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Abstract. Four classes of functional and morphological plant
traits — established strategies (the CSR scheme sensu Grime
1979), life-forms (sensu Raunkiaer 1934), morphology, and
regenerative strategies — are used as tools for explaining
vegetation gradients at summer farms in the mountains of
western Norway. These farms are assembly points for free-
ranging domestic grazers, and differ floristically and ecologi-
caly from the surrounding heath or woodland vegetation.
DCA and TWINSPAN are used to relate major gradientsin a
floristic dataset from 12 summer farmsto two sets of explana-
tory variables: (1) environmental variablesrepresenting physi-
cal factors, plot position, soils, and land use, and (2) the 4
classification schemes. The main floristic gradient paralels a
spatia gradient from the centres of the farms to the surround-
ing vegetation. A functional interpretation based on the con-
current use of the 2 sets of explanatory variables suggests that
the gradient is one of decreasing disturbance and increasing
environmental stress caused by decreasing grazing and ma-
nure effects away from farms. Partial CCA is used to investi-
gate the relationshi ps between the 4 functional /morphol ogical
plant trait classes. The 4 classification schemes are partialy
redundant, and do not represent different trendsof specialization
withinthelandscape. Thereisno strong evidencefor decoupling
of the traits of the vegetative and regenerative phases within
the data. The combination of general process-based theories
and specific plant attribute responses enhances the generality
and interpretability of the study.

Keywords: Disturbance; Ecological strategy; Grazing; Life
form; Monte Carlo permutation test; Ordination; Plant trait;
Regeneration; Stress.

Plant nomenclature: Lid & Lid (1994).

Abbreviations. C = competitor; CEC = Cation Exchange
Capacity; LOI = loss-on-ignition; PFT = plant funtional type;
R = ruderal; S = stress-tolerator.

Introduction

The tradition of classifying plants and vegetation
into major types on the basis of plant form has along
history (e.g. von Humboldt & Bonpland 1807; Raunkiaer
1934). This tradition is based on the observation that
the capacity to survive under different geographic, cli-
matic, and ecological conditions is often linked to
plant architecture and physiognomy. Sparked by the
interest in global climate change (Woodward & Cramer
1996; Diaz & Cabido 1997) and the effect of distur-
bance (Mclntyre et al. 1999a; Weiher et al. 1999; Diaz
et a. 2001) on vegetation, research on plant functional
types (PFT) have received renewed attention. One ap-
proach to identify PFT has been screening programmes
for measuring traits of large numbers of species (e.g.
Grime et al. 1997), and to use the resulting species-by-
trait matrices to derive data-defined PFT (Leishman &
Westoby 1992; Thompson et al. 1996; Diaz et al. 1998).
An alternative approach to the functional analysis of
plants and vegetation isto start from general ecological
processes and to construct conceptual models about
how these processes affect specific plant attributes. Proc-
ess-based models focusing on the vegetative or estab-
lished phase (Grime 1974; Tilman 1988; Keddy 1990),
on regeneration (Grubb 1977; Noble & Slatyer 1980;
van der Maarel & Sykes1993), and on dispersal (Taylor
et al. 1990) have been suggested, and the number and
nature of relevant traits, as well as the degree of cou-
pling expected between traits of different life-history
phases, have been debated (e.g. Wilson 1990; Zobel
1992; Mabry et al. 2000). The different models are not
mutually exclusive, however, and if environments are
ordered along two axes, representing the frequency of
disturbance and the ‘harshness’ of the environment,
then several model s predict similar functional responses,
at least for adult plant traits such as growth rate, invest-
ment in defence, seed production, longevity, and toler-
ance to suboptimal conditions (Southwood 1988). An
important aspect of process-based models is that they
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open up the possibility of using plant strategies as ex-
planatory tools to identify processes influencing ob-
served vegetation patterns (e.g. del Moral 1983; Smith
& Rushton 1994; Cottrell 1996; Vetaas 1997). An ad-
vantage of the C-S-R model (Grime 1974) in this con-
text isthat dataon relevant traits and strategies of many
speciesare available (e.g. Grime et al. 1988; Heikkinen
& Kalliola1990).

Since prehistoric times the mountainous regions of
Norway have been utilized for extensive summer graz-
ing and hay-making (Kvamme 1988). Domestic ani-
mals (sheep, cattle, goats, horses) are allowed to range
freely in the mountains during daytime, but are gath-
ered in barns or small enclosures during nights. The
assembly points, or ‘summer farms', are semi-natural
grasslands that differ in species composition and ap-
pearance from the surrounding low-al pine heath or sub-
alpine woodland vegetation (Nordhagen 1943; Austr-
heim et a. 1999; Vandvik & Birksin press). There are
many potentially important ecological gradientsin the
summer-farm landscape. Climate is a major growth-
limiting factor in the sub- and low-al pine zone (Wood-
ward 1988; Austrheim et al. 1999). Locally, climate
varies with dtitude, slope, and insolation. Precipita-
tion is plentiful in our study area (Odland 1981), but
both aridity and waterlogging may be important lo-
caly. The naturaly infertile soils, especially the low
amounts of available nitrogen and phosphate, are re-
garded as mgjor limiting factorsin montane heaths and
grasslandsin Norway (Baadshaug 1983) and elsewhere
(Ellenberg 1988; Grime et al. 1988). Soil erosion may
occur, especialy on steep slopes. Finally, grazing ani-
mals are important ecological factors in semi-natural
vegetation. Most obviously, grazers may act as distur-
bance agents through defoliation (Huntly 1991; Hulme
1996) and gap creation (Grubb 1977). Additionally,
they may alter grassland vegetation through fertilization
from faeces (Baadshaug 1983) and urine (Steinauer &
Collins 1995), and by acting asdispersal agents (Fischer
et a. 1996).

Following a functional approach, the expected re-
sponse to the major ecological and land-use gradients
in the summer-farm landscape in terms of plant func-
tional traits and strategies may be predicted. Plant strat-
egy theory (e.g. Grime 1979; Southwood 1988) pre-
dicts that if disturbance factors such as soil erosion,
grazing, or trampling are important determinants of
vegetation patterns, then trends in adaptions to distur-
bances should be recognized along the gradients. Simi-
larly, if growth-limiting factors such as climate, mois-
ture, or soil fertility are important, then the floristic
gradients should be paralleled by trends in adaptions to
“harsh environments' or stress. In thisway, variationin
speciestraitsand strategies may be utilized to assessthe

relative importance of different environmenta factors
and processes for patterns in summer-farm vegetation.

The first part of the work presented here aims to
detect and interpret patterns in the study system: 1.
What are the main floristic gradients in summer-farm
vegetation? 2. What ecologica gradients (as measured
by environmental variables) can account for the gradi-
ents? 3. What ecological processes (as indicated by
trends of specialization in the vegetation) underlie these
gradients? The second part usessummer farmsasamaodel
system to explore and test predictionsfrom plant strategy
theory: 4. How much of the vegetation patterns can 4
different trait classification schemes(CSR strategies(sensu
Grime 1979), life forms (sensu Raunkiaer 1934), smple
morphologica descriptions, and regenerative traits and
strategies) account for? 5. Arethe different classification
schemes for established plant traits complementary, rep-
resenting different trends of specidization within the
landscape, or are they redundant? 6. Are traits of the
vegetativeand regenerative phases coupl ed or decoupled?

M ethods

Sudy area and sampling design

Summer farmsin Ralda (n = 12), western Norway,
wereselected for study. Thefarmsare situated within an
area of ca. 10km x 20km, at 650-850 m above sealevel
(as.l.), and are surrounded by mountains reaching 1600 -
1700 m as.l. The climate is sub-oceanic, with high au-
tumn precipitation, heavy winter snowfall, and relatively
small differences between mean January (ca. —6 °C) and
July (ca. 12 °C) temperatures (Aune 1993). Annual
precipitationisca. 1350 mm (Fearland 1993). Sub-alpine
birch forest isthe dominant vegetation in the study area.
The climatic forest limit is 800-900 m a.s.l., depending
on aspect. Vegetation above the forest limit consists
mainly of low-alpine dwarf-shrub heath (Odland 1981).

InJuly and August 1992 2m x 2m plotswere placed
subjectively in order to sample the mgjor floristic vari-
ation at each farm, including heavily grazed, trampled,
and manured vegetation, less intensively utilized
grasslands, and surrounding heaths and woodlands. The
cover-abundance of all vascular plants was recorded
using the Domin scale (Dahl 1957), giving a tota of
144 taxain 130 plots (Fig. 1, below).

Environmental explanatory variables

Environmental variables (n=22) were measured and
compiled for each plot or farm (Table 2). Farm size was
measured in the field as the average distance from the
farm centre (barn, milking shed, or other assembly point
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for animals) to the border between the semi-natura
grassland and the surrounding heath or woodland. As
the spatial gradient extending from the farm centres to
the surrounding vegetation was considered — a priori —
to parallel agradient of decreasing animal influence on
the vegetation, distance from each plot to the farm
centre was measured. In order to standardise this vari-
able between farms, distance was divided by farm size.
Theresulting variable, relative distance, varies between
0 and 3. Aspect and slope of each plot were measured,
and a simple radiation index, a potential measure of
plot-scalelocal climate, wascalculated (Oke 1987). Soil
samples were collected from each plot, air-dried, and
sieved through a2 mm sieve prior to chemical analyses.
Metal cation and phosphate concentrations, pH, total
nitrogen (Kjeldahl method), and loss-on-ignition (LOI)
were measured and base saturation and cation exchange
capacity (CEC) were calculated using standard proce-
dures (Rasberg 1984). Cation and phosphate concentra-
tions were log-transformed, and total N was expressed
as N : LOI, which was considered to be a simple but
useful index of the ecologically relevant availablenitro-
gen in the soil (Schroeder 1984).

Speciestraits

Species traits representing 4 different functional or
morphological classification schemes were compiled
for each species (Table 2). First the specieswere classi-
fied with respect to their established strategies sensu
Grime (1979). Each species was assigned to a primary
class, stress-tolerator (S), competitive (C), or ruderal
(R), or into intermediate strategies (Fig. 1). The second
classification scheme was Raunkiaer (1934) life forms.
Third, aset of simple morphological descriptions of the
mature plants was compiled. These included the lon-
gevity (annual or perennial), leaf position (rosette, semi-
rosette, leafy stem), plant height (dividedinto 4 classes),
and capacity for lateral spread (no, some, vigorous).
Fourth, species were classified with respect to traits of
regeneration, phenology, and dispersal. These included
regeneration strategies (vegetative, widely dispersed,
seed bank, seasondl), flowering phenology (flowering
startsin spring, early summer or late summer) and dura-
tion (1, 2, 3, or > 4 months), and adaptations for disper-
sal. Thedifferent attributeswere expressed as29 dummy
(+/-) or classvariables, representing atotal of 62 differ-
ent specific attribute states (Table 2, Fig. 1). Datawere
obtained from the standard Norwegian flora(Lid & Lid
1994) and theliterature (Grimeet al. 1988; Heikkinen &
Kalliola 1990).

Data analyses

The data were compiled into 3 matrices. floristic
data (130 observations x 144 species), environmental
data (130 observations x 22 environmental variables),
andtrait data (144 speciesx 29trait variables). Thedata
were analysed using the computer program CANOCO
3.12a(ter Braak 1987; 1990) with default settings, down-
weighting of rare taxa, and strict convergence criteria
for ordinations, and TWINSPAN version 2.2a (Hill
1979, modified by C.J.F. ter Braak & H.J.B. Birks) with
strict convergence criteria for classifications. Ordina
tion plots were drawn by CANODRAW 3.0 (. milauer
1993). Detrended Correspondence Analysis(DCA) (Hill
& Gauch 1980) of thefloristic datawith detrending-by-
segments and non-linear rescaling showed that the first
DCA axis was 4.85 standard deviations (SD), and
unimodal-based ordination methods were thus appro-
priate for these data (ter Braak & Prentice 1988).

The questions in the first part (identifying within-
system patterns in plant-environment and gradient-at-
tribute relationships) were addressed using an indirect
(correlative) multivariate approach (see @kland 1996;
McCune 1997; Ejrnees & Bruun 2000). The environ-
mental variables were related to the floristic gradients
using standard unconstrained ordination techniques.
Therelationshipsof explanatory variablesto thefloristic
gradients were interpreted through the inter-set and
multiple correlation coefficients, provided within
CANOCO, of the environmental variables and groups
of variableswiththe DCA axes. A TWINSPAN classifi-
cation of the samples was performed to delimit vegeta
tion types within the data. These are here caled Q-
mode analyses. As CANOCO cannot handle external
(explanatory) variables for ‘objects’ (ter Bragk 1987,
1990), relating species traits to the species-by-sample
ordination axes was done in the following way (see
Diaz et al. 1992; Vetaas 1997): First, aDCA wasrun on
atransposed matrix of the floristic data (144 species x
130 samples). In this analysis rare species were
downweighted manually. As the species are now ‘ob-
jects’ and the samples ‘variables' in this analysis, the
trait data (144 species x 29 traits) could be used as
‘explanatory’ variables. As above, the results were in-
terpreted through the inter-set correlations and multi-
ple correlation coefficients of explanatory variables
(attributes) with the DCA axes. A TWINSPAN classifi-
cation of the transposed floristic data was performed to
distinguish species groups with similar distributional
patterns within the data, and the attribute spectra of
these groups were investigated. These are here called
R-mode analyses.

The questions in the second part (testing the rela-
tiveexplanatory power of the different attribute classes)
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were addressed, and the questionsin thefirst part elabo-
rated, using a direct (hypothesis-testing) multivariate
approach (Gkland 1996). In order to quantify the frac-
tion of variance that different groups of environmental
(physical characteristics, soil chemistry, plot position,
land use) and plant trait (CSR strategies, morphology,
life forms, regenerative traits) predictors could poten-
tially account for, the following analyses were run both
in the Q-mode and R-mode context. First, CCAs were
run with each predictor group individualy. Within
groups, the forward selection option in CANOCO with
statistical testing by unrestricted Monte Carlo permu-
tation tests for each added variable (ter Braak 1990; ter
Braak & Verdonschot 1995) was used to exclude vari-
ables that did not contribute significantly (p > 0.01) to
the explained variance. This was done to avoid over-
estimation of theexplained varianceinthedata(Borcard
et al. 1992; Gkland & Eilertsen 1994). Partial CCAs
with each predictor group as constraining variables and
all other groups as covariables were run to quantify the
unique contribution of each group — or the amount of
variance they explain when the effect of al other pre-
dictors groups are allowed for statistically. The statisti-
cal significance of this unique contribution was tested
using Monte Carlo permutation tests within CANOCO,
with 499 unrestricted permutations, and significance
judged by the overall (trace) statistic. In order to answer
questions 5 and 6, additional CCAs and partidl CCAs
were run for different combinations of plant trait groups
to quantify shared and unique variances—or thedegree of
overlap between different classification schemes(Borcard
et al. 1992). The statistical significance of each unique
contribution was eval uated as described above.

Results

The very high correlations between the Q-mode and
R-mode DCA axis 1 (r =—0.99) and axis 2 (r =— 0.98)
samplescores(Table 1) and thevery similar eigenvalues
for the Q- and R-mode ordinations (0.55 vs. 0.58, 0.23
vs. 0.26) confirm that the solutions are essentialy the
same, and that we are justified in comparing the rela-
tionships of environmental variables and species traits
to these axes. As the Q- and R-mode axes 1 and 2 are
negatively correlated, the R-mode axes were reversed
(multiplied by — 1) in the figures and tables for ease of
interpretation.

Floristic gradients and environment

Many environmental variables are strongly corre-
lated to thefirst floristic gradients, and species-environ-
ment correlations are high, suggesting that the relevant

Table 1. Ordination summary of the Q- and R-mode DCAs.
SD = standard deviation.

Axes 1 2 3 4 Tota
inertia

Q-mode DCA
Eigenvalues 055 023 015 011 423

Lengths of gradient (SD units) 485 265 253 2.05
Species-environment correlation 0.92 081 081 0.71

% variance of species data 129 183 219 246
R-mode DCA
Eigenvalues 058 026 021 014 533

Correlationswith Q-modeaxes 0.99 0.97 0.73 -0.06
Sample-attribute correlation 084 041 045 0.35
% variance of species data 109 158 198 224

environmental variables are included in the analyses
(Tables 1 and 2, Fig. 2b). On the basis of its environ-
mental correlations, the first gradient can beinterpreted
as one of decreasing soil nitrogen, phosphate, and pH
and increasing slope aong the spatial gradient from
farm centres to the surrounding heath or woodland.
Oncethe environmental variables are accounted for, the
spatial gradient has a low unique contribution to the
explained variance (Table 3), suggesting that the meas-
ured environmental variables capture important aspects
of the farms-to-surroundings gradient. Slope is strongly
correlated to the gradient (Fig. 2b), and potential effects
may be through effects on soil erosion (high on steep
dlopes), microclimate (resulting from differential insola-
tion), or soil moisture (high only on flat ground). The
strong correlations of nitrogen and phosphate to the gra-
dient suggest that it can also beinterpreted asagradient of
decreasing manure-related effects from the farm centres
towardsthenutrient-poor grassandsand heaths (Table 2,
Fig. 2b).

The second floristic gradient can be described as a
complex of (1) atitude and (2) a gradient from mineral
to organic soils, which is interpreted as a gradient of
increasing soil moisture. As humic colloids have very
high adsorptive capacities (Schroeder 1984), soil or-
ganic content is strongly correlated to CEC and pH
(Table 2, Fig. 2b).

The 11 TWINSPAN vegetation types occupy dis-
tinct positions along DCA axes 1 and 2 (Figs. 1, 2a).
Groups A, B, and C, heathland plots situated on steep
slopes away from farm centres, are concentrated on the
positive side of DCA axis 1. Wet (group G) and drier
nutrient-poor grasslands (groups D, E, F) haveinterme-
diate axis 1 scores, but are separated to some extent
along DCA axis 2. The central grasslands (groups H, I,
J, K) have the lowest DCA axis 1 scores, and occupy
fertile soils near farm centres. Groups H, |, and J are
separated along DCA axis 2, while group K occupiesan
extreme DCA axis 1 position.
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Fig. 1. Two-way table of TWINSPAN groups A — K, with the percentage occurrences of the species in each sample group (see
legend), the TWINSPAN species group | — 1V to which the species belong, and their classification according to the C-S-R scheme.
All species present with three or more occurrences in the data are shown.

TWINSPAN group
| C  Aconitum septentrionale
I SC Calluna vulgaris
1 CS Empetrum hermaphroditum
I CS Juniperus communis
1 C  Salix lapponum
I SC  Sorbus acuparia
I SC  Vaccinium vitis-idaea
1 SC Molinia caerulea
| S Luzula pilosa
I SC  Cornus suecica
I CS  Lycopodium annotinum
1 CS Phyllodoce caerulea
I CS Vaccinium uliginosum
I € Geranium sylvaticum
1 CS Coeloglossum viride
1 S Maianthemum bifolium
I SR Melampyrum pratense
I CSR Rubus saxatilis
1 S Blechnum spicant
I CS  Gymnocarpium dryopteris
| C  Thelypteris limbosperma
I CS  Thelypteris phegopteris
I CS Salix herbacea
I SC  Vaccinium myrtillus
I S Pyrola media
1 ©/SC Betula pubescens
I S/CSR Hieracium pilosella
1 C  Salix glauca
| 5 Trientalis europaea
I CSR Scirpus caespitosus
I S Solidago virgaurea
Il S/SC Deschampsia flexuosa
Il CSR Carexvaginata
I 8§  Nardus stricta
Il S/CSR Potentilla erecta
I CS Sibbaldia procumbens
I S Festuca ovina
I S Carex pilulifera
I SR Luzula sudetica
Il S/CS Carex bigelowii
Il S Galium saxatile
1l SR/CSR. Anthoxanthum odoratum
I 8  Luzula frigida
I CS Alchemilla alpina
I CSR Polygonum viviparum
I S/CSR Viola palustris
1t s Campanula rotundifolia
I S/CSR Veronica officinalis
I CR Carex brunnescens
I S/SC Carexnigra
I CSR Agrostis capillaris

TWINSPAN group

1l CR/CSR Hypericum maculatum
S/SR. Selaginella selaginoides
C/SC  Filipendula wlmaria

1
1
m
i
I
1
11
m
11
1
1
m

v
v
v
IV

CSR  Prunella vulgaris
S Carex echinata
5 Carex pallescens

CSR  Gnaphalium norvegicum

S/ISC  Potentilla palustris
R/SR  Rhinanthus minor
CS  Juncus filiformis
SR Euphrasia stricta
SR Phleum alpinum

CSR  Poa alpina
SR/CSR Rumex acetosella
CSR  Festuca rubra

SICSR  Alchemilla vulgaris coll.
CSR  Eguisetum pratense
C  Geranium sylvaticum
R/CSR Leontodon autumnalis

CSR  Ranunculus acris
CSR  Rumex acetosa
S Viola riviniana

SC/CSR Deschampsia cespitosa
R/ICSR Cerastium fontanum

R/CSR. Taraxacum spp.
CSR  Poa alpigena
CSR  Stellaria graminea

S Carex ovalis

CR/CSR Achillea millefolium

R/CR  Galeopsis tetrahit
CR  Ranunculus repens
CSR  Silene divica
R/CR  Rumex longifolius
CR/CSR Trifolium repens

R/CSR Veronica serpyllifolia

R/CSR Plantago major
CSR  Trifolium pratense
CSR  Phleum pratense

R Poa annua
R Stellaria media
CSR  Festuca pratensis
CR/CSR Poa trivialis

R Chamomilla suaveolens
R Polygonum aviculare

ABCIDEF[GHI JK

81-100%

61-80%

41-60%

21-40%

N 1-20%

i Somewhere dominant

Floristic gradients and plant traits

The high number of significant correlationsbetween
plant traits and DCA axis 1 (Tables 1 and 2, Fig. 2¢)
show that this was a gradient, not only floristically and
environmentally, but also in CSR strategies, predomi-
nant life forms, morphologies, and modes of regenera-
tion and dispersal. Summer farms are characterized by
R, C-SR, and SR dtrategies, while S, C, and C-S

species occur predominantly in the heathlands. A CSR
triangular ordination (Grime 1979) of samples (Fig. 3)
highlight the trend in established strategies, and sug-
geststhat decreasing disturbance (Triangular ordination
R-axisand DCA 1: Spearmanrank correlationr =—0.73)
isby far the most important structuring process along the
gradient, but that increasing stress(S-axisand DCA 1:r =
0.39) may also be important. Competitiveness also
increases along the gradient, but the correlation is
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Fig. 2. a. Ordination of samples on DCA axes 1 and 2.
TWINSPAN vegetation typesare shown as different symbols.
GroupsA, B, and C represent heath and woodlands, D, E, and
F are nutrient-poor grasslands, G is grassland on humid soils,
and H, 1, J, and K represent nutrient-rich grasslands. b. Ordi-
nation of environmental variablesthat are significantly corre-
lated with DCA axes 1 and 2 in Q-mode DCA space. Axesare
scaled in standard deviations. For each variable, data scale,
range, correlation coefficients with the DCA axes, and abbre-
viations are given in Table 2 and Fig. 1. ¢. Ordination of
speciestraitsthat are significantly correlated with DCA axes 1
and 2 in R-mode DCA space. Axes are scaled in standard
deviations. For each variable, data scale, correlation coeffi-
cients with the DCA axes; for abbreviations see Table 2.

relatively weak (C axisand DCA 1: r = 0.28), suggest-
ing that this trend of specialization is of minor impor-
tance along the gradient. Hemicryptophytes and thero-
phytes decrease from farm centres to heathlands, while
chamaeophytes and phanerophytes increase. This pat-
tern isalso evident in the morphological traits, as annu-
als and semi-rosettes decrease, while tall plants and
plants with leafy stems increase along the gradient. In
regenerative traits, plants with seeds showing no spe-
cialization for dispersal and flowering throughout the
growing season are characteristic of farm centres, while
dispersal by ingested seeds is characteristic of heath-
lands (Fig. 2c).

DCA axis 2 ispositively correlated with S-R strate-
gists, and negatively correlated with plant height, C
strategists, and aguatic dispersal (Table 2, Fig. 2c), but
the weak correlations and the low multiple correlation
coefficientsof plant trait groupswith DCA axis 2 suggest
that species distributions along this floristic axis can not
be fully accounted for by the compiled plant traits.

The 4 R-mode TWINSPAN species groups differ in
their distribution along the farm-to-surroundings gradi-
ent and between vegetation types (Fig. 1). These dis-
tributiond groups differ considerably in C-S-R drategies,
lifeforms, and phenology, but lessclearly in regenerative
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Fig. 3. C-S-R triangular ordination of samples. For clarity,
only centroidsof the TWINSPAN vegetation types are shown.
The positionsof thegroup centroidsare calculated on the basis
of the strategies of all speciespresent in the plots, weighted by
abundance. Spearman’ srank correlation coefficients between
samples scores on DCA axis 1 and the C-S-R axes are: C =
0.28 (p< 0.01), S=0.39 (p < 0.001), R =-0.73 (p < 0.001).
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Table2. Correlations of environmental variables and speciestraitswith DCA axes 1 and 2. Abbreviationsand scales of all variables
and traits are given. Multiple R isthe multiple correlation coefficient for each subset of variables with the DCA axes after forward

sel ection within groups (seetext).

Environmental variables Scale Data Axisl Axis2 Species attributes Scale  Axisl Axis2
range
Strategies (CSR)
Plot position Competitive +/- 0.23 -0.19
Distance to centre RD continuous 0-3 070 -0.10 Stress-tolerant S +/—- 0.17 -0.12
Ruderal R +- 043 0.00
Physical characteristics Stress/competitive Cs +/—- 0.44 0.03
Altitude ALT m 620-844 0.13 0.38 Competitive/ruderal CR +-  -0.22 0.07
Slope SLO o 0-35 0.60 0.01 Stress/ruderal SR +/-  -0.08 0.24
Incoming radiation RI continuous  0.41-0.90 0.17 0.07 C-S-R strategists CSR +- 034 0.08
Metabasalt bedrock MET +/— 0-1 001 -008 Multiple R: 0.72 0.26
Phyllitic bedrock PHY +/— 0-1 0.10 0.32
Amfibolitic bedrock AMF +/— 0-1 0.10 0.20 Life form
Multiple R: 0.61 0.41 Phanerophyte PHA +/— 0.27 -0.10
Chamaeophyte CHA +/— 0.47 0.12
Soil chemistry Hemichryptophyte HEM +- 042 -0.06
Loss-on-ignition LOI % 8.6-92.4 -0.08 -0.39 Geophyte GEO +/— 0.18 0.01
Relative Nitrogen NIT % of LOI 0.05-0.44 -0.49 0.10 Therophyte THE +- 042 0.02
Extractable Phosphate P log(mg/100g) 0.2-6.0 -0.39 0.00 Multiple R: 0.70 0.07
Soil pH pH 3.9-65 -048 -0.35
Extractable Calcium Ca log(mg/100g) 25-6.7 -0.28 -0.40 Morphology
Extractable Magnesium Mg log(mg/100g) 1351 -017 -0.27 Annual ANN +-  -0.32 -0.02
Extractable Sodium Na log(mg/100g) 0.1-41 -027 -0.27 Semi-rosette SRO +/-  -0.33 0.08
Extractable Potassium K log(mg/100g) 2.7-56 -0.05 -0.30 Leafy stem LEA +/— 0.41 0.06
Cation exchange capacity CEC meq/100g 48-83.0 -0.12 -0.42 Rosette ROS +/- 0.04 -0.01
Base saturation BAS % of cations 15.1-984 -0.49 -0.16 Plant height HEI classes  0.35 -0.23
Multiple R: 0.70 0.63 Lateral spread LAT classes 0.19 -0.08
Multiple R: 0.60 0.28
Land use
Farm size Sz m 40-150 0.00 -0.22 Regeneration, phenology and dispersal
Mowing MOW +/— 0-1 -044 -0.10 Vegetative regeneration RV +-  -0.19 -0.02
Sheep grazing SHE +/— 0-1 025 0.06 Widely dispersed propagules RW +/— 0.09 -0.14
Goat grazing GOA +/- 0-1 0.06 -0.03 Buried seed bank RB +/- 015 0.05
Years since abandonment YRS yr 0-42 014 0.21 Seasonal regeneration RS +/- 0.00 0.05
Multiple R: 0.46 0.29 Flowering time FT month  -0.04 0.06
Flowering duration FD  months -0.49 -0.05
Wind dispersal DW +/—- 0.14 -0.12
Unspecialised dispersal DU +-  -0.39 0.10
Ingested dispersal DI +/- 0.47 0.12
Adhesive dispersal DA +- 012 -0.04
Aquatic dispersal DQ +-  -0.15 -0.19
Multiple R: 0.66 0.22

strategies and modes of dispersal. The outside species
(44 spp.) mainly occur in the heathlands. They are C-S,
S, and C dtrategists, the group is morphologicaly di-
verse, and dispersal is by wind or ingested seeds. The
widespread species (26 spp.) grow both on and off
farms. They are S, C-S-R, or C-S strategists, and the
majority are hemicryptophytes. Many species show no
specidizationfor dispersal, whereas othersare dispersed
by adherence to animals. The farm species (54 spp.) are
only occasionally encountered outside summer farms.
C-S-R dtrategists and hemicryptophytes predominate,
and regenerative strategies and dispersal are more di-
versethaninthe preceding group. Finally, the species of
the central grasslands (20 spp.) have C-S-R, R, or C-R
strategies, and are hemicryptophytes or therophytes.
These species are either dispersed by adherence to ani-
malss, or they have no specialization for dispersal.

Trait classification schemes

Theresults of the (partial) CCA analyses (Table 3)
showed that all trait classification schemes captured a
substantial fraction (8.0-10.8%) of the floristic varia-
tion in the data. When all groups were included as
explanatory variables the trait data accounted for a
total of 23.2%, indicating that there was considerable
redundancy between classification schemes. Estab-
lished strategies (C-S-R scheme) and Raunkiaer life
forms both had significant unique variances (Table 3),
indicating that these 2 schemes related to distinct trait
syndromes and sorted along different ecological gradi-
ents in the data. The simple morphological descrip-
tions had no significant unique variance (Table3), and
more detailed partial CCA’s (Fig. 5a) showed that a
large fraction of the variance accounted for by morphol-
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Fig. 4. Functional trait spectraof the TWINSPAN species groups. Morphological traits are not shown. Horizontal bars represent the
percentage of all species in the group, weighted by occurrence, having a particular trait. The quantitative phenological variables,
flowering time and flowering duration, aredivided into classes: FT1, FT2, and FT3 represent spring, early summer, and late summer
flowering, respectively. FD1 - FD4+ represent duration of flowering in number of months per year. Otherwise, functional trait

abbreviations follow Table 2.

ogy was shared with C-S-R- strategies and life forms.
Statistically, the morphological traits could be uncou-
pled from the C-S-R strategies but did not have asignifi-
cant unique contribution once the Raunkiaer life forms
had been alowed for. The regenerative characteristics
could account for arelatively large fraction of floristic
variance, but this fraction was to a large extent shared
with the C-S-R- strategies and life forms. The regenera-
tive characteristicswere only marginally significant once
C-S-R strategieshad been accounted for, and they could not
be uncoupled from the Raunkiaer lifeforms (Table 3, Fig.
5b).

Discussion

This study investigates the potential importance of
different environmental factors for floristic patternsin
an upland semi-natural landscape, using different func-
tional classification schemes. Such pattern-seeking stud-
ies are necessarily based on observational field data,
and, as aresult, the different explanatory variables are
inextricably confounded. Although the data and meth-
ods used here cannot determine causality, the potential
value of the approach isthat it can evaluate the relative
importance of different ecological factorsand processes
and indicate the existence of superfluous or missing
explanatory variables.

Table 3. The explanatory power of the different groups of environmental and plant trait variables. Significant variables are the
variables included in each group after forward selection. Variance explained is the percent of total inertia accounted for when the
group is used as constraining variables in CCA, and the unique contribution is the percent of total inertia accounted for when the
effect of all other groups are removed in partial CCA. P-values refer to the unique contribution (see text).

Variance explained Unique contribution P-value

Variable group Significant variables
Groups of environmental explanatory variables

Relative distance RD

Physical factors SLO, ALT, RI, MET

Soil factors:

Land-use factors:
Groups of plant attribute explanatory variables

EEtablished strategy (CSR)

Growth form (Raunkiee)

Morphology

Regenerative characteristics

C,SR,Cs
HEM, THE

MOW, SHE, YRS

ANN, SRO, LEA, HEI
FD, DI, DQ, DW, DU

5.7 11 0.03

8.9 32 0.01

LOI, NIT, pH, Ca, Mg, K, BAS 16.4 10 0.01
52 24 0.01

10.8 53 0.01

10.1 3.0 0.01

8.0 29 0.39

10.5 4.6 0.57
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Fig. 5. Graphical representation of the unique and shared
(overlapping squares) variances explained by (a) the morpho-
logical traits, and (b) the regenerative traits with the C-S-R
strategies and Raunkiaer life forms (R-mode analyses). Areas
reflect the percentage variance explained by each fraction of
variance. The statistical significance of the variance uniquely
attributable to the focus group when the C-S-R strategies and
life-forms are partialed out (]) is tested using Monte Carlo
permutation tests within CANOCO, with 499 unrestricted
permutations, and significance judged by the overall (trace)
statistic. Results: Morphology | C-S-R: p< 0.002, Morphology
| Life form: p = 0.59, Regeneration | C-S-R: p = 0.027,
Regeneration | Lifeform: p=0.72.

Pattern and processes along the farms-to-surround-
ings gradient

The overriding floristic gradient in the data corre-
lates with distance to farm. Within the data, floristic
composition is more strongly affected by this gradient
than by gradients such as soil moisture, microclimate
(as measured by radiation index), altitude, bedrock, or
land-use history. However, acomplex of environmental
factors and biological processes may account for the
gradient, and an eval uation based on the concurrent use
of Q- and R-mode analyses is as follows. The estab-
lished (C-S-R) strategies confirm the importance of de-
creasing soil fertility from the farmsto the surroundings
(Fig. 2b), asthe gradient is paralleled by the increasing
importance of stress-tolerance (Figs. 2c, 3). The sharply
decreasing importance of disturbance-tolerant species
(Figs. 2c, 3), however, suggests that decreasing distur-
bance may be a major process underlying the gradient.
Slopeisalso strongly correlated to the gradient, so that
disturbance-tolerance is high in flat areas and low on
steep slopes at summer farms (Figs. 2¢, 3). Thiscontra
dictsthe expected effects of soil erosion, suggesting that
this factor is not important within our data. Relation-
shipswithin the environmental data show that the effect
of slope is also independent of microclimate (as meas-
ured by RI, Table 2) and soil moisture (as reflected by
LOI and CEC, Table2, and TWINSPAN groups, Fig.1).
Grazing and trampling thusremain asthe most probable
causal factors for the disturbance gradient, as summer
farms are assembly points for free-ranging grazing ani-

mals. The high explanatory power of slope for patterns
in the data may be a result of differential land-usein a
rugged landscape, summer farms being located on rela-
tively level ground surrounded by steep hillsides.

This interpretation is further validated by the re-
sponses of plant morphology and life form, showing
that tall plants with erect shoots, leafy stems, and long
life-cycles increase, while low-growing or prostrate
plants with short life cycles decrease away from farms.
This agrees with the recurrent sets of plant traits com-
monly reported to be associated with grazing (Harper
1969; Noy Meir et al. 1989; Diaz et a. 1994; MclIntyre
et al. 1995; Milchunas & Lauenroth 1993; Diaz et .
2001). Although the overall responses to livestock and
the suite of morphological traits associated with this
response arewell documented (Milchunas & Lauenroth
1993), several causal mechanisms have been suggested.
The classical model focuses on top-down defoliation,
which reduces the competitive advantage of tall plants
and increases the rel ative advantage of grazing-tolerant
species (Harper 1969). Alternative explanations focus
on herbivore selectivity (Anderson & Briske 1995), the
effects of droppings and urine patches (Steinauer &
Collins 1995; Day & Detling 1990), or the effects of
animals on regeneration (Grubb 1977; Noy Meir et a.
1989; van der Maarel & Sykes 1993) and dispersa
(Fischer et a. 1996; Poschlod et al. 1998). In this study
we did not attempt to test these mechanisms specifi-
cally, but rather to use the plant-strategy approach to
evaluate their potential importance within agrazed sys-
tem. Our analysis suggested that (1) grazing animalsare
important ecol ogical factorswithin these grasslands, (2)
animal effectscreatestronglocal floristic and functional
gradients at summer farms, and (3) these gradients re-
flect strong local variation in disturbance effects, but
also fertilization effects.

Pattern and processes along the moisture/altitudinal
gradient

On the basis of the available environmental vari-
ables the second floristic gradient is interpreted as a
complex of (1) increasing atitude and (2) decreasing
soil moisture. Both gradients should be related to in-
creasing environmental stress and decreasing competi-
tiveness within upland grasslands (Grime 1979). Two
species groups (C and S-R strategists, Fig. 2¢) respond
as expected along the gradient, but there is no overall
trend in the data, as there are no significant correlations
between the second DCA axisand the C, S, or R axesin
thetriangular ordination (Fig. 3). Within the other plant
trait groupsthere are only afew weak correlations with
DCA axis 2. This suggests that (1) relevant traits were
not measured or (2) the important ecological processes
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may beindependent of plant traits. For example, grazers
are important dispersal vectors in pastoral landscapes
(Poschlod et al. 1998). We might therefore expect high
frequencies of zoochory in the central, farm, and wide-
spread speciesgroups. The high frequency of unspecia-
lized dispersal and the scarcity of wind-dispersal in
these groups are more difficult to explain, especially as
this contrasts with observations from similar systems
(e.g. Mclntyreet al. 1995). However, in an experimental
study of dispersal in grasslands, Fischer et al. (1996)
show that the probability of ectozoochory is generally
high and, importantly, it is independent of seed or fruit
morphology. Clearly, if the redlized dispersal mode is
trait-independent, then trends in dispersal attributes do
not merit interpretation.

Complementary or redundant classification schemes

Species attributes representing all established trait
classifications are related to the first floristic gradient
in the data, and variance decomposition shows that all
classification schemes account for considerable, but
partly overlapping, fractions of the variance. This re-
sult isto alarge extent expected, asthelife form classi-
fication (Raunkiaer 1934) is based on morphology, and
asC-S-Rtheory predictsthat functional strategiesshould
differ in recurring sets of morphological traits (Grime
1979; Grime et a. 1997). We might thus conclude that
the classification schemes are at least partially redun-
dant in this system (Fig. 5a). But in addition to the
shared variance, two of the classification schemes, the
C-S-R strategies and life forms (Raunkiaer 1934), also
have significant unique variances (Table 3, Fig. 5),
indicating that they relate to partially independent veg-
etation patterns within the data. Many authors have
argued that process-based model soversimplify the com-
plex patternsin nature, and that functional studiesshould
focus on the responses of specific plant attributes (e.g.
Belsky 1992; Mclntyre et a. 1995). This is not sup-
ported in our study, as the process-based C-S-R model
(Grime 1974) is the classification scheme that relates
most strongly to the overall floristic variation (Table 3)
and also to the major gradient (Table 2). A strong point
of process-based models is that they focus on general
processes rather than specific attributes and therefore
enable meaningful comparisons between very different
ecological systems and geographical regions. At such
scales the responses of specific traits may be context-
sensitive (Mclntyre 1999b; Mabry et al. 2000; Diaz
2001). Contrasting views on process-based model s may
largely reflect different research strategies and aims
(Grubb 1985; Grime 1989; Mabry et a. 2000): is the
focus on detailed responses to specific environmental
conditions, or on the recognition of recurring patternsin

therelationshi ps between plant traitsand habitat charac-
teristics? Clearly, these approaches are complementary,
rather than mutually exclusive. In our study, the C-S-R
model provides a useful framework within which veg-
etation patterns, specific attribute responses, and envi-
ronmental gradients can be summarized and interpreted.

Coupling of established and regenerative traits

Plant strategy theory (e.g. Grime 1979; Southwood
1988) argues that there is not necessarily arelationship
between the vegetative and reproductive attributes of
plants, so that the two sets of traits may be independent,
or decoupled. Decoupling has mainly been studied
through relationships within the trait x species data, for
example by comparing correlations within and between
trait classes and performing trait-based classifications.
In support of the theory, anumber of studieshavefound
weak relationships between the two sets of traits (e.g.
Leishman & Westoby 1992; Thompson et al. 1996;
Diaz & Cabido 1997), but strong correspondence has
also been reported (e.g. Mabry et a. 2000). As seed-
lings are small, less competitive, less protected against
predators, and more vulnerable to adverse environmen-
tal conditions such asfreezing or deficiency of water or
nutrients than mature plants, they are often more re-
stricted in their ecological tolerances (Grubb 1977; van
der Maarel & Sykes1993). If thetraits of the vegetative
and reproductive phases are decoupled, and if the two
life stages are affected differentially by ecological fac-
tors, then vegetative and reproductive traits should re-
late to different ecological gradients within landscapes.
A strong (but not necessary) evidence for decoupling is
then that the regenerative and established traits account
for unique fractions of the distributional data within a
landscape. We test this for summer farms by quantify-
ing and testing the unique and shared variances of the
reproductivetraitswith Raunkiaer lifeformsand C-S-R
strategies (Table 3, Fig. 5b). Our results show that there
isconsiderable overlap in the variance accounted for by
the different classification schemes, and that reproduc-
tive traits have no statistically significant unique vari-
ance once the life forms and strategies of the mature
plants are accounted for. Thus we find no strong evi-
dence for decoupling in our data.
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