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RESUME (traduit par les éditeurs)

Les deux processus qui déterminent la structure des communautés dans les habitats
insulaires sont l'immigration d'espéces vers une communauté et I'extinction de celles qui
étaient présentes auparavant. Bien que |'immigration et I'extinction se produisent
généralement a des échelles supérieures a celles qu'il est possible d'étudier avec des
expériences plannifiées, les écologistes peuvent améliorer leur compréhension de ces
processus par l'analyse des distributions observées ; l'isolation, le caractére discret et la
réplication des systémes insulaires présentent des avantages pour réaliser de telles
analyses. Comme pour les communautés observées sur de vraies iles, la structure des
peuplements de poissons dans les petits lacs forestiers est le résultat de limmigration et de
I'extinction. L'importance relative de ces processus peut dépendre des caractéristiques
d'habitat des lacs et des espéces présentes, ainsi que du cadre régional et historique des
lacs étudiés. Dans une région donnée, la composition des peuplements locaux de poissons
peut étre reliée a un ensemble particulier de conditions d'habitat et, dans la mesure ou ces
facteurs peuvent étre liés a l'immigration et a l'extinction, il devrait étre possible d'analyser
les relations peuplement-environnement pour en déduire I'importance relative de ces
processus dans la formation de peuplements locaux dans et entre les régions et les
continents. Nous avons réalisé des analyses a large échelle des relations peuplement-
environnement des petits lacs forestiers de quatre régions tempérées d'Europe et
d'Amérique du Nord ; l'utilisation d'une série d'analyses canonique partielle des
correspondances nous a permis de distinguer la variation due aux relations peuplements-
environnement d'un ensemble de facteurs associés a l'immigration contre l'extinction. Les
isolations passées et présentes varient selon les lacs et les régions, comme la composition
et la richesse des groupes régionaux d'espéces. Néanmoins, pour les peuplements de
poissons des petits lacs forestiers de Suéde, de Finlande, du Wisconsin (USA) et d'Alberta
(Canada), 60 a 78 % de la variation est expliquée par les variables liées a I'extinction,
indépendemment des facteurs liés a I'immigration ; 9 a 27 % de la variation restante sont
expliqués par les deux composants. Dans les petits lacs forestiers, la sévérité des conditions
abiotiques peut limiter les espéces les moins tolérantes s'il n'existe pas de refuge a ces
conditions. Les interactions entre especes, qui sont souvent intenses et peuvent augmenter
la probabilité d'extinction locale (ou s'opposer a la réussite de la colonisation), peuvent ne
pas avoir d'action si les espéces devant potentiellement interagir présentent une sensibilite
différentielle aux rigueurs de l'environnement ou a d'autres facteurs liés a I'extinction. Nos
résultats suggérent que, peut-étre parce que les taux d'immigration des petits lacs forestiers
ne sont pas importants, les variables d'habitat liées a I'extinction sont les plus fortement
associées aux distributions de peuplements piscicoles observés.

HABITAT ON A BROAD SCALE : RELATIVE IMPORTANCE OF IMMIGRATION AND
EXTINCTION FOR SMALL LAKE FISH ASSEMBLAGES.

SUMMARY

Two processes that determine community structure in insular habitats are the
immigration of species into a community and the extinction of species that were previously
present. Although immigration and extinction usually occur at scales beyond what is
possible to study with planned experiments, ecologists can gain understanding of these
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processes from inferences based on present-day distributions ; the isolation, discreteness
and replication of insular systems offer advantages for making such inferences. As with
communities on true islands, the structure of fish assemblages in small forest lakes are the
products of immigration and extinction. The relative importance of these processes can
depend upon the habitat characteristics of the lakes, characteristics of the available
species, and on the regional and historic setting of the lakes being studied. Within a given
region, the composition of local fish assemblages can be related to specific sets of habitat
factors, and because these factors can be linked to immigration and extinction, it should be
possible to analyze assemblage-environment relations to infer the relative importance of
these processes in shaping local assemblages within and between regions and continents.
We have conducted broad-scale analyses of assemblage-environment relations in small
forest lakes of four north-temperate regions of Europe and North America ; using a series of
partial canonical correspondence analyses, we can apportion the variation in assemblage-
environment relations between sets of factors associated with immigration versus
extinction. Past and present isolation varies among lakes and regions, as does the
composition and richness of regional species pools. Nevertheless, for fish assemblages in
small forest lakes of Sweden, Finland, Wisconsin (USA) and Alberta (Canada), extinction-
related variables accounted for 60-78 % of the explained variation, independent of
immigration factors ; another 9-27 % was shared by the two components. In small forest
lakes, severity of the abiotic environment can filter out intolerant species unless a refuge
from such conditions is available. Species interactions, which are often intense and can
increase the probability of local extinction (or prevent successful colonization), can be
circumvented if potentially interacting species are differentially sensitive to environmental
severity or other extinction-related factors. Our results suggest that, perhaps because
immigration rates into small forest lakes are not high, extinction-related habitat variables
are most strongly associated with the observed patterns of fish assemblages.

INTRODUCTION

Ecologists have long recognized and appreciated that community-level patterns are
not static but develop continuously as a result of past and present dynamic processes
(GLEASON, 1926). Two processes that result in community change through time and
community patterns in space are immigration of species into a community and extinction of
species previously present. For species to become and remain part of a community, (i) the
community must be located where dispersing individuals are able to reach it, and (ii) suitable
habitat(s) must be present to allow immigrants to withstand the biotic and abiotic conditions
present so that viable populations can be established and maintained. However, the species
available to colonize a local site are the product of a series of filters acting at many different
spatial and temporal scales, which allow only a portion of the species that might be available
to pass through (SIMPSON, 1953 ; HOLMES, 1986 ; LOMOLINO, 1986).

Understanding why a given habitat or community is prone to or immune from
immigration or contains populations subject to local extinctions are important goals of
community and landscape ecology (ROBINSON and DICKERSON, 1984 ; MOULTON and
PIMM, 1986 ; WIENS et al,, 1993) ; understanding the processes of immigration and
extinction is also important in the study of metapopulations and conservation biology
(MOONEY and DRAKE, 1986 ; HOLT, 1992 ; THOMAS, 1994). Studying the fate of
invasions into natural communities — why particular ones occurred, why they succeeded or
failed — may sometimes suffer from imperfections of experimental design because such
invasions usually occur at scales far beyond what is possible with planned experiments.
Nevertheless, because of the importance of these processes, studies focusing on
immigration and local extinction can provide important clues into community organization
and tests of theoretical models of communities (DIAMOND and CASE, 1986).

Despite the fact that relatively few invasions, both successful and failed, have been
documented during historic times, ecologists have been able to gain understanding from
studying invasions that have not been witnessed but are inferred from present-day
distributions of species at a number of sites within an archipelago (WILLIAMS, 1983 ;
DIAMOND and CASE, 1986 ; ROUGHGARDEN, 1986). Immigration and extinction can be
especially important for determining richness and composition of insular communities
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(MACARTHUR and WILSON, 1967 ; MAGNUSON, 1976). The isolation, discreteness, and
replication of these island systems offer well-known advantages for making inferences
(DIAMOND, 1986).

Because insular communities are shaped by the processes of immigration and
extinction, it is not surprising that interpretations of one general pattern of insular
communities, the species-area relation, frequently rely on immigration and/or extinction in
one way or another (but see CONNOR and MCCOY, 1979 ; RAHEL, 1986). However,
although area may directly affect the rates of immigration and extinction, it may also
simply represent an index for other characteristics that affect these processes
(MCGUINESS, 1984).

Because of this, it can be difficult to identify and understand the relative importance
of immigration, successful colonization and extinction in determining the richness and
composition of an island community simply from a species-area relation. However, a
number of other habitat characteristics affect island richness and composition through their
influence on immigration and extinction. Isolation from a source of immigrants may lower
the probability of invasion (MACARTHUR and WILSON, 1967 ;: DIAMOND 1972 ;
ROBINSON and DICKERSON, 1987) ; the richness and composition of the regional pool of
potential immigrants may similarly affect invasion probabilities (CORNELL, 1986). A
system'’s age and position in the landscape may alter the relative importance of immigration
and extinction, and thus affect the present-day community structure (OSBORNE and
WILEY, 1992 ; MCCORMICK and CAIRNS, 1992 ; SALE et al., 1994). Habitat diversity can
affect the success of immigrants (BRORING, 1991) and habitat severity and the absence of
refuges from stress may increase extinction rates for intolerant species (LEVINS and
HEATWOLE, 1973 ; BUHL-MORTENSON and HOISAETER, 1993). Finally, biotic
interactions with the island's residents can also influence the chance that an arriving
immigrant will successfully colonize or go extinct (LEVINS and HEATWOLE, 1973 ;
MOULTON and PIMM, 1983 ; SILVERTOWN and WILSON, 1994).

The complexity created by a multiplicity of potential factors, the absence of
experimental control, and problems in formulating appropriate null hypotheses and statistical
tests can create difficulties for geographical community ecologists. However, comparative
approaches combined with muitivariate statistical applications (ter BRAAK, 1991 ;
BORCARD et al., 1992 ; MAGNAN et al., 1995) can help identify the relative importance of
different environmental components to community-level patterns in insular habitats.

Lakes are insular habitats with many of the characteristics of oceanic islands
(MAGNUSON, 1976 ; BROWNE, 1981 ; EADIE et al., 1986). Both lakes and islands are
small, isolated habitats imbedded within an inhospitable matrix. Both lakes and islands are
young habitats when compared with continents and oceans, e.g., small forest lakes in
glaciated regions of the Holarctic are < 12,000 yrs old. As with island communities, the
composition of fish assemblages of small forest lakes can be understood in terms of a
series of filters, operating at a number of spatial and temporal scales, that determine the
composition of the available species pool and affect rates of immigration and extinction
(TONN, 1990). Some small lakes are isolated remnants of large glacial lakes and thus are
analogous to land-bridge islands (NORDQUIST, 1903) ; for other lakes, colonized post-
glacially via waterways, their degree of isolation or geographic position may affect rates of
invasion of fishes from the regional or drainage-system species pools (TONN and
MAGNUSON, 1982 ; HINCH et al., 1991 ; MAGNAN et al., 1995). Species-area relations
have been documented for a number of lake sets (e.g.,, BROWNE,1981 : EADIE and
KEAST, 1984), as have relations between species richness, habitat complexity, and
productivity (e.g., TONN and MAGNUSON, 1982 ; BENSON and MAGNUSON, 1992).
Environmental severity can be continuous (e.g., low pH) or episodic (low winter oxygen)
and unless refuges are available, such conditions can increase extinction rates by filtering
out intolerant species (TONN and MAGNUSON, 1982 ; RAHEL and MAGNUSON, 1983 ;
RASK, 13987). Because of small population sizes and reduced habitat heterogeneity,
species interactions may be intense and also lead to extinction or prevent successful
colonization (SVARDSON, 1976). Alternatively, the intensity of biotic interactions may be
reduced if, for example, predators are filtered out of a system, permitting successful
colonization by prey (ROBINSON and TONN, 1989).
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Because we can relate the composition of fish assemblages in small forest lakes to
specific sets of environmental factors, and because these factors can be linked to
immigration and extinction of species, it should be possible to analyze assemblage-
environment relations to assess the potential importance of these processes for fish
assemblages in the lakes of a region. In this study, we apply the approach of partialling out
components of ecological variation in multivariate community-environment data
(BORCARD et al., 1992) to data sets compiled from North America and northern Europe.
The use of these data sets, involving faunistically-distinct regions, each with a number of
identifiable assemblage types, should also allow us to assess the robustness and generality
of our conclusions. Specifically, we addressed the following questions. (1) Using fish
assemblage - lake environment relations derived from multi-lake surveys, can we infer the
relative importance of immigration and extinction in determining community structure ? (2)
How do these patterns vary between regions and continents ? (3) Among the
characteristics of a lake, what is the relative importance of its geographic setting,
morphometry and water chemistry ?

METHODS

Data Sets

We compiled data sets of fish assemblages and environmental characteristics from
lakes in four glaciated north-temperate or boreal regions : Sweden, Finland, Wisconsin
(USA) and Alberta (Canada) (Table 1).

Sweden.- Swedish lakes were taken from a large data set (1300 lakes) compiled
from different monitoring programs conducted over the last 20 y (W. TONN, L.,
GREENBERG and C. PASZKOWSKI, unpublished data). Sampling was primarily
conducted by the Swedish National Board of Fisheries or by county governments. A
standardized gillnetting technique, involving multi-mesh benthic gilinets (NYBERG and
DEGERMAN, 1988), provided data on the relative abundances (by biomass) of each
species in each lake. The number of nets used was related to lake size (area and depth),
and ranged between 4 and 90 nets. Limnological data were obtained from the Swedish
Environmental Protection Agency and from county governments. Other environmental data
were obtained from SMHI (1983) and from topographic maps.

In constructing the data set for this study we considered only those lakes for which
we had data on watershed area (N=418), as this is an important variable related to
immigration at the local scale (TONN and MAGNUSON, 1982). From these 418 lakes, a
data set of 100 lakes was constructed (Table 1) by first examining the north-south
distribution of lakes, in 100-km units (as determined from the X-coordinate of the lakes on
the "grid of Sweden" ; SMHI, 1983). A stratified-random selection procedure was then used
to maximally spread the distribution of 100 lakes among these 100-km latitudinal units
(within the constraints imposed by the distribution of the original 418 lakes). The resulting
100 lakes contained a total of 23 fish species ; following standard community analysis
procedures (GAUCH, 1982), six rare species were omitted from analyses.

Finland.- Fish assemblage data for 113 lakes in southern and central Finland (60-67° N},
consisting of the relative abundances of 20 species, were obtained from TONN et al. (1990).
Eleven rare species, occurring in five or fewer lakes, were omitted from analyses.
Environmental data for these lakes, which were fairly small but chemically heterogeneous
(Table 1), were obtained from the original sources of the fish data or from topographic maps
(see TONN et al., 1990).

Wisconsin.- TONN et al. (1990) also provided data on fish assemblage composition
(presence-absence) and environmental characteristics for 51 lakes in northern Wisconsin
(45-46° N). Eleven rare species (out of 23) were omitted prior to analyses. Wisconsin lakes
were also small but limnologically varied (Table 1). Additional environmental data were
obtained from topographic maps (J. MAGNUSON and W. TONN, unpublished data).

Alberta.- Fish species composition (presence-absence) and environmental
characteristics have recently been collected for 33 lakes in north-central Alberta (54-55° N ;
C. PASZKOWSKI, W. TONN and R. VANDENBQOS, unpublished data). Fish were sampled
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Tableau | : Médianes et domaine de variation des variables environnementales
utilisées dans les analyses multivariées et résumé des richesses
spécifiques en poissons pour les quatre régions. Les variables
environnementales sont regroupées sur la base des processus
d'immigration ou d'extinction auxquels elles contribuent.

Tablel : Medians and ranges for environmental variables used in multivariate
analyses and a summary of fish species richness for the four regions.
Environmental variables are grouped based on the process, immigration
or extinction, which they contribute towards.

Sweden Finland Wisconsin Alberta
Immigration
inlet (proportion)’ -- 0.64 0.26 057
Vertical (m)? 3.0 9.4 37
(0-123) (0-116) (0-23.1)
Horizontal (km)* 0.5 0.8 15
(0-43.2) (0-48.0) (0-51.6)
Watershed (km?) 21.4 - - -
(0.1-3323)
Distance-large (km)* - - --- 134
(3.6-31.1)
Distance-medium (km)® - - -- 36
(1.4-17.9)
Distance-small (km)* - - --- 2.0
0.7-3.4)
Extinction
Geography
Latitude (°N) 6519’ 62.1 46.1 546
(6158-7226)  (60.1-67.8)  (45.7-46.2) (54.2-55.0)
Longitude (°) 1447 258 E 89.6 W 1135 W
(1257-1690)  (22.7-31.0)  (88.9-90.1) (112.5-113.8)
Altitude (m) 142 131 501 710
(4-500) (2-260) (475-532) (611-751)
Morphometry
Area (ha) 99.0 6.8 6.0 710
(4.0-4440) (0.2-64.0) (0.2-86.9) (2.7-305)
Maximum depth (m) 15.0 8.5 4.9 43
(1.6-54.0) (1.5-27.0) (1.2-10.0) (1.0-36.0)
Water Chemistry
Conductivity (uS/cm) 6 25 15 268
(2-51) (2-26) (8-145) (80-535)
pH 6.4 6.3 5.9 8.4
(4.3-8.6) (4.3-7.5) (4.3-8.0) (6.4-9.6)
Color (mg Pt1) 45 35 - 30
(10-450) (5-366) (0-160)
Alkalinity (meg/l) 92 --- 13 -
(0-4150) (0-309)
Phosphorus (ug/h) - - --- 48
(11-500)
Species Richness
Total # species 23 20 23 8
# species used 17 9 15 7
X Species richness 5.2 37 4.4 2.2

(1-9) (1-10) (1-11) (1-5)

‘Inlet present = 1, absent = 0 , *Vertical distance to next lake downstream, *Horizontal distance to
nearest lake, *Horizontal distance to nearest lake > 2.7 ha, *Horizontal distance to nearest lake > 71 ha,
SHorizontal distance to nearest lake > 305 ha, 'X coordinate in Swedish grid system, = km to equator,
8Y coordinate in Swedish grid system, = km to Greenwich 0 meridian.
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with multi-mesh gill nets, minnow traps and small fyke nets. Environmental characteristics
were measured with a Hydrolab Surveyor Il multiprobe, determined from water samples
collected from just below the surface or obtained from topographic maps. Alberta's regional
fish fauna is depauperate (NELSON and PAETZ, 1992) ; of the eight species encountered,
one was considered rare and omitted from analyses. In contrast to the other regions,
Alberta takes are primarily well-buffered, basic and nutrient-rich, but because surface
drainage is pooriy developed, they are frequently subject to "winterkill" conditions,
especially in isolated systems.

Analyses

Fish data for Finland and Sweden were transformed from relative abundance to the
octave scale of GAUCH (1982). Environmental data were logg-transformed, except for pH
and the presence/absence of an inlet or outlet stream. In the few cases where individual
lakes lacked a measurement for a particular environmental factor, the mean value for the
data set was used.

To identify overall patterns in fish assemblage composition, and the relationships of
these patterns to the environmental variables, we applied the constrained ordination
technique of canonical correspondence analyses (CCA ; ter BRAAK, 1991) to each data set
: we first used all environmental variables available for a particular data set, and then used
forward-selection of environmental variables, to rank variables based on the amount of
variation they explained for the fish assemblage data.

To assess the potential importance of immigration and extinction in contributing to
these community patterns, we partitioned the variation in the fish data that could be
explained by independent environmental components (and their overlap) by applying a
series of partial CCAs to each data set (BORCARD et al., 1992). Environmental variables
were classified as being related to immigration (factors associated with the isolation or
connectedness of individual lakes ; Table 1) or to extinction, i.e., geographical (climatic) and
habitat factors (morphometry and water chemistry) associated with the probability of a
colonizing species establishing and maintaining a viable population in a lake (Table 1).
Because our data sets contained more extinction than immigration variables, we also
employed the BORCARD et al. (1992) procedure of using only the first n components
(where n = the number of immigration factors) from principal components analyses (PCA)
of the lakes-by-extinction-factors data matrices. In addition, we performed a series of
analyses that used equal numbers of immigration and extinction variables, with the latter
chosen by the forward selection procedure of the CANOCO program (ter BRAAK, 1991).

RESULTS
General community-level patterns

Overall patterns, including those associated with the relative importance of
immigration and extinction, were similar for all four data sets ; this similarity held regardless
of whether we used all extinction-related variables, the first n components of a lakes-by-
extinction PCA, or the forward selection procedure to choose extinction variables. For
simplicity, we report below only results from analyses using all variables.

Sweden.- Canonical correspondence analysis accounted for 34 % of the variation
in the Swedish fish assemblages. Within the CCA ordination, most fish assemblages
were aligned along a central continuum, with a small set of lakes trailing off to the upper
right-hand corner (Fig. 1). Crucian carp (along with rudd and tench ; see Appendix for a
list of common and scientific names, and abbreviations used) were characteristic of
assemblages at one end of the continuum ; crucian lakes were small, shallow and
isolated (positively corretated with horizontal and vertical distances to the next
downstream lake), and also had high values for alkalinity and conductivity. Zander and
bleak characterized lakes at the other end of the continuum ; a core group consisting of
perch, pike, roach and ruffe characterized lakes in the continuum's middle. A few deeper
lakes at higher altitudes and latitudes (Swedish X-coordinate) were characterized by
brown trout and Arctic charr.
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Figure 1 : Analyse canonique des correspondances triplot (CCA) des variables
environnementales et des espéces de poissons en relation avec les
peuplements de poissons de six régions. Les variables environnementales
sont représentées par des fleches ou des astérisques (présence/absence
d'affluents) ; les positions des peuplements de poissons sont figurées par
les points noirs ; les positions des espéces sont figurées par deux lettres
italiques en caracteres gras. Les codes des abréviations sont donnés en
appendice.

Figure 1 : Canonical correspondence analysis (CCA) triplots of environmental
variables and fish species in relation to small lake fish assemblages in six
regions. Environmental variables are represented by arrows (quantitative
variables) or centroids (presence/absence of inlets) ; filled circles give
positions of the fish assemblages ; species points are represented by pairs
of bold-faced, italicized letters. See Appendix for a key to abbreviations.

Finland.- Patterns of fish assemblage composition and assemblage-environment
relations were described previously using principal components analysis {TONN et al.,
1990). Consistent with that analysis and somewhat similar to the patterns observed in
Sweden, the CCA aligned most Finnish fish assemblages along a tight, centrally-located
continuum (Fig. 1) ; assemblages dominated by perch were located at the top of the
continuum, with lakes dominated by roach, pike, bream and other species located below
axis | (Fig. 1). Perch-dominated assemblages occurred in lakes that were more acidic, had
lower conductivities, but were more isolated (indicated by greater vertical distances to the
adjacent downstream lake and the general lack of inlets) than lakes dominated by roach
(Fig. 1). Also similar to the Swedish assemblages was a group of small, shallow seepage
lakes dominated by crucian carp. Overall, the CCA explained 26 % of the variation in the
species distribution patterns.
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Wisconsin.- TONN et a/. (1990) had identified three broad types of fish assemblages,
which could also be distinguished in the present analysis (Fig. 1) ; beginning in the upper
right-hand corner and extending down toward the origin were lakes dominated by several
small-bodied species : northern redbelly dace, brook stickleback, central mudminnow and
golden shiner. Similar to the crucian carp lakes of Sweden and Finland, this group of lakes
tended to be small, shallow and isolated. In the lower-central region of the ordination plot
were lakes centered on largemouth bass, bluegill and yellow bullhead. These were deeper
lakes with low conductivity. Finally, a group of assemblages characterized by northern pike,
pumpkinseed and white sucker were located in the upper left quadrant. In contrast with the
small-bodied assemblages, these were located in larger, more alkaline, drainage lakes.
Overall, the CCA explained 38 % of the variation in the data set.

Alberta.- Fish assemblages in Alberta can be divided into two or three major groups
(Fig. 1). A tight cluster of lakes are characterized by the presence of fathead minnow and/or
brook stickleback. Similar to the lakes containing the small-bodied species in Wisconsin
(and crucian carp in northern Europe), these lakes are small, shallow and isolated (no
inlets, long distances to nearby medium and large lakes ; see Table 1). A second, more
diffuse group of lakes, which can be subdivided in two, is associated with the presence of
northern pike and yellow perch. One subdivision of pike/perch assemblages is
characterized by the presence of white sucker. Despite coming from a geographically
limited study area, assemblage composition within this cluster of lakes was strongly
correlated with latitude, as well as with pH, maximum depth and surface area. Large, deep,
but relatively clear-water lakes supported a second subdivision of pike/perch assemblages
distinguished by the presence of spottail shiner and lowa darter. Overall, the CCA
accounted for 59 % of the variation in the fish assemblage patterns.

Partialling out the variation : relative importance of immigration, extinction and
habitat

The total amount of explained variation (as a percentage of the total variation of the
species matrices) ranged from 25.9 % (Finland) to 59.3 % (Alberta ; Fig. 2). This is within
the range of many community-level data sets (e.g., BORCARD et al., 1992). The higher
amount of explained variation in Alberta is likely a consequence of it being a simpler data
set (fewer species, presence-absence data) than the others, and the clear separation of
fish assemblages into groups that were strongly associated with the measured
environmental factors. Although the amount of explained variation was lower in the other
data sets, clear, interpretable species-environment relations were apparent.

For all four data sets, extinction-related factors accounted for a majority of the
explained variation. Indeed, there was a remarkable uniformity (84-88 %) in the proportion of
explained variation attributable to extinction factors, either independent of or overlapping with
immigration factors. Differences did exist amongst the data sets in the relative proportion of
explained variation that was attributable to immigration-related variables, especially in the
proportion that overlapped with extinction (Fig. 2). Here, the data sets formed three groups:
Wisconsin and Alberta both had relatively large amounts of explained variation associated
with the immigration component (38-39 %), Finland had an intermediate proportion (30 %),
whereas Sweden had a smaller amount (22 %). The latter data set was the most
geographically diverse set of lakes and extinction variables associated with geography,
especially the latitudinal X-coordinate, were strongly associated with the first canonical axis
(Fig. 1) ; this likely minimized the relative importance of immigration-related factors. In
Wisconsin, Alberta and Finland, morphometry and water chemistry were important as
extinction factors (see below). However, small, shallow lakes are also often more isolated
than larger lakes, and lakes with high values of alkalinity or conductivity are often large
drainage lakes. Thus, there are closer limnological linkages of extinction- and immigration-
related factors that can contribute to greater proportions of explained variation being
associated with both kinds of factors in these three data sets (Fig. 2).

To gain further insights into the potential importance of extinction-related
processes to the structure of fish assemblages, we decomposed the heterogenous set
of extinction-related variables into more discrete subsets, associated with geography
and the habitat-related factors of lake morphometry and water chemistry. To qualitatively
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Figure 2 : Pourcentage de variation expliquée de la composition des peuplements de
poissons de petits lacs forestiers de quatre régions, dérivé d'une série de
CCA partielles (analyse canonique des correspondances), qui peut étre
attribuée aux variables environnementales principalement liées a
I'extinction, a I'immigration et a la fois aux deux variables. Pour la nature
de ces variables, voir le Tableau |.

Figure 2 : The percentage of the explained variation in the composition of fish
assemblages in small forest lakes of four regions, derived from series of
partial CCAs (canonical correspondence analyses), that could be
attributed to environmental variables linked principally to extinction, linked
principally to immigration, and variation linked to both immigration and
extinction variables. For the identity of these variables, see Table 1.

assess the relative importance of these subsets, along with immigration variables, to the
community patterns, we applied CCA using the forward-selection procedure of
CANOCO (ter BRAAK, 1991), from which we established a ranking of individual
variables. Mean ranks of the top two variables within each of the three extinction
subsets, plus immigration, were subsequently computed.

Consistent with the previous analyses, immigration factors were not highly ranked in
any of the data sets (Fig. 3). In contrast, each of the three extinction-related subsets was
ranked highly in two data sets, with the particular pattern of ranking varying between North
America and northern Europe and between Finland and Sweden. Morphometry (area and
depth) was highly ranked in both Wisconsin and Alberta ; a major pattern in these two North
American regions was the presence of assemblages characterized by the presence of
small-bodied fishes and the absence of piscivores. In both regions, the persistence of these
small-bodied assemblages depends on the development of hypoxic winter conditions in
these small shallow lakes, because hyoxia acts as a habitat filter that eliminates large-
bodied piscivores (TONN and MAGNUSON, 1982 ; ROBINSON and TONN, 1989).
Chemistry was also important in Wisconsin, primarily separating two assemblage types
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Figure 3 : Rang moyen de trois groupes de variables dépendant de I'extinction
(géographie, morphométrie et physico-chimie) et d'un groupe de variables
dépendant de I'immigration (voir Tableau I), selon I'ordre dans lequel ils
rentrent dans une sélection ascendante des CCA réalisées sur les
peupiements de poissons des petits lacs forestiers de quatre régions.

Figure 3 : Mean ranks of three sets of extinction-related variables (geography,
morphometry, and chemistry) and one set of immigration-related variables
(see Table ), in terms of the order in which they entered forward selection
CCAs of fish assemblages in small forest lakes of four regions.

characterized by different piscivorous species. Assemblages with northern pike were
found in larger drainage lakes having high values of pH, alkalinity and conductivity,
whereas assemblages with largemouth bass tended to occur in small (but deep)
dystrophic bog lakes (Fig. 2 ; TONN and MAGNUSON, 1982). The importance of
geography in Alberta was surprising, as the geographic range covered by the study lakes
was not large. Across the geographic areas covered by the data sets from Finland and
Sweden, geography reflects climate. However, in Athabasca County, Alberta, geography
represents glacially-derived differences in soil types and lakes, with sandy areas
concentrated in the north and small “prairie pothole” ponds located mostly in the south (C.
PASZKOWSKI, W. TONN and R. VANDENBOS, personal observations).

Like Wisconsin, water chemistry (specifically, pH and color) was the highest ranking
subset of habitat factors in Finland (Fig. 3). These variables were related to the
perch/roach continuum and represent, in part, a severe-environment filter, because low pH
restricts the presence and abundance of roach (JOHANSSON and MILBRINK, 1976).
Although morphometry as a subset ranked low in Finiand, surface area was highly
significant, as shown by the Monte Carlo permutation test in CANOCO. The similarity in
fish assemblage-lake environment relations between Wisconsin and Finland is further
discussed by TONN et al. (1990).



Bull. Fr. Péche Piscic. (1995) 337/338/339 : 47-61 — 57 —

As expected, geographic factors, especially the climatically related X-coordinate and
altitude, were ranked highly in the Swedish data set that extended across most of the
country, from the temperate-zone of southernmost Sweden to the northern boreal forest.
Both morphometric factors (area, depth) were also significant.

DISCUSSION

In all four sets of lakes, extinction-related factors dominated our analyses, suggesting
that the results have some generality for fish assemblages in small forest lakes. Evidence
from other systems is also consistent with our results (J. MAGNUSON, unpublished data ;
CROWELL, 1986 ; WILCOX et al., 1986 ; DAVIS et al., 1988). In contrast, the structure of
warm-water riverine fish communities was better correlated with connectivity to a tributary
with high species richness than with local habitat diversity or area (OSBORNE and WILEY,
1992). As well, the distribution of fish species ranges among African rivers was closely
associated with the species' dispersal abilities, rather than with extinction-related factors,
suggesting the greater importance of immigration over extinction in fluviat systems
(HUGUENY, 1990). Immigration has also proven important in determining species richness
in immature systems relative to mature systems (MCCORMICK and CAIRNS, 1992).

LOMOLINO (1984) has argued that the relative importance of immigration is
dependent not only on the rates of immigration (consistent with MACARTHUR and WILSON,
1967), but also on the range of rates available within an archipelago. Because small forest
lakes are isolated systems, they are expected to have low rates of immigration and, perhaps,
a limited range of immigration rates, both of which would minimize the influence of
immigration. In terms of their maturity (sensu MCCORMICK and CAIRNS, 1992), the limited
range of ages among small forest lakes should also be considered. When these lakes were
formed, 10-12,000 years ago, immigration was likely a dominant mechanism, and we still
see the effects of differential colonization at larger, regional scales (e.g., fish faunas of North
America versus northern Europe, Wisconsin versus Alberta). However, regional immigration
rates are currently low (but might increase with a changing climate). Extinction is likely a
more continuous and frequent process in small lakes than is immigration, related to factors
such as winterkill and pH ; immigration is likely more episodic and rare.

Finally, to what extent have anthropogenic effects altered immigration and extinction
rates in these systems ? Data are scanty, but examples can be found for which
anthropogenic effects have increased both immigration and extinction rates (MAGNUSON
and LATHROP, 1992). For smaller lakes, rates of fish introductions may depend on the
isolation of lakes from human activities ; the distance of a lake to the nearest road has been
shown (J. MAGNUSON et al., unpublished data) or suggested (MAGNAN et al., 1995) to be
an important immigration factor that contributes to patterns of fish assemblages.
Paradoxically, however, fish introductions by humans could also magnify the measured
effects of extinction-related factors, because the success or failure of introductions will
depend on the environmental conditions of the receiving waters. THOMAS (1994) argues
that extinction in human-influenced habitats is largely deterministic and results from habitats
becoming unsuitable ; because emptied patches remain inappropriate for recolonization,
extinction processes dominate. In fish assemblages of acidified Swedish lakes, extinction is
seen as the dominant process even after lakes were reclaimed via liming because
recolonization rates remain much lower than extinction rates (BERGQUIST, 1991). Thus,
when analyzing data from surveys of fish assemblages in small forest lakes, whether in
natural or human-influenced systems, it is more likely that the results of extinction processes
will be observed.
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APPENDIX

Environmental Variables and Fish Species
Used in Canonical Correspondence Analysis Triplots (Fig. 1).

Environmental Variables

Inl = Inlet, Vit = Vertical distance to next lake downstream, Hor = Horizontal distance to
nearest lake, Wat = Watershed area, DLg - Horizontal distance to nearest large lake, DMe
- Horizontal distance to nearest medium-sized lake, DSm = Horizontal distance to nearest
small lake, Lat = Latitude, Long = Longitude, X = X co-ordinate in the grid of Sweden,
Y =Y co-ordinate in the grid of Sweden, Sar = Surface area, Dep = Maximum depth,
Con = Conductivity, pH = pH, Alk = Alkalinity, Phos = Phosphorus.

Fish Species - Wisconsin and Alberta

bb = black bullhead (Ameiurus meias), bc = black crappie (Poxomis nigromaculatus),
bg = bluegill {Lepomis macrochirus), bs = brook stickleback (Culaea inconstans),
cm = central mudminnow (Umbra limi}, fm = fathead minnow (Pimephales promelas),
gs = golden shiner (Notemigonus chrysoleucas), id = lowa darter (Etheostoma exile),
Ib = largemouth bass (Micropterus salmoides), pi = northern pike (Esox lucius),
ps = pumpkinseed (Lepomis gibbosus), rb = rock bass (Ambloplites rupestris), rd =
northern redbelly dace ( Phoxinus eos), ss = spottail shiner (Notropis hudsonius), ws = white
sucker (Catostomus commersoni), yb = yellow bullhead (Ameiurus natalis), yp = yellow
perch (Perca flavescens).

Fish Species - Finland and Sweden

bl = bleak (Alburnus alburnus), br = bream {Abramis brama), bu = burbot (Lota lota),
cc = crucian carp (Carassius carassius), ch = arctic char (Salvelinus alpinus), pe = perch
(Perca fluviatilis), pi = pike (Esox lucius), rf = ruffe (Gymnocephalus cernua), ru = rudd
(Scardinius erythrophthalmus), ro = roach (Rutilus rutilus), sc = sculpin (Cottus gobio),
sm = smelt (Osmerus eperlanus), te = tench (Tinca tinca), tr = brown trout (Salmo trutta),
ve = vendace (Coregonus albula), wh = whitefish (Coregonus spp.), za = zander
(Stizostedion lucioperca).



