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ABSTRACT

Quantitative monthly samples, taken from 150 evenly distributed localities in the Labe basin,
Czechoslovakia, during two research periods in the 1950’s and 1970’s were classified using a saprobiologi-
cal classification (Czechoslovak National Standards Nos 830532 and 830602) and the TWINSPAN
method (numerical hierarchical polythetic classifications). Transition matrices, i.e. matrices of transition
probabilities between particular types, were constructed for each of the methods of mayfly community
classification used. All the “matrices” reflect the tendency of the water quality to gradually deteriorate
as indicated by changes in mayfly communities. The classification by saprobity classes seems to be too
coarse for predictive purposes (most localities fall into betamesosaprobity class). Combined information
from matrices based on saprobial index classes and TWINSPAN provided reasonable description of the

process.

INTRODUCTION

Changes in animal communities represent one of
the main areas of contemporary ecological re-
search. Among other purposes the composition of
some communities sensitively reflects the state of
environment as well as the whole ecosystem.
Since the nymphs of mayflies constitute one of the
most important groups of freshwater inverteb-
rates the changes in their natural communities can
indicate substantial and long-term changes of
water quality. Moreover, based on the mayfly
community changes in the past or at present,
changes in aquatic ecosystems in the future and
trends influencing water quality can be predicted.

The transition matrix models are the simplest
method for predicting further development of ec-
ological systems. They have been frequently used
for study of plant succession (Hulst 1979) but they
are undoubtedly applicable to any type of dynami-
cal change (Usher 1979, 1981) although appli-
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cations in animal ecology are rare. The transition
matrix models are mainly descriptive tools (low
resolution models) that do not take into account
the mechanisms of particular change. Their pred-
ictions should be considered as linear extrapo-
lations of present trends only. They stem from the
following simplifying assumptions:

1. The state of a system may be assigned to one
or several non-overlapping classes (states);

2. The probability that the system will change
during a time step from the state j to the state
i (transition probability P;;) depends on the
present state of the system only (Markovian
assumption; the models are sometimes termed
Markovian). In ecological terms P, ; means the
probability that the community j will be replac-
ed by a community type i during a time step;
and

3. The transition probabilities are constant over
time (time homogeneity assumption).
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In this paper the above methods are applied to the
evaluation and prediction of mayfly community
changes and the results from classical saprobio-
logical methods are compared with those based
on numerical classification of mayfly commu-
nities.

METHODS
Sampling

During the two phases (1950-1965 and 1970-
1985) of an intensive faunal investigation of
aquatic insects in the Labe (Elbs) basin in Cze-
choslovakia more than 400,000 specimens of
mayfly larvae were collected from 150 localities.
Material is deposited in the Institute of Entomol-
ogy in Ceské Budejovice, Czechoslovakia. These
localities are evenly distributed within all the types
of aquatic biotopes at various altitudes (for details
and list of localities see Landa 1984, Landa and
Soldan 1988). Samples were taken quantitatively
(‘kick’ samples, Surber samples and occasionally
drift nets) for one year during each phase of re-
search in all seasons (monthly sampling except for
December and January).

Classification of samples

To evaluate both the quantitative and qualitative
changes in mayfly communities at these 150 local-
ities within the past 20-30 years and to prepare
data for the construction of transition matrices,
the following methods of classification of mayfly
communities were adopted:

1. Classification to saprobiological classes with a
determination of “resulting” saprobity for eve-
ry locality in the respective period: saprobio-
logical classes were defined according to Cze-
cholslovak National Standard No. 830532.
Localities investigated were placed into 4
classes, as follows: x (xenosaprobity, water of
the best quality): o (oligosaprobity); bmes (be-
ta-mesosaprobity); and ames (alpha-mesosa-
probity, water of a very low quality). Localities

where no mayflies were found during the sec-
ond phase of research (4 cases) were tentative-
ly classified as ‘alpha-mesosoprobial’ although
the water quality may have been even worse
(polysaprobity category). For details on the
determination of resulting saprobity of individ-
ual localities on the basis of mayfly nymphs see
Zelinka and Marvan (1961), Braasch and Ja-
cob (1976) and Russev (1979).

2. Classification of water quality according to sa-
probial index by Pantle-Buck which is correlat-
ed with oxygen content classes (see Czechos-
lovak National Standards Nos 830532 and
830602). Localities with saprobial index
< 1.00 are considered as those with a very high
(best) water quality, 1.01-1.50 indicates slight-
ly polluted water, 1.51-2.00 moderately pollut-
ed water and localities with saprobial index
higher than 2.01 are exposed to considerable
pollution at least for several months a year.

3. Twinspan method (Hill 1979). Twinspan is an
hierarchial divisive polythetic classification
method, developed originally for classification
of plant communities. The set of releves is
successively split in two parts, each part is split
in two parts again until either some hierarchial
level is reached or the size of the group drops
below a stated threshold. Each dichotomy is
characterized by indicator species. The dicho-
tomies are often asymmetric. Consequently,
we adopted the size of a group as a stopping
rule. The localities without mayflies were as-
signed to a separate group. The classifications
were compared mutually using the coefficient
of Goodman and Kruskal (1954) which ranges
in value from 0 to 1 with the latter correspond-
ing to identical classifications.

Transition matrices
A simple transition matrix model was used for
prediction of further composition of the set of

localities:

N,,, = P.N,,



where N, is the state vector (column) describing
the composition of the set of localities in time t
(N; , is the number of localities of i-th type in time
t) and P is the matrix of transition probabilities
(transition matrix), P;; is the probability of tran-
sition from state j to statei. The time step is twenty
years.

The matrices of transition probabilities were esti-
mated simply by:

P - number of transitions from j to i

W

number of localities in state j in fifties

The localities without mayflies were found in the
second research period only. Therefore, we have
no empirical data to estimate the transition on
probabilities from these “dead” waters by any
other types. Consequently, we stated arbitrarily
the probability of remaining in the “dead” state to
be 1 (and all the probabilities of transition from
the “dead” state to be zero). This approach is
well-based, because the “dead” localities are usu-
ally not able to recover without an application of
some protective measures.

The predictions were done for two time steps
only (i.e. for 1990’s and 2010’s). The general trend
may be illustrated by results of eigenvalue and
eigenvector analysis of the matrix P. The domi-
nant eigenvalue always equals one and the corre-
sponding eigenvector (determining here the com-
position after many time steps, theoretically for
t —» o0) is composed of zeros in all positions but
that corresponding to “dead” waters (conse-
quence of stating P,; = 1 for i corresponding to
“dead” water). In terms of Markovian models, the
“dead” state is the only absorbing state. The rate
of disappearance of “live” localities is character-
ized by “eigenvalue quotient” 1/4,, 4, is the
second largest eigenvalue (see e.g. Usher 1979).
The relative representation of types of localities
with mayflies is proportional to the elements of the
eigenvector corresponding to -second largest ei-
genvalue. These proportions are listed in the
tables as illustrations of the trend (not as a pred-
iction). :
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RESULTS
Classification of samples

Three classifications were obtained, two trad-
itional ones and the numerical one (TWINS-
PAN). Results of the TWINSPAN classification
are presented in Fig. 1. The particular groups are
ecologically well-defined and may be described as
follows:

Group 1 - Localities with the best water quality
without any pollution: mostly mon-
tane streams of high altitudes (900 to
1000 m a.s.L.).

Localities with a very high water qual-
ity, montane and submontane lakes
and pools sometimes exposed to acid-
ification, particularly at altitudes
above 750 m a.s.l. in the mountains.

Group 2

Localities with good water quality,
mostly submontane streams, brooks
and smaller rivers at altitudes of
500-750 m a.s.l. showing the highest
species diversity and a wide spectrum
of aquatic habitats with only local
sources of pollution.

Group 3

Localities of a very low water quality
permanently exposed to pollution.
Foothill and lowland brooks and
streams, canals and dredges, some of
them even eutrophied. Low species
diversity localities, inhabited mostly
by species with a very wide ecological
range, resistant to pollution.

Group 4

Localities with moderately polluted
water (mostly “cumulative” pol-
lution). Large lowland river localities
up to the altitudes of 250-500 m a.s.L.
showing a relatively high species div-
ersity of mostly stenotopic riverine
species with disjunctive areas.

Group 5



284

Baetis rhodani
Ephemerella ignita

Baetis fuscatus

Cloeon dipterum
Caenis horaria

Caenis robusta

Baetis alpinus

Ephemerella ignita
Baetis fuscatus
Centroptilum luteolum
Baetis rhodani (2)

Ephemera danica

Habroleptoides modesta
Baetis muticus

Ephemera danica

Potamanthus luteus
Heptagenia flava

Heptagenia sulphurea

Leptophlebia marginata Baetis rhodani
Ephemerella ignita (2)
tphemera danica

Baetis alpinus

Epeorus sylvicola

GROUP 1 (63) GROUP 2 (10) GROUP 3 (39)

Ephemerella mucronata fphemera danica

Centroptilum luteolum

GROUP 4 (102) GROUP 5 (37) GCROUP 6 (45)

Fig. 1. A dendrogram representing the results of the TWINSPAN classification of sites based on mayfly assemblages.

Group 6 Considerably polluted and mostly
eutrophied localities of lowland and
foothill lakes and fish-ponds, inhabit-
ed by several species with adaptation
to survive partial or long-term anoxia.

Mutual similarities (coefficient of Goodman &
Kruskal 1954) of these three classifications are as
follows: classification 1 and 2: similarity 0.41; 1
and 3: 0.24; 2 and 3: 0.38. The most similar are
classifications 1 and 2 — both are based on the
same indication values. A relatively high similarity
was found between classifications 2 and 3, based
on completely different principles. Differing from
the previous two, the TWINSPAN classification
reflects not only the trophic status of the locality
but other ecolcgical factors (particularly those re-
lated to the elevation).

Transition matrices

Transition matrices are presented in Tables 1, 2
and 3. In Tables 1 and 2, the categories are order-

Table 1. Estimated transition matrix for mayfly communities
according to saprobial classes (‘resulting’ saprobity)

To/From X o bmes Iwm
X 0.76 0.11 0.02 0

o 0.10 0.58 0.04 0
bmes 0.14 0.26 0.91 0
lwm 0 0.05 0.03 1.0

X = xenosaprobity, o = oligosaprobity, bmes = betamesos-
aprobity, lwm = localities without mayflies and is equivalent
to alphamesosaprobity

Table 2. Estimated transition matrix for mayfly communities
according to saprobial index classes. ‘lwm’ = localities
without mayflies

To/From <1.0 1.01-1.5 1.51-2.0

>2.0

lwm
<1.0 0.63 0.20 0 0 0
1.01-1.5 0.25 0.57 0.09 0 0
1.51-2.0  0.09 0.23 0.67 0.06 0
>2.0 0 0 0.22 0.88 0
lwm 0.03 0 0.02 0.06 1.0




Table 3. Estimated transition matrix for mayfly communities
according to TWINSPAN classification (classes 1-6 corre-
sponding to Fig. 1). ‘lwm’ = localities without mayflies

To/From 1 2 3 4 5 6 twm

1 077 0 006 0 0 0 0
2 0 060 0O 0 005 005 0
3 014 0 082 004 005 O 0
4 0.06 020 0.06 090 005 0 0
5 0 0 006 002 075 0 0
6 0 020 0 0 005 095 o
lwm 003 0 0 004 005 0 1.0

ed according to their position on the “saprobio-
logical” gradient, i.e. individual locality shifts
between categories of saprobial index or resulting
saprobity values. In both cases, the below-diago-
nal elements exceed the above-diagonal ones (i.e.
P,; > P, fori > j). In Table 2, this j,i i,j “rule”
holds in all cases, in Table 1, the only exception
is P,, > P,, (0.11 and 0.10 respectively). This
means that continuous shift toward higher sapro-
bity appears. The pattern of transitions based on
TWINSPAN defined types (Table 3) is more
complicated. However, the general tendency of
shifting toward more eutrophied waters remain
unchanged.

In all cases, the highest P, ; (i.e. the strongest
tendency to remain in the same state) is performed
by low-quality waters — betamesosaprobial wat-
ers, waters with saprobial index higher than 2 and
groups 4 and 6 of the TWINSPAN classification.

The frequencies of particular types in the two
research periods and predictions are listed in
Tables 4, 5 and 6. All of them predict increase of
localities without mayflies and decrease in num-
ber of best water quality localities (particularly
localities with saprobial index smaller than 1 and
TWINSPAN group 1, less pronounced decrease
is exhibited by xenosaprobial localities). In
TWINSPAN based predictions the number of
3rd group localities (i.e. localities with relatively
good water quality) increases temporarily (parti-
cularly because of high P, ,, i.e. high transition
probability from the best water quality localities)
and very slight increase of very low quality waters
(group 6) is expected. Similarly, continuing in-
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crease of number of localities with saprobial index
higher than 2 is expected. The tendency toward
increase of eutrophication is stressed by the trend
predicted by the eigenvector analysis (last col-
umns in Tables 4, 5 and 6). Note that only pro-
portions of localities with mayflies are in question.

Table 4. Percentual representation of particular types in the
set of releves (saprobial classes); the last column concerns
only localities with mayflies. ‘lwm’ = localities without
mayflies

Saprobial Observed Predicted
classes

1950’s  1970’s 1990s  2010s t— o
X 19 17 16 15 13
o 13 12 12 11 11
bmes 68 68 67 66 76
lwm 0 3 5 8

Table 5. Percentual representation of particular types in the
set of releves (saprobial index); the last column concerns only
localities with mayflies. ‘lwm’ = localities without mayflies

Saprobial Observed Predicted
index

1950°s  1970’s 1990’s  2010s t— oo
<1.0 21 17 15 13 5
1.01-1.5 20 20 19 17 9
1.51-2.0 37 33 30 28 22
>2.0 22 27 31 34 64
lwm 0 3 5 8

Table 6. Percentual representation of particular types in the
set of releves (TWINSPAN); the last column concerns only
localities with mayflies. lwm’ = localities without mayflies

TWINSPAN Observed Predicted
goup
1950’s 1970’s 1990’s 2010 t— oo
1 23 19 15 13 3
2 3 3 3 3
3 12 15 17 17 11
4 34 34 34 34 29
5 13 11 10 10 5
6 15 15 16 16 45
lwm 0 3 5 7
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DISCUSSION

There are two basic problems in application of
transition matrix models in community ecology
(see e.g. Usher 1979, 1981): (1) The definition of
types and (2) The possible bias of predictions
caused by violation of the Markovian as-
sumptions and/or of the time homogeneity as-
sumption.

1. We have used three classifications for the def-
inition of types. The first and second one are
based on indicator values of particular species
with respect to saprobity (the indication values
of particular species had been stated according
to the long-term field experience and were sub-
sequently modified in Czechoslavak National
Standards). This approach is based on the
same principles as the weighted average me-
thod of direct gradient analysis by Whittaker
(1978) or as the indicator values of Ellenberg
(1974). The subjectivity of these methods has
been pointed out many times (e.g. Gauch
1982). The above mentioned methods are used
for ordination —in our case further difficulty lies
in the necessity to split the gradient into dis-
crete categories. On the other hand, the indica-
tor values enable the relationship between par-
ticular environmental factors (saprobity here)
and community composition, to be stated.

2. We used the transition matrices mainly as a
descriptive tool. The mechanisms and causes of
community change are not included in the mod-
el. Because of the large-scale nature of the mod-
el the causes of particular changes differ con-
siderably including consequences of global
changes in precipitation pH, local changes in
water pollution, and reflect even changes in
economic activities, like changes in agricultural
practices. The trend might be considerably
changed by taking some measures against
eutrophication. The predictions are based on
the time homogeneity assumption. Hence they
have to be taken conditionally —i.e. what would
happen if the present trends continue. Similarly
Finn (1985) found the transition matrices use-

ful for the analysis of large-scale land use
changes. Our matrices represent the (absorb-
ing) Markov chains, because the probability of
remaining in the state “without mayflies” is 1.
However, this value was not estimated from the
data, but was deduced from the fact that the
“dead waters” are not able to recover if protec-
tive measures are not taken.

Although the selection of localities investigated
seems to be very representative for description
and/or definition of present trends of water quali-
ty deterioration, some limitations must be taken
into account.

1. Water quality indication is based solely on
mayflies and does not consider other aquatic
organisms. In spite of their relatively very high
indicator value and high abundance, mayfly
nymphs may be used reliably to determine
changes of relatively clean, running waters pre-
dominantly of lotic-erosive biotopes. Conse-
quently, taking into consideration the restricted
usefulness of mayflies in lotic-depositional and
especially lentic biotopes, indication of water
quality at these biotopes is less detailed
although basic information on change is avail-
able.

2. Some changes of water quality cannot be deter-
mined at all. For instance, increasing air-borne
acidity of water is not reflected by any changes
in mayfly communities in slightly acid waters.
Also pronounced changes (e.g. elimination of
Baetis and increasing abundance of Siphlonurus
and Leptophlebia currently occurring in Europe
— See Harmanen 1980) are not detectable by
present methods which are only suitable for
determining gross organic pollution.

3. Heavily polluted localities where no mayflies
were found during the first phase of research
were not considered at all. The ratio of such
localities to localities with mayflies is estimated
as 1: 10-15 in localities chosen by chance.



The results obtained by comparison of the above
three methods show the classical saprobial me-
thod to be very rough with only limited informa-
tive value for predictive purposes. “Resulting sa-
probity” classes are very wide (more than 2/3 of
localities fall into betemesosaprobity class) and
do not reflect minor changes of mayfly commu-
nities and transitional situations. Only very
pronounced changes caused by heavy pollution
lead to shifts among individual classes. That is
why the predictive changes (Table 4) are very in-
conspicuous.

On the other hand, the classification based on
saprobial index can be easily compared with the
TWINSPAN classification. Classes of saprobial
index values (defined according to water quality
categories — see material and methods) evidently
reflect moderate changes although they need not
definitively mean change of individual classes.
Predictions based on the saprobial index
(Table 5) seems to be much more detailed than
those by saprobial classes (Table 4).

The TWINSPAN classification provided ecol-
ogically interpretable results. However, the classi-
fication reflects not only the saprobiological status
of the locality. This method provided the most
detailed insight into transitional structure of the
system.

In general, it seems that there is no single best
method; in our case the combined information
from matrices based on saprobial index and
TWINSPAN provided a reasonable description
of the process.
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