
Introduction

The Swiss National Park (SNP) was created in 1914

to conserve and protect an area of subalpine and alpine

habitats from adverse human impacts. In 1917, Braun-

Blanquet and colleagues established permanent plots in

the area to investigate vegetation recovery processes fol-

lowing the removal of domestic cattle and sheep (Braun-

Blanquet et al. 1931). Stüssi (1970) continued these long-

term observations and established some additional plots

after 1940. Unfortunately, most of these data were never

published. After the death of Stüssi in 1988, our institute

was asked to analyse his material. We found approxi-

mately 150 well-documented time series, many spanning

50 years and some almost 90 years. These plots were re-

located in the field using modern high-precision instru-

ments. Collecting relevé information, usually taken at 5-

10 year intervals, has continued to this day.

This study uses space-for-time substitution (Pickett

1989) to obtain general successional pathways for the

SNP region. Earlier investigation indicated that vegeta-

tion changes in the SNP were not as dramatic as were en-

visioned in 1914 (Stüssi 1970, Ellenberg 1988, Krüsi et

al. 1995, Zoller 1995). However, the high quantity of the

data and the timespan covered are important in revealing

subtle characteristic changes in species cover and abun-

dance. The data document a recovery (secondary succes-

sion) process that followed a change in land-use that be-

gan in 1914, when cattle and sheep were excluded from

the region. In some areas, land use changes began much

earlier: grazing intensity varied in time and space, and re-

forestation was already in progress by 1914. Successional

pathways resulting from these impacts are also docu-

mented by the permanent plots.

This paper focusses on the recognition of determinis-

tic changes (Connell and Slatyer 1977, Huston and Smith

1987, McCook 1994), leading us to use the term ‘succes-

sion’ to describe the process. Although we recognize that

”the terminology of succession is imprecise, reflecting the

enormous and continuous variability of these processes in

nature” (McCook 1994), our data clearly represent a typi-

cal example of secondary succession (see Glenn-Lewin
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and van der Maarel 1992), i.e., the landscape is develop-

ing towards a natural state and may eventually reach a

successional endpoint (Pickett 1989). The changes ex-

pected during secondary succession are thought to be

dominated by mechanisms related to species interactions

(Peet 1992). Environmental conditions were of course not

constant over the past 80 years, and it is known that the

red deer population of the SNP has increased markedly

over time (Schloeth 1972). Since deer are part of the natu-

ral ecosystem, conservation of the SNP can be considered

a 169 km
�

exclosure experiment.

The space-for-time approach is known to have many

drawbacks in interpreting successional trends (see Pickett

1989). However, we feel that the strong documentation of

spatial and temporal vegetation change in the SNP makes

the data well-suited to this approach. Because the perma-

nent plots varied in site condition, species composition,

and disturbance regime, alternative successional path-

ways (Catellino et al. 1979) are to be expected. The ob-

jective of this study is to elucidate general patterns of

vegetation change in the SNP, rather than identifying ex-

ceptional events. This follows the suggestion by Huisman

et al. (1993) that the simplest patterns should be sought

first.

Methods

Data preparation

Most of the data stem from investigations undertaken

by Braun-Blanquet and Stüssi. We continued the time se-

ries by enumerating the relevés in the 1990’s. In order to

improve commensurability of the rather heterogeneous

material, we proceeded as follows (Schütz et al. 1998):

• Because plot size differs considerably, we omitted

plots >300 m
�
. The remaining 59 plots ranged from

1 m
�

to 300 m
�
.

• Cover-abundance values were back-transformed to

percentage cover of each species using the mean

cover percentages of each class of the Braun-Blan-

quet scale (e.g., 5% for code 1, 17.5% for code 2,

37.5% for code 3, etc.).

• Species were merged into six groups that represent

‘guilds’. These guilds accord with a classification of

all relevés: procedures and a critical evaluation are

presented in Schütz et al. (1998). Group names

(‘Aconitum’, ‘Deschampsia’, ‘Trisetum’ etc.) are de-

rived from the dominant species (Schütz et al. 1998).

• The data are adjusted to a total of 100% cover within

each relevé.

• Since the objective of our analysis was to derive a

relative time scale for vegetation change, we relied

on the absolute time scale given from observations

in the permanent plots. All series were adjusted so

that the relevés represented five-year states, i.e.,

1915, 1920, 1925, ... , 1995 (e.g., 1918, 1919, 1921

and 1922 were adjusted to 1920). In some cases, this

procedure resulted in missing time-steps: these were

filled using linear interpolation.

These adjustments to the data (e.g., conversion to

guilds, adjustment of time-scales) necessarily resulted in

some loss and possible distortion of information. We view

these adjustments as conservative measures that mini-

mize the possibility of over-interpreting the results.

Data screening

Previous studies revealed that the plots reflect differ-

ent stages in a general successional pattern (Krüsi et al.

1995, 1998, Schütz et al. 1998). This was apparent during

the data screening process: species composition observed

in the ‘early’ stages of some plots was quite similar to that

in more ‘developed’ phases observed in others. A visuali-

zation of the resemblance pattern of the entire set of

relevés based on principal co-ordinates analysis revealed

a striking gradient in two-dimensional ordination space,

recognized even though there is an arched arrangement of

points (Fig. 1, upper graph). This suggests that given suf-

ficient temporal overlap in the data, it may be possible to

synchronize spatially separated observations so as to fit a

long time series. Inclusion of the third ordination axis did

not provide extra information: the points follow, with

some noise, the third-order polynomial function observed

when there is a strong one-dimensional background gra-

dient (Fig. 1, lower graph). We therefore attempted to de-

rive a temporal sequence using heuristic as well as deter-

ministic approaches.

Heuristic approach

In the heuristic approach, a ‘leader’ plot (Späth 1977,

Schütz et al. 1998) must be defined. Starting from this,

another time series with sufficient overlap is chosen for

synchronisation. An example is given in Table 1. Here,

plot Ac1 is taken as the ‘leader’ in the series. It documents

n� = 16 time steps between 1920 and 1995. The remaining

data sets are screened for the most similar relevés, based

on the similarity ratio:

(1)
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(Wildi and Orlóci 1996). In this formula, x�� is the species

scores in relevé A and x�� is the same in relevé B. Sum-

mation i is over all common species. For the example,

plot AC9 is used as a candidate for merging, covering n�

= 14 time steps between 1915 and 1982. Then, a rectan-

gular similarity matrix S ������� comparing all relevés of

the first series (AC1) with all of the second series (AC9)

is calculated. The position of the smallest element in S

indicates the best solution for overlaying the two series.

In Table 1, the closest relevés are those from 1990 in AC1

and 1959 in AC9 (shaded column in Table 1). In the re-

sulting series AC1/9, average cover values are taken

where no overlap exists.

The artificially generated time series is taken as a ba-

sis for evaluating further series as candidates for fusions

(Schütz et al. 1998). These authors found that the results

often depend on the choice of the leader series. A solution

to this problem is based on consensus analysis (Podani

1989). Here, the different results are overlapped and a se-

ries representing the average of six different attempts is

accepted. An example is given in Fig. 2. As discussed

later, this particular solution reveals a time series stretch-

ing over 585 years and it exhibits several drastic vegeta-

tion changes.

Deterministic solution

The deterministic solution relies on the nearest neigh-

bour approach when merging time series (Orlóci 1978).

To accomplish this, the distance between time series must

be defined. We assume that taking the resemblance of the

most similar relevés in any two series will approach this.

In order to rely on a metric concept, Euclidean distance

was used:

(2)

The symbols have the same meaning as in formula (1). A

square-root transformation of the cover percentages was

used to achieve a more qualitative view of relevé resem-

blance (a similar transformation is intrinsically used in the

similarity ratio).

This procedure results in a 59x59 distance matrix (59

= number of time series analysed), each element of which

measures the nearest distance between two time series.

This matrix was subjected to a minimum spanning tree

analysis (Gower and Ross 1969, Legendre & Legendre

1998). The minimum spanning tree is used to merge pairs

of series in order to obtain a single shortest path. In our

approach, the allocation of all individual time series

within the new, artificial series is first defined through the

minimum spanning tree. Only in the final step are all se-

ries averaged to obtain the complete successional pattern.

Results

The deterministic algorithm described above yields a

minimum spanning tree that shows neighbourhood rela-

tionships among the 59 time series (Fig. 3). The analysis

of each overlap (see Table 1) results in an arrangement of

all series, which is shown graphically in Fig. 4. This graph

also exhibits the number of observations contributing to

the description of the various successional states. As

many as five series document the beginning of the succes-

sion, i.e., plots 3, 11, 20, 40 and 51. Data density is rather

high until time step 45, but only a few series document the

last stages of succession, i.e., plots 45 and 46.

The overall succession series emerging from the de-

terministic analysis is summarized in Fig. 5. While it ba-

sically confirms the heuristic interpretation (Fig. 2), the

most pronounced difference lies in the length of the series.
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Whereas the heuristic solution suggests a time span of 585

years (i.e., 117 time intervals), the deterministic one sug-

gests 405 years (i.e., 81 time intervals). This is not surpris-

ing, since the minimum spanning tree seeks the shortest

possible solution from the time series resemblance ma-

trix. The deterministic result can thus be viewed as the

most parsimonious solution with respect to time.

The deterministic and heuristic approaches revealed

the same overall successional trends. An initial ‘Aconi-

tum’ phase, resulting of livestock grazing and fertiliza-

tion, dominates for about 50 years after the cessation of

grazing. A ‘Deschampsia’ phase then emerges and is

dominant for about 15 years. A later transition to a grass-

land dominated by Festuca rubra may be the result of

Figure 3. +
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grazing activity by red deer (Ellenberg 1988, Achermann

et al. 1999). This is followed by a ‘Carex’ phase that may

last for 150 years. Finally, Pinus montana seedlings begin

to establish, initiating the reforestation phase.

Discussion

Long-term observations are required to distinguish

between cyclical fluctuations and directed successions

(van Andel et al. 1993). A directed succession implies that

species replacements are the result of one or more under-

lying mechanistic processes. Unfortunately, the term

‘mechanism’ is defined variously in the literature (Bur-

rows 1990), and some confusion may result by failing to

distinguish between causes and mechanisms (van Andel

et al. 1993). The time series analysis undertaken here is

primarily an exercise in pattern recognition: the demon-

strated temporal trends are assumed to stem from under-

lying processes.

Species responses over time can be classified accord-

ing to a set of prototypes (Huisman et al. 1993). When

screening the data from the SNP, it is easy to detect all of

these prototypes. Indeed, most responses can be observed

within a single plot: Tr1 is an example (Fig. 6). Here ‘Fes-

tuca’ has a bell-shaped response, while ‘Trisetum’ ap-

Figure 5. +
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pears to display a bimodal response. ‘Deschampsia’ de-

creases asymptotically, while ‘Carex’ increases linearly,

and ‘Pinus’ remains constant at a low level. However,

when considered over a longer timespan these patterns

turn out to be fragments of bell-shaped functions (Fig. 5).

This suggests that the recognition of different succes-

sional patterns is simply temporally scale-dependent.

Our results suggest that changes in species composi-

tion may proceed slowly or quickly, implying that inter-

pretation of the time-scale is not trivial. The use of ob-

served time steps can thus be seen as a surrogate to a

hypothetical time unit representing change. It would of

course be possible to adjust the different time series such

that they exhibit the same rate of change per time unit.

However, in doing so one looses the connection to the

time scale as a means of measuring the speed of the proc-

ess. Ideally, one would find a method for measuring the

reliability of the temporal scale. But while absolute dating

is possible in the case of fossil records, no corrresponding

method exists in successional studies.

The results presented assume a deterministic succes-

sion, but Fig. 1 suggests that alternative successional

pathways are possible (Catellino et al. 1979). These can-

not be detected directly using the algorithms described

here. Visually, alternative pathways could be identified

from the minimum spanning tree, but our results suggest

that a single sequence dominates: all branches of the tree

are short sequences, indicating that there are no directed

alternatives in the series (Fig. 3). The minimum spanning

tree topology should be interpreted with caution, how-

ever, since it only defines nearest neighbor relationships

and may therefore not effectively summarize major

trends. In particular, it should be noted that only one end

of the longest sequence in Fig. 3 represents an extreme in

the proposed successional sere (plot 45): ‘beginning’ and

‘end’ can only be identified by referring to Fig. 4 (plots 3,

11, 20, 40 and 51 marking the beginning of the series, and

plots 45 and 46 the end).

Conclusion

An important conclusion from the SNP data is that

vegetation changes may occur very rapidly in some plots

but extremely slowly in others. Alternatively, species as-

semblages may remain very stable for 40 years, and then

suddenly undergo dramatic changes. The most important

impact on the ecosystem is thought to be grazing pressure

from red deer, but this is known to have increased gradu-

ally. We therefore conclude that the dynamics of vegeta-

tion change is autogenic and not fully predictable from

environmental conditions.

Successional studies based on space-by-time substitu-

tion are expected to be more successful when the obser-

vation period is sufficiently long. Future succession stud-

ies should encompass a variety of system states, i.e., the

inherent spatial variation should be sufficiently repre-

sented in the sample. At least some of the observed states

may represent not ecological variants, but different suc-

cessional phases. If true, only the partial space by time

substitution approach will allow for the detection of very

long-term successional processes.

Extreme non-linearity makes the prediction of long-

term vegetation change based on short-term observations

difficult. As illustrated in Fig. 6, short term patterns may

be misinterpreted: this holds true not only for cyclical

fluctuations, but for linear (increasing or decreasing)

trends as well. What we are observing at a given location

is simply a state at a given point in time (Gleason 1926).

No natural system remains unchanged over a long time

period, even if no discernable variables impacting the sys-

tem are observed. Furthermore, short term changes that

some may consider ‘uninteresting’ may in fact mark the

beginning of a spectacular process of change.
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