
Journal of Biogeography (1997) 24, 461–467

Is there an influence of historical events on contemporary fish
species richness in rivers? Comparisons between Western
Europe and North America
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Abstract. Freshwater fish species richness on 132 West statistically significant, but add only a little to the variance
already explained by ecological factors. Our analyses furtherEuropean and North American rivers is analysed using
indicate that rivers (which flow directly into the ocean)eleven variables related to contemporary ecology (nine) and
support fewer species of fish than do similarly sizedhistory (two). This is done in order to examine the relative
tributaries. The immigration-extinction hypothesis appearsand joint effects of both historical and ongoing processes
to provide a plausible explanation for this observed pattern.on the contemporary richness of these two regional fish
The fact that in our final model, a continental effect is stillfaunas. Relationships are quantified by simple and stepwise
highly significant, leads us not to exclude the possibility ofmultiple regression procedures. Species-area curves are
some other historical influences in generating differentpresented for the fish faunas within both continents. We
overall species richness levels on the two continents.show that ecological factors statistically explain most of

the variation in freshwater fish species richness for both Key words. Community ecology, pisces, species-area
hypothesis, species-energy hypothesis, historical hypothesis.continents. Effects of historical factors are shown to be

related to the two first hypotheses (species-area and species-
INTRODUCTION

energy hypotheses), statistically explained a major part
of the variation in freshwater fish species richness acrossWhy does one area contain more species than another?

Many assumptions have been proposed to explain the spatial continents and that the role of historical factors, at this
scale of investigation, had a weak effect, if any. We agreedvariability in species richness at several different scales.

These may be grouped into three main hypotheses in with Currie’s (1991) suggestion for this ‘oversight’ of
historical factors which claims that species richness forcommunity ecology: the species-area hypothesis (Preston,

1962), which implies that species richness increases as a terrestrial organisms can be affected by historical factors
only on short time scales. Nevertheless, this explanation ispower function of surface area; the species-energy hypothesis

(Wright, 1983), which predicts that species richness will be not evident when concerning the richness of freshwater fish
species. The reason for this is that fish, as aquatic animals,positively correlated with available energy; and the historical

hypothesis (Whittaker, 1977), which explains diversity cannot disperse across land barriers. Thus, reaching
gradients by the pattern of recolonization and maturation saturated communities (with regard to present conditions)
of ecosystems after glaciation. Determination of the extent will be harder and will take longer for fish than for terrestrial
to which patterns of species richness are due to historical organisms (the ease of colonization depending primarily
factors or to contemporary ecological interactions is on the number and suitability of river connections).
important to the understanding of these biogeographic Consequently, some traces of past historical events, such as
phenomena (Lawlor, 1983; Brown, 1987). In a previous Pleistocene glaciations, may still be discernible in freshwater
study (Oberdorff, Guégan & Hugueny, 1995), we analysed fish communities of the northern hemisphere.
in the light of these hypotheses, global scale patterns in fish For example, it is generally accepted that the West
species richness in rivers. We showed that three factors, European fish fauna is reduced in richness relative to the

North American fauna due to historical processes (Mahon,
1984; Moyle & Herbold, 1987; Banarescu, 1989; Tonn,
1990; Wootton, 1991). Two major assumptions have been
proposed to explain these different patterns in species∗Corresponding author.
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richness. The first suggests that Western Europe and North Verneaux (1971), Whitton (1984). Similarly, eleven variables
are determined for each river: (1) total surface area of theAmerica differ considerably topographically and, thus, with

regard to the effects of glaciation, the richness of their fish drainage basin (km2); (2) mean annual discharge at mouth
(m3/s); (3) mean latitude of river (degree and minutes); (4)faunas will also differ considerably. A possible factor in

generating the pattern of fish distribution observed in North latitude range (degree and minutes); (5) temperature range in
the middle course of river (degree Celsius); (6) net terrestrialAmerica was the ease with which species driven into the

southern parts of the Mississipi basin with the advance of primary productivity (kg−2y−1); (7) climatic zones split up
into four major zones (see Oberdorff et al., 1995 for detail)the Pleistocene glaciations were able, as the ice retreated,

to recolonize the rivers along the north–south corridors. which are: IV the transition zone with winter rainfall (typical
Mediterranean climate); V the warm-temperate climate withIn Western Europe, the drainage divides generally run

east–west. As a result, fish could not easily retreat a high humidity in the summer; VI the temperate climate
with moderate humidity; VIII the cold-temperate or borealsouthwards to seek refuge from the effects of Pleistocene

glaciations, and thus, drastic extinctions occurred (Moyle climate with high precipitation; (8) peninsula or island
(continental mass, peninsula, island); (9) river or tributary& Herbold, 1987; Wootton, 1991). The second assumption

is that the Mississipi Basin provided a much larger total (river, tributary); (10) surface of drainage basin area covered
by the ice sheet during the last Pleistocene glaciationrefugial area for freshwater fishes in North America than

did the Danube Basin in Europe. On this basis, and (uncovered, partially covered, totally covered); (11) distance
of each river from the larger refugial area of the twoconsidering the absolute overall size, species richness should

be greater in North America than in Europe (Mahon, 1984). continents (e.g. Mississippi Basin and Danube Basin) (degree
of longitude from the mouth of the two rivers). To test forHowever, these assumptions are based on comparisons

involving a limited number of rivers and/or lakes. the predictive power of the previous descriptors in explaining
variability in fish species richness across the two continentsThe purpose of the present study is to examine the relative

and joint effects of both history and ecology on freshwater we introduced the variable continent (Europe, North
America).fish species richness on an intercontinental scale.

Disentangling historical from ecological effects is a difficult The source for data on surface area and river discharge
are Frécaut (1982), Pardé (1954), Marsily (1986) and Vantask (Endler, 1982). In order to do so, we compared two

continents having similar latitudinal ranges and thus, similar der Leeden, Troise & Todd (1990). Geographical parameters
are calculated from McNally et al. (1982), and the climaticecological and climatic conditions, but with different

histories (e.g. North America and Western Europe). We variables from Walter & Lieth (1960), Walter, Harnickell
& Mueller-Dombois (1975), and World Conservationfirst identify the major ecological factors responsible for

variation in species richness across the two continents. In Monitoring Center (1992). Methods used for the calculation
of each variable are given in detail in Oberdorff et al. (1995).a second step, we introduce factors which presumably reflect

historical events, and examine their relative contribution to The effect of ecological factors that might be responsible
for variation in species richness across the two continentsour ecological model in explaining species richness gradients.

We end by discussing predictions suggested by the results was investigated using: (1) total surface area of the drainage
basin, and mean annual discharge at mouth; as measuresof our investigation.
of river size, (2) net terrestrial primary productivity (as net
aquatic primary productivity data were not available for

METHODS
the rivers, we used the variables mean annual temperature
and mean annual rainfall to estimate average values ofThe 132 rivers we studied are located as follows (McNally

et al., 1982): ninety-one in Europe (69%), forty-one in North terrestrial primary productivity from the Miami models
(Lieth, 1975)); as a measure of available energy, (3) meanAmerica (31%); twenty-three (seventeen in North America,

six in Europe) between 30° and 40° (17%), eighty-eight latitude and climatic zones (entered as dummy variables);
as measures of climate, (4) temperature range and latitude(twenty in North America, sixty-eight in Europe) between

41° and 50° (67%), nineteen (six in North America, thirteen range; as measures of climatic variability. Furthermore we
considered whether or not a river drainage was on a landin Europe) between 51° and 60° (14%), and two (one in

North America, one in Europe) between 61° and 70° (2%). mass, a peninsula, or an island (entered as dummy variables).
Concerning peninsulas, species richness usually decreasesValues for the freshwater fish species richness in rivers (from

the entire drainage basin) are from the following sources: as a function of distance from the mainland base of a
peninsula (Simpson, 1964; MacArthur & Wilson, 1963,North America. Fowler (1945), Hughes & Gammon (1987),

Mahon (1984), Mayden (1991), Moyle & Herbold (1987), 1967; Taylor & Regal, 1978). We finally made a distinction
between rivers (which flow directly into the ocean) andSublette, Hatch & Sublette (1990), Warren & Brooks (1994),

Watters (1992), World Conservation Monitoring Center tributaries (entered as dummy variables).
The effect of historical factors that might have influenced(1992). Europe. Baglinière (1979), Balon, Crawford & Lelek

(1986), Boët, Allardi & Leroy (1991), Busch et al. (1988), species richness across the two continents was investigated
in light of the last Pleistocene glaciation events (Table 1).Cazemier (1988), Changeux (1994), Daget (1968), Daget &

Economidis (1975), Dill (1993), Kiener (1985), Lelek (1989), We therefore considered the surface area of the drainage
basin covered by ice sheet during the last glaciation (enteredMahon (1984), Oberdorff, Guilbert & Lucchetta (1993),

Pattee (1988), Penczak & Mann (1990), Penczak et al. as dummy variables) and the distance of each river from
the larger refugial area of the two continents.(1991), Philippart (1989), Philippart, Gillet & Micha (1988),
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TABLE 1. Correlation between ecological and historical descriptors
of the environment and freshwater fish species richness (log scale).

r N

Ecological descriptors
Total surface of the drainagea 0.721∗∗∗ 132
Mean annual dischargea 0.794∗∗∗ 74
Net primary productivitya NS 132
Temperature rangea 0.426∗∗∗ 132
Mean latitude NS 132
Latitude rangea 0.591∗∗∗ 132
Climatic zones

Climatic zone IV NS 132
Climatic zone V −0.172∗ 132
Climatic zone VI 0.346∗∗∗ 132
Climatic zone VIII NS 132

Peninsula −0.486∗∗∗ 132
Tributaries 0.172∗ 132

Historical descriptors
Glaciated area NS 132
Distance from refugial area −0.384∗∗∗ 132 FIG. 1. Plot of fish species richness as a function of total surface

area of the drainage basin for West European and North American
a Variables expressed in logarithmic values; r, correlation coefficient rivers. Lines represent best fit power functions for each regression.
(Pearson’s r); N, Sample size; NS, Not significant; ∗P<0.05;
∗∗P<0.01; ∗∗∗P<0.001.

The existence of association between variables was tested
P<0.001), we selected total surface area of the drainage

by standard regressions. In all regressions the statistic R2

basin to illustrate the significant species-area relationships
provides an estimate of the percentage of variance which is

for both West European and North American rivers (Fig.
accounted for by the regression equation. Arithmetic-to-

1). These relationships are :
arithmetic and logarithmic-to-logarithmic analyses of X’s
on Y were made, and those results which fitted better all Western Europe (1) ln SR=0.865+0.234 ln S; F=119.5,

P<0.001, r2=0.573;data points were retained. The contribution of different,
independent variables to the between-river variation in North America (2) ln SR=2.622+0.152 ln S; F=8.526,

P<0.01, r2=0.179;species richness was derived by forward and stepwise
multiple regression procedures (Draper & Smith, 1966). At where SR is species richness of freshwater fish and S is the

total surface area of the drainage basin in km2. As it haseach iteration, the variable showing the highest partial
correlation with the dependent variable was included in the been shown extensively for other biotic groups, freshwater

fish species richness for both continents increases as areamodel only if its correlation was significant at the 5%
level. When no variable could be added to the model, the (river size) increases. However, our data clearly show that

even if the species-area curves for both continents are similarprocedure was finished.
All statistical analyses were performed using Systat 5 in shape (slopes of the two species-area relationships not

different; there was no interaction between surface area ofversion 5.2.1., Evanston, IL for the Macintosh (Wilkinson,
1990). the drainage and continent when using all data set; P>0.05),

species richness for North America is greater than for
Western Europe (intercepts of the two regression lines

RESULTS
significantly different; continental effect strongly significant;
P<0.001).

Species-area relationships for Western Europe and
Therefore, the question to address is: what are the main

North America
sources of variation in intercept of these two species area
relationships? Or, in other words, why species richness isThe independent ecological and historical variables used in

regression analysis to explain variation in fish species greater in North America than in Western Europe?
In order to answer the previous question, we used stepwiserichness across the two continents are presented in Table 1.

Species richness is correlated with many of the variables multiple regressions to distinguish the relative effects of
ecological and historical factors on species richness of theexamined. However, species richness is more strongly

correlated, first, with mean annual discharge (which two continents. First we determined which ecological factors
were the best predictors of species richness on the inter-accounts for 63% of the variance), and secondly with total

surface area of the drainage basin (which accounts for 52% continental scale (model A) (Table 2). Then, using model
A, we analysed the capability of historical factors inof the variance). Because discharge data were available for

only seventy-four rivers, and because these two measures contributing to the prediction of species richness (model B)
(Table 3).of ‘river size’ were highly intercorralated (r=0.975,
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TABLE 2. Summary of multiple regression analysis (stepwise to rivers and varies positively as a function of surface area
procedure) of fish species richness (log scale) versus the ecological of the drainage basin, net primary productivity, climatic
descriptors listed in Table 1. Also given are the slope coefficients, zones (zone VI), and latitude range; area (e.g. surface area
the standard coefficients, and the probability associated with the

of the drainage) making the most important contributionpartial-F of individual terms of the model. Missing entries indicate
to the model. It is notable that after accounting for thesethat the coefficients were not significant (P>0.05). Forward and
variables, no significant variation was related to the factbackward multiple regressions yielded similar result. Final model

was highly significant (F=81.412, R2=0.796, P<0.001, N=132). that the river basin is on a peninsula (or an island). It is
also interesting to note that the continental effect on species

Model A richness is highly significant in the model (standardized
Ecological descriptors Slope Standardized P (2 Tail) regression coefficient=0.372; P<0.001). One might concludecoefficient regression

that species richness for both continents depends oncoefficient
something more than the ecological descriptors introduced
in the model.Intercept −3.595 0.000 0.1080

log (Total surface area 0.180 0.449 0.0001
of the drainage)

Influence of historical factors on fish species richnesslog (Latitude range) 0.306 0.201 0.0001
Log (Net primary 0.617 0.093 0.0410 for both continents
productivity)

To test the hypothesis that glacial history could have anTributaries 0.308 0.165 0.0001
effect on contemporary species richness, we entered in theClimatic zone VI 0.406 0.216 0.0001
former model two historical descriptors related tolog (Mean annual — — —
Pleistocene glaciation events, and supposed to havedischarge)
influenced species richness across the two continents (i.e.log (Temperature range) — — —

Mean latitude — — — the surface area of the drainage basin covered by ice sheet,
Climatic zone IV — — — and the distance of each river from the larger refugial area
Climatic zone V — — — of the two continents) (Table 3). In considering the model
Climatic zone VIII — — — B (Table 3), effect of the distance of each river from the
Peninsula — — —

larger refugial area of the two continents is shown to be
Continent 0.744 0.372 0.0001 statistically significant (P<0.05), but adds only 1% to the

variance already explained by model A. The surface area
of the drainage basin covered by ice sheet does not contributeTABLE 3. Summary of multiple regression analysis (stepwise
a significant proportion of the sums of squares and isprocedure) of fish species richness (log scale) versus the
rejected by the model. The continental effect on speciesecological descriptors retained by model A plus the historical

descriptors listed in Table 1. Also given are the slope coefficients, richness is still highly significant in the model (standardized
the standard coefficients, and the probability associated with the regression coefficient=0.350; P<0.001). As can be seen by
partial-F of individual terms of the model. Missing entries examining the relationship between observed values and
indicate that the coefficients were not significant. Forward and

those expected based on the multiple regression, thebackward multiple regressions yielded similar result. Final model
combination of variables used in the model B achieved awas highly significant (F=75.765, R2=0.810, P<0.001, N=132).
good fit of the data with no obvious signs of nonlinearity
(Fig. 2).Model B

Ecological and Slope Standardized P (2 Tail)
historical descriptors coefficient regression

DISCUSSIONcoefficients

Intercept −3.809 0.000 0.0790 Species-area hypothesis
log (Total surface area 0.189 0.470 0.0001

Aquatic organisms such as fish, cannot disperse acrossof the drainage)
log (Latitude range) 0.274 0.180 0.0030 terrestrial barriers. Thus, for these organisms, rivers (which
Climatic zone VI 0.263 0.140 0.0050 flow directly into the ocean) can be considered as islands
Tributaries 0.259 0.138 0.0010 since there are no aquatic connections between most of them.
log (Net primary 0.689 0.104 0.0190 The equilibrium theory of island biogeography, proposed by
productivity)

MacArthur & Wilson (1963, 1967), considers that the
Distance from refugial −0.054 −0.149 0.0030 number of species found on an island is the result of a
area dynamic equilibrium between immigration and extinction
Glaciated area — — —

rates determined by island isolation and island size. The
Continent 0.759 0.379 0.0001 authors reasoned that immigration rates should decrease

with increasing distance from colonizing source areas and
that more species should survive on larger islands because

Influence of ecological factors on fish species richness
populations on large islands are large enough to make

for both continents
extinction less likely.

We found a significant and positive relationship betweenExamination of the results from model A (Table 2) shows
that fish species richness is higher in tributaries compared species richness and river size (e.g. surface area of the
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Historical hypothesis

Oberdorff et al. (1995), in an attempt to explain fish species
richness patterns on a global scale, showed that the major
part of the variability can be statistically explained as a
function of area and energy suggesting that historical factors
(glaciation and dispersal) had probably a limited impact.
They hypothezized that this minor role played by history,
at this scale of investigation, was probably due to the
dilution of data concerning northern hemisphere (where
glaciated area caused drastic extinction during Pleistocene
events) with that from the southern hemisphere. However,
studies on terrestrial vertebrates in northern hemisphere
(Turner, Gatehouse & Corey, 1987; Currie, 1991) suggest
that factors related to present ecological conditions, such
as available energy, have a better explanatory power than
the time elapsed since the retreat of glaciers. This pattern
can be explained by a fast and efficient recolonization of
formerly depauperate areas from refugial zones. In the

FIG. 2. Relationships between the number of freshwater fish species present study a similar pattern is observed (when ecological
observed and the number predicted by multiple regression for

factors are integrated in the model, the variable related tomodel B. Straight lines represent points at which the predicted
glaciation intensity is invariably rejected). This result isvalue equals the observed value. As can be seen by examining the
quite surprising with regards to the poor dispersal abilityrelationship between observed values and those expected based on

the multiple regression, the combination of variables used in the generally attributed for freshwater fish. However, nordic
model B achieved a good fit of the data with no obvious signs of areas in Western Europe as well as in North America (areas
nonlinearity. being directly subjected to glaciations during the Pleistocene)

are principally inhabited by euryhalin species which
probably recolonized rivers along the sea coast. In this case,drainage basin). This finding is consistent with the results
detrimental effect of glaciation on fish community richnessof several other studies on freshwater fish communities
can be balanced by fast immigration processes. Past(Daget, 1968; Hugueny, 1989; Watters, 1992; Oberdorff et
immigration events are more likely to affect contemporaryal., 1995) and represents a basic tenet of island biogeography
fish community richness if dispersal through land mass istheory (MacArthur & Wilson, 1963, 1967).
involved (where fish species depend on intermittent inter-Of greater interest is the highest fish species richness
drainage connections to disperse). Previous studies lead tofound in tributaries compared to rivers. For rivers (which
identify the Danube and Mississippi drainage basins asflow directly into the ocean), which are usually completely
major Pleistocene refuges respectively for West Europeansurrounded by terrestrial barriers, the rate of contemporary
and North American fish faunas (Mahon, 1984; Moyle &colonization is zero or nearly so. For tributaries, local
Herbold, 1987; Banarescu, 1989; Tonn, 1990; Wootton,extinction can be quickly compensated by the immigration
1991). In our study, a negative relationship between distanceof new individuals from neighbouring populations of the
from these refugial areas and rivers species richness ismain channel. Thus, considering a river and a tributary of
observed for both continents. This suggests that pastsimilar drainage areas, species richness must be higher in
immigration events affect contemporary fish speciesthe tributary. The data analysed during this study
richness, as expected since dispersal through land masses iscorroborate this hypothesis and confirm the assumption
a slow process. Furthermore, the fact that there is a positivemade by Hugueny (1989) in a previous study dealing with
effect of climatic zone VI (where refugial areas of bothWest African rivers. Furthermore, this result is coherent
continents are located) on fish species richness corroborateswith recent studies on freshwater fish assemblages which
this hypothesis (Oberdorff et al., 1995).emphasized the importance of inter-drainage immigration

If we assume that, during the Pleistocene, fish movedprocesses in shaping community structure, and particularly
along a north-south axis in order to seek refuge fromthe relationship between distance to colonization source
glaciations, we can expect that less climatically drivenand local species richness (Detenbeck et al., 1992; Osborne &
extinctions occurred in rivers having a north–southWiley, 1992). Differences in species richness among similarly
orientation (North American rivers) than in rivers having ansized rivers and tributaries have significant implications
east–west orientation (European rivers) (Moyle & Herbold,from a resource managment perspective. For instance, as
1987; Matthews & Zimmermann, 1990). The positivethere is a positive relationship between local species richness
relationship observed during this study between latitudinal(within a sample site) and regional species richness (species
range of rivers and species richness is in good agreementrichness from the entire drainage basin) (Hugueny & Paugy,
with this hypothesis.1995) fish communities inhabiting rivers (which flow directly

Nevertheless, the influence of past dispersal processesinto the ocean) can be mistakenly classified if evaluation
(e.g. distance of each river from the refugial area and rivercriteria are based upon information gathered from

tributaries of similar size. basin orientation) accounts, here, for only a few proportions
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de la Meuse Belge. Bull. Soc. Géogr. Liège, 25, 175–198.human impact in the last two centuries. Can. Spec. Publ. Fish.

Philippart, J.C., Gillet, A. & Micha, J.C. (1988) Fish and theirAquat. Sci. 106, 469–487.
environment in large european river ecosystems. The RiverLieth, H. (1975) Modeling the primary productivity of the world.
Meuse. Sci. l’Eau, 7, 115–154.Primary productivity of the biosphere (ed. by H. Lieth and R.H.

Preston, F.W. (1962) The canonical distribution of commoness andWhittaker), pp. 237–263. Springer Verlag, New York.
rarity: I and II. Ecology, 43, 185–215 and 410–432.MacArthur, R.H. & Wilson, E.O. (1963) An equilibrium theory of

Simpson, G.G. (1964) Species density of North American recentisland biogeography. Evolution, 17, 373–387.
mammals. Syst. Zool. 13, 57–73.MacArthur, R.H. & Wilson, E.O. (1967) The theory of island

Sublette, J.E., Hatch, M.D. & Sublette, M. (1990) The fishes ofbiogeography. Princeton University Press, Princeton, New Jersey.
New Mexico. University of New Mexico Press, Albuquerque.Mahon, R. (1984) Divergent structure in fish taxocenes of north

Taylor, R.J. & Regal, P.J. (1978) The peninsular effect on speciestemperate streams. Can. J. Fish. Aquat. Sci. 41, 330–350.
diversity and the biogeography of Baja California. Am. Nat. 112,Marsily, G. (de) (1986) Quantitative hydrogeology. Academic Press,
583–593.New York.

Tonn, W.M. (1990) Climate change and fish communities: AMarzluff, J.M. & Dial, K.P. (1991) Life history correlates of
conceptual framework. Trans. Am. Fish. Soc. 119, 337–352.taxonomic diversity. Ecology, 72, 428–439.

Turner, J.R.G. (1992) Stochastic processes in populations: the horseMatthews, W.J. & Zimmerman, E.G. (1990) Potential effects of
behind the cart? Genes in ecology (ed. by R.J. Berry, T.J. Crawfordglobal warming on native fishes of the southern Great Plains
and G.M. Hewitt), pp. 29–33. Blackwell, Oxford.and the southwest. Fisheries, 15, 26–31.

Turner, J.R.G., Gatehouse, C.M. & Corey, C.A. (1987) Does solarMcDowall, R.M. (1994) On size and growth in freshwater fish.
energy control organic diversity? Butterflies, moths and BritishEcol. Freshwat. Fish, 3, 67–79.
climate. Oikos, 48, 195–205.

McNally, R. et al. (1982) Britannica atlas. Encyclopaedia Britannica
Turner, J.R.G., Lennon, J.J. & Lawrenson, J.A. (1988) British bird

Inc., Chicago.
species distributions and the energy theory. Nature, 335, 539–541.

Mayden, R.L. (1991) Cyprinids of the new world. Cyprinid fishes.
Van der Leeden, F., Troise, F.L. & Todd, D.K. (1990) The Water

Systematic, biology and exploitation (ed. by I.J. Winfield and Encyclopedia. 2nd edn. Water Information Center, Lewis
J.F.S. Nelson), pp. 241–263. Chapman & Hall, London. Publishers, New York.

Moyle, P.B. & Herbold, B. (1987) Life-history patterns and Verneaux, J. (1971) Faune duçaquicole de Franche-Comté; le bassin
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river ecosystems: the Rhône. Sci. de l’Eau, 7, 35–74. World Conservation Monitoring Center (1992) Global biodiversity.

Penczak, T. & Mann, R.H.K. (1990) The impact of stream order Chapman & Hall, London.
on fish populations in the Pilica drainage basin, Poland. Polskie Wright, D.H. (1983) Species energy theory: an extension of species-

area theory. Oikos, 41, 495–506.Arch. Hydrobiol. 37, 243–261.

 Blackwell Science Ltd 1997, Journal of Biogeography, 24, 461–467


