate in favour of measuring
the intensity of human interference rather than
classifying human activities as being accept-
able or not.

Unaffectedness and time (following the
relaxation of human interference) are both in-
cluded in my definition of wildness. The inten-
sity of interference is however considered more
important than the recovery time, so a severely
affected habitat will always be less wild than a
moderately affected habitat. I consciously dis-
tinguish between direct and indirect human
interference. Direct interference involves the
area specifically, whereas indirect interference
involves the surroundings and thereby the ex-
change of biota with these, and potentially also
the local climate. Indirect interference is gener-
ally less severe than direct interference from
the point of view of a specific area, but policy
makers ought to be very concerned about the
constraints imposed on valuable areas by an
impoverished and rapidly changing landscape.

Effect assessment

An assessment of the intensity of human inter-
ference must also take into account the re-
versibility of the change brought about. Ceased
breeding of a highly mobile bird due to inten-
sive forestry should be considered less severe



than the destruction of the last habitat of a low
mobile ground beetle. The same considerations
apply to plant communities, although the lack
of knowledge regarding the reversibility of
ecological processes constrain the feasibility of
such evaluations.

An important decision is whether the
aim is to record and quantify human interfer-
ence directly, or alternatively to assess its effect
on the ecosystem. Exact history of land use is
difficult or impossible to document. The man-
agement by private land owners of permanent
grassland and woodlands is poorly docu-
mented, and the memory of the land owner is
only valid, in an ideal situation, one life time
back. Even more decisive is that scenarios can
easily be suggested where differing biotopes
would react very differently to the same land
use. Suppose that two contrasting grasslands,
on dry sandy soils and moist calcareous clay
respectively, were subjected to three years of
intensive fertiliser treatment. On the moist cal-
careous clay, the additional nutrients would be
used by potential fast-growers like Lolium per-
enne, Festuca arundinacea and Dactylis glomerata
leading to competitive exclusion of smaller
plants. Nutrients would either enter active cy-
cles or be retained due to the large CEC of the
soil. On dry sand, the limiting factor for
growth would be water availability, and few or
none of the species in the community would be
potential fast-growers. The soil would not
(unless rich in humus) retain the nutrients, and
leaching would tend to re-establish the condi-
tions in the community prior to fertiliser appli-
cation. It should be stressed, that leaching does
not imply that the human interference has dis-
appeared (the nutrients probably went to the
ground water or a nearby fresh water recipi-
ent), but merely that the sandy grassland in
focus is less affected.

Once accepting that the severity of a
certain antropogenic land use will depend
upon the properties of the abiotic and biotic
environment, the advantage of a quantification
of effect rather than action becomes obvious.
The practical challenge of an “effect-
assessment” of nature quality lies in the ab-
sence of reference ecosystems without human
interference, to which present day communi-
ties can be compared. First it should be noted,
that there is nearly always more than one pos-
sible reference community corresponding to a
particular set of abiotic conditions. The refer-

ence statement of relevance for grassland could
be:

Temperate grassland, dune and heathland have had
a limited distribution in the landscape due to a hu-
mid climate favouring the forest ecosystem. Prereq-
uisites for the occurrence of open land communities
are therefore conditions hostile to growth of woody
plants, summarised as 1) grazing, 2) erosion, 3)
drought, 4} shallow soils, 5) calcareous soils, 6) land
uplift. A potentially important role is also hypothe-
sised for open areas within forests created by wind
falls, fires or prehistoric humans.

This definition has both habitat and landscape
implications. One of the conditions faced by
the nature management is that the indirect
human interference in terms of landscape
changes relative to a prehistoric landscape is so
massive, that ecosystems can no longer be ex-
pected to function naturally. The landscape
influence is most pronounced in successional
communities where colonisation is important,
and in communities depending on key organ-
isms that are no longer there.

Aurochs and horse

This is the case for temperate grasslands,
where large grazers are among the essential
prerequisites. In prehistoric times aurochs, wild
horse, elk, red deer, roe deer, wild boar, beaver and
man are all believed to have contributed to the
formation and maintenance of open areas
(Bruun & Ejrnees in press). In the current Dan-
ish landscape only roe deer occur in high num-
bers. Furthermore, the abundance, movement
and distribution of roe deer, red deer and the
introduced fallow deer and wild rabbit is deter-
mined by the structure of the cultural land-
scape, and human activities, especially hunting
(Jeppesen 1987a, 1987b, Asferg & Jeppesen
1996). Natural grasslands may once have been
a preferred feeding habitat of these herbivores,
but certainly no longer.

From a landscape point of view, the
prehistoric Danish landscape would have been
covered in forest, with only a negligible frac-
tion of open land. Maybe only a few percent,
maybe as much as 10 percent was kept open by
waterlogging, erosion, fire, forest dynamics,
wild animals (especially herbivores) and pre-
historic humans, but the significance of a con-
tinuous open landscape element can be seen in
the high number of indigenous species confi-
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ned to the open plant communities of today. It
has recently, in a nation wide survey, been es-
timated, that approximately 10 % of current
terrestrial Denmark is covered by open semi-
natural communities, including bogs, salt
marshes, fens and dunes (cit.). The figure for
communities without noticeable human inter-
ference (cultivation, fertilisation) is probably
much lower. Regarding dry grasslands, Bruun
& Ejrnaes (1995) found that only 30 % of the
estimated area defined as protected semi-
natural grassland in a particular landscape had
not been cultivated before. Only 5 % were also
used for livestock grazing, the remainder be-
ing. It seems reasonable to hypothesise similar
figures for open land communities in a pre-
historic landscape. '

The relevance for the management of
these considerations is obvious: the remaining
grasslands of high nature quality cover a very
small area, and new semi-natural grasslands
are not within immediate reach: forestry aims
to maintain forests as such, arable land is too
perturbed and succession along newly estab-
lished roads and abandoned quarries is con-
strained by recruitment limitation. Conse-
quently, the loss of grasslands due to succes-
sions caused by dereliction and scarcity of wild
herbivores remain a serious threat to this
community type in Denmark. Grazing by do-
mesticated animals, although being a direct
interference caused by humans, could therefore
also be considered a remedial action taken to
avoid the negative effect of the indirect human
interference imposed on biotopes by the cul-
tural landscape. This, of course, depends on the
judgement, that livestock grazing has lesser
effect on the community than absence of graz-

ing, compared to a prehistoric reference grass-
land.

Indicators of nature quality

The usefulness of wildness as the primary cri-
terion for a nature quality assessment will not
only depend on its clarity of definition, but also
on its properties as a priority tool. Can we
measure and quantify wildness? The approach
of Kowarik (1988) studying the assessment of
conservation value of woodlands is relevant to
this question. Kowarik combined properties of
the forest ecosystem (e.g. tree species diversity,
dead wood, structure) in a weighed index to
assess the extent of human interference. I sug-
gest a similar approach for grasslands (inclu-
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ding heathland, dunes, fens etc.) although the
indicators of interference might be different.

Figure 5 shows an attempt to classify a
range of open land communities according to
the two dimensions of wildness. A prerequisite
for this classification is the notion that dry
grasslands and dunes have been a continuous
part of the Danish landscape since the late gla-
cial. Cultivation, fertilisation and dereliction
has been recognised as the most important
human interference with semi-natural grass-
lands [5]. Consequently, an index has been
proposed (table 2) for long grassland continu-
ity and absence of tilling and fertilisation
(Ejrnees & Bruun, 1995).

In the first of my three hypotheses
(chapter 3), I suggest a slightly different ap-
proach, implying a model using all species, and
not only selected indicators. Such a model is
believed to be more informative and robust
than an index of indicator species. Further-
more, given a common agreement on the refer-
ence condition of semi-natural grasslands, the
human interference, and hence reduction in
nature quality, can be assessed as the euclidean
distance in ordination space between the actual
situation and the reference situation.

Management tools

The criteria developed here do not support any
kind of habitat or landscape engineering (e.g.
Haggar et al. 1991) with the purpose of pro-
moting diversity or survival of locally rare
plants. Neither do they justify the deliberate
seeding, planting and releases of plants and
animals in the environment with the purpose
of hunting or nature quality improvement. Ar-
guments against such activities are numerous
and of both biological and aesthetical nature
(Ejmees & Mark 1997). Grazing, and any possi-
ble relaxation of the present human interfer-
ence with the landscape and the biotopes, re-
main the most obvious tools for a management
aiming to promote nature quality.

This simplification of the management
objective might appear to be the first step in a
phasing out of nature management, but on the
contrary: a well planned livestock grazing re-
mains an enormous task, as many semi-natural
plant communities have low priority in current
agricultural practices. Even more demanding is
the planning of a landscape scale relaxation of
human interference respecting both human
and wildlife interests.
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Figure 5. Time and intensity in human interference. An example showing the approximate position of differ-
ent plant communities. The broken line is a tentative delimitation of areas of primary and secondary interest
to the nature management. It should be acknowledged, that some of the categories occupy an array of posi-
tions, especially with respect to the time axis - for example road verges and set aside.

Table 2. Index for the identification and evaluation of semi-natural grasslands. First column contains species
regarded as indicators of a high degree of human interference, and they count minus one. Second column spe-
cies have been identified as typical species of semi-natural grasslands and count +1. Third and fourth column
species have been identified as almost exclusive for semi-natural grasslands in Denmark and count +2. Some
species are grouped, either because they often substitue each other in grasslands or owing to determination

difficulties faced with vegetative or grazed plants. After Ejmees & Bruun 1995.

-1 +1 +2

Poa trivialis Calluna vulgaris Nardus stricta Phleurn phleoides

Poa annua Hieracium umbellatum  Anemone nemorosa Carex pilulifera/caryophyllea
Elymus repens Veronica officinalis Amica montana /ericetorum/montana

Lolium perenne
Ranunculus repens
Rumex
obtusifolius/crispus
Cirsium arvense
Cirsium vulgaris
Plantago major
Stellaria media
Polygonum aviculare
Viola arvensis/tricolor
Linaria vulgaris
Chamaenerion
angustifolium

Carex flacca

Centaurea jacea

Festuca ovina

Luzula campestris

Campanula rotundifolia

Dianthus deltoides

Galium saxatile/sterneri

Lotus corniculatus

Pimpinella saxifraga

Trifolium medium

Sedum acre

Thymus serpyllum
/pulegioides

Antennaria dioica
Genista anglica/tinctoria
Potentilla erecta
Scorzonera humilis
Vaccinium myrtilius
Briza media
Campanula persicifolia
Acinos arvensis

Arabis hirsuta

Cirsium acaule

Linum catharticum
Primula veris

Scabiosa columbaria
/canescens

Leontodon hispidus
Avenula pratensis
Danthonia decumbens

Geranium sanguineum

Helianthemum nummularium

Hypochoeris maculata

Potentilla tabernamontani/collina
/heptaphylla/arenaria

Filipendula vulgaris

Pulsatilla vulgaris/pratensis

Silene nutans

Lathyrus montanus

Platanthera bifolia /clorantha

Polygala vulgaris

Viola hirta/canina

Succisa pratensis
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There are, of course, other legitimate
interests in the landscape than those outlined
in this text. Some areas may be considered
valuable for historical or aesthetical reasons,
other owing to their optimal recreational posi-
tion near urban areas.

Finally, I would like to stress, that one of
the most obvious threats to the wildness of the
Danish landscape is the lack of dynamics.
Small and fragmented semi-natural or near
natural communities is what remains of the
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prehistoric landscape, and in order to preserve
these, the management will inevitably attempt
to freeze successions. Consequently the eco-
tones between forest and open land will di-
minish and the successional transitions from
grassland to forest will gradually disappear. In
order to avoid this depressing perspective, the
creation of one or more nature reserves large
enough to sustain populations of wild grazers,
should be given priority in the future.



5. Conclusion

During my PhD-study, I have been occupied
with questions relating to the description and
explanation of patterns in dry temperate grass-
land vegetation. In this thesis I have presented
answers to some of these questions, other prob-
lems remain unsolved and new ideas and gaps
in my knowledge have emerged. The results
that I consider most important are listed below
with the relevant manuscript reference given
as [1]-[5].

A) The floristic variation is continuous
Despite a tradition among grassland research-
ers of dividing temperate grassland vegetation
in mutually exclusive plant communities ac-
cording to e.g. soil type (calcareous grassland,
calcifugous grassland etc.), this study demon-
strates that the major coenoclines are continu-
ous [1] [2].

B) Evidence of four important ecoclines

A gradient analysis [1] reveals, that temperate
grassland vegetation on well drained soil can
be summarised in four ecoclines:

1. An ecosystem ecocline from dry calcareous to
moist acidic grassland.

2. A fertility ecocline governed by water and
nutrient availability.

3. A geographical ecocline reflecting differences
among regions with respect to climate and soil
types.

4. A competition ecocline determined by pro-
ductivity and stability.

C) Twelve grassland types are recognised
A classification reveals 12 plant communities
that, despite the absence of sharp boundaries,
are well characterised in environmental and
floristic terms [2].

D) Ecoclines from gradient analysis of ve-
getation have relevance for single species
Vegetation and single vascular plant species
are shown to respond to the same gradients,
justifying the gradient analysis approach to sta-
tistical modelling of plants [3].

E) Bryophytes respond to the same major
gradients in temperate grassland as vascu-
lar plants [4]

F) Wildness is an important criterion for
nature quality

There is a demand for models describing the
vegetation dynamics on a landscape scale. But,
biologists should not only provide models, but
also biological criteria for their use. Wildness is
defined, and suggested as the fundamental cri-
terion for the assessment of biological values of
biotopes and landscapes.

G) Gaps in my knowledge

As important as the achievements of a study is
the unravelling of gaps in knowledge or inade-
quacy of theory. The detection of universal gaps
demands a comprehensive knowledge of the
entire field of biology, knowledge that becomes
increasingly difficult to achieve, as specialisa-
tion and branching of the biological science
proceeds. I will prefer, therefore, to present the
gaps revealed in my knowledge, in the hope of
course, that other researchers will find the per-
spective useful. Some of the gaps are treated in
the previous paragraphs as hypotheses and
proposals for future work, and here I will limit
myself to make three points that I find relevant:

1. In the context of gradient analysis, there is a
need for the development and application of
practical and relatively fast field methods for
assessing fertility /productivity, water avail-
ability and nutrient availability.

2. Warming (1895) prophesied the discovering of
biotic mutualism in his early work on plant
communities, and Whittaker (1972) pointed to

" the importance of biotic controls exerted on.
plants by members of other trofic groups. De-
spite this encouragement, very little is known
about the interactive effect of environment,
herbivores, soil biota and mycorrhiza on plant
communities - and this research field remain a
potential key to a better understanding of
structure and processes in temperate grass-
land vegetation. There is an obvious need for
interdisciplinary studies involving e.g. soil
microbiologists, mycologists, plant patholo-
gists, invertebrate zoologists and botanists.

3. Speciation, succession, extinction, dispersal
and germination are all important processes
that are likely to be influenced by stochastic-
ity. But, how important is stochasticity, and
can it be subjected to studying?
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