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PATTERNS IN THE SPECIES COMPOSITION AND
RICHNESS OF FISH ASSEMBLAGES IN
NORTHERN WISCONSIN LAKES!

WiLLiaM M. ToNN AND JOHN J. MAGNUSON
Laboratory of Limnology, Department of Zoology, University of
Wisconsin—-Madison, Madison, Wisconsin 53706 USA

Abstract.  Fish assemblage structure, and factors and mechanisms appearing important in the
ecological maintenance of these structures, were examined for 18 small lakes in northern Wisconsin
during summer and winter. The study was focused around the following questions. Are there discrete,
repeatable groups of fish assemblages? If so, are they temporally stable? What are the relations
between fish assemblage structure and habitat complexity, physical disturbance, biotic interactions,
and the insular nature of small lakes? A comparative approach was used to generate hypotheses and
propose explanations concerning the roles of these factors in structuring the assemblages.

Multivariate classification, ordination, and discriminant analyses helped discern two assemblage
types: Umbra-cyprinid and centrarchid-Esox. Each had a distinctive species composition and seasonal
change in composition. Environmental characteristics of the lakes occupied by each assemblage type
also differed consistently.

The type of assemblage present in a lake appeared related to oxygen concentrations in winter,
interacting with the availability of refuges from either a severe physical environment (low oxygen
during winter) or from large piscivores. Centrarchid-Esox assemblages occurred in lakes with high
winter oxygen levels, and also in lakes with low oxygen levels if a stream or connecting lake could
provide a refuge from these conditions in winter. When no refuge was present, low winter oxygen
lakes lacked piscivorous fishes, but contained Umbra-cyprinid assemblages.

The relationships between species richness in summer and environmental factors were generally
similar for the two assemblage types, but the relative importance of individual factors differed. In
winter, richness relationships in centrarchid-Esox assemblages for most environmental factors were
reversed from those of summer. No significant seasonal change occurred in the Umbra-cyprinid
assemblages.

Habitat complexity factors, particularly vegetation diversity, were significantly related to summer
species richness in both assemblage types. Lake area was also related to summer richness for both
types, but the slope of the species-area regression was much steeper for Umbra-cyprinid assemblages
than for those in centrarchid-Esox lakes. Species richness relationships with winter oxygen concen-
tration were negative in both seasons in Umbra-cyprinid lakes, but the relationship was positive for
centrarchid-Esox assemblages in winter. A measure of lake connectedness was related to summer
richness in centrarchid-Esox lakes. These patterns suggest that centrarchid-Esox assemblages are in
ecological equilibrium but that a disturbance-induced disequilibrium occurs in Umbra-cyprinid as-
semblages.

Key words: centrarchid-Esox; disturbance; fish assemblages, habitat complexity; insular; mi-
gration; multivariate analysis; predation; productivity; refuges; Umbra-cyprinid; Wisconsin lakes.

INTRODUCTION
Our paper examines patterns in the species com- 4 ;F(l)( what f’%e':t ?oilsl the 1nsul?1triorl1]a;lr1]rde s(zfuzr::ig
position, richness (diversity), and seasonal dynamics af ehs ,Cof? lr'nl ute cl))l © c"omp051
of the fish assemblages in 18 small lakes in northern of their fish assemblages”

Wisconsin, and discusses factors and mechanisms
which appear important in the ecological maintenance

of assemblage structure. We addressed the following The ecological literature prqv1dfes a plethqra of the-
questions: ories and hypotheses to explain differences in species

diversity among communities. Although all hypothe-

1) Are there discrete types of fish assemblages that ses are somewhat distinct, they can be grouped to-
are repeatable in many lakes? gether into two major theories; one proposes mecha-

2) If so, are they temporally stable in the face of sea- nisms based on equilibrium conditions, the other on
sonally (and probably unpredictably) harsh envi- the absence of equilibrium (see discussions in

Species diversity theories

ronmental conditions? Mac Arthur 1972, Connell 1978, Huston 1979).

3) What are the relations between fish assemblage Equilibrium-based mechanisms are inseparably
structure and habitat complexity, physical distur- linked to niche structure in communities. In saturated
bance and biotic interactions? communities, richness is proposed to be a function of

! Manuscript received 21 January 1981; revised 15 Septem-  th€ number of discrete resources available, the toler-
ber 1981; accepted 29 September 1981. able niche overlap and minimum niche size possible



http://www.jstor.org/page/info/about/policies/terms.jsp

1150

along a resource gradient, or both (Pianka 1975, 1978,
Menge and Sutherland 1976, Connell 1978). If the tol-
erable niche overlap and minimum niche size are rel-
atively constant (Roughgarden 1974, Werner 1977),
species richness should depend upon habitat complex-
ity. Similarly, more productive habitats allow greater
dietary specialization and should support more species
(Mac Arthur 1972). Equilibrium theories also predict
higher diversities in more stable and/or predictable
environments (Slobodkin and Sanders 1969).

Some ecologists have questioned how often com-
munities meet the assumptions and conditions of equi-
librium and propose that nonequilibrium mechanisms
dominate (e.g., Wiens 1977, Connell 1978, Huston
1979). Under nonequilibrium conditions, less efficient
or poorly adapted species can persist without com-
petitive exclusion, thereby increasing diversity. Com-
petition-induced specialization cannot evolve over
ecological time, so if competition does occur under
equilibrium conditions, diversity will be reduced by
competitive exclusion. At intermediate levels of dis-
turbance a ‘*dynamic equilibrium’’ of increased diver-
sity can be maintained (Connell 1978, Huston 1979).
At these levels, disturbances are sufficiently frequent
or intense to prevent the community from reaching
equilibrium, but still allow some populations to re-
cover.

A severe environment that might otherwise be ex-
pected to produce a depauperate community may in-
stead produce a more diverse community if refuges
are present, reducing the severity. Refuges can also
reduce the impact of predation and competition (Dod-
son 1970, Dayton 1971, Thomson and Lehner 1976),
resulting in increased diversity. Woodin (1978) iden-
tified five categories of spatial and temporal refuges
and argued that communities could be viewed as com-
binations of species successfully exploiting these ref-
uges.

Lakes as islands

Another set of factors that should be considered in
the examination of fish assemblage structure in small
lakes is their insular nature (Barbour and Brown 1974,
Magnuson 1976, Browne 1981). One important insular
parameter of small lakes is isolation. Relative isolation
of an island depends on the likely mode of colonization
(flight, drift in ocean currents, etc.). Certainly, seep-
age lakes without permanent inlets or outlets are more
isolated for fishes than are drainage lakes. Measuring
the degree of isolation (or connectedness) in drainage
lakes is not as straightforward as for oceanic islands.
Factors to be considered include the length of the in-
terconnecting waterways and size of the watershed,
the degree of differences in habitat between the lakes
and connecting streams, and the presence of marked
barriers (e.g., waterfalls) between lakes (Magnuson
1976). .

As with oceanic islands, population size in lakes
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should be a function of area. Larger lakes should have
larger populations, lower probabilities of local extinc-
tion, and therefore more species than should smaller
lakes (Magnuson 1976).

Other components of assemblage structure

Knowledge of species diversity alone is insufficient
for understanding the organization, dynamics, and
controlling mechanisms of assemblages. Assemblages
may differ in species composition, reflecting differ-
ences in the seasonal responses, environmental re-
gimes, dominance relationships, and controlling fac-
tors (Coull and Fleeger 1977). Compositional
differences can also result from differential dispersal
abilities and extinction probabilities among the poten-
tially available species (Simberloff and Connor 1981).
Dynamic properties of the species structures are also
important. Cycling of species suites (Coull and Fleeger
1977), differences in seasonal fluctuations of popula-
tions (Thomson and Lehner 1976) or historical com-
ponents (Osman 1977, 1978) can also contribute infor-
mation about the structure and function of assemblages.

A lake system and an approach

Our study lakes possess a variety of sizes, shapes,
and environmental conditions. During the winter, the
extent of low dissolved oxygen conditions varies
among the lakes, providing a gradient of environmen-
tal disturbance. Different lakes have different mor-
phometries, substrates, and macrophyte vegetation so
that the role of habitat complexity in structuring the
fish assemblages can be evaluated. Trophic types
range from eutrophic and mesotrophic to dystrophic.
The lakes are relatively close together and exposed to
the same species pool but differ in surface area and
degree of connectedness, providing a perspective for
considering the insular biogeography of fish assem-
blages.

The investigation of how environmental factors
(physical and biotic) determine the structure of natural
assemblages has benefitted greatly from the ‘‘natural
experiments’’ of comparative studies (e.g., Cody 1974,
Diamond 1978, Werner et al. 1978). This method can
relatively quickly generate and test hypotheses, assess
mechanisms, and produce acceptable explanations for
community-level problems under a wide variety of
conditions.

STUDY AREA

The 18 study lakes (Table 1) are in Vilas County,
Wisconsin, USA, the center of the Northern High-
lands Lake District of Wisconsin and Michigan (Juday
and Birge 1930; Fig. 1). This area is one of the most
concentrated lake districts in the world (Vilas County
alone has over 1300 lakes) and is well suited for com-
parative studies in aquatic ecology.

In choosing a lake we considered the following ma-
jor factors: a history of low oxygen concentration in
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TABLE 1. Morphometric and limnological characteristics of the 18 study lakes in Vilas County, Wisconsin (from Black et al.

1963).
Shore-
Maxi- line Conduc- History Pre-
mum develop- Alkalinity tivity of low dominant
Water Area Watershed depth Length ment (CaCOj; (uS/cm) winter substrate
Lake source* (ha) (km?) (m) (km) factorf mg/L) at 20°C pH oxygeni types§
1. Apeekwa D 76.1 33.7 3.0 1.6 1.5 22 57 7.2 0 M
2. Aurora D 38.0 4.7 1.2 1.4 2.2 40 89 6.8 + M, S, G
3. Blueberry S 49 0.5 8.2 0.5 1.5 2 15 5.8 0 M, S
4. Camp 2 S 5.7 0.5 1.5 0.3 1.1 2 16 5.9 + M
5. Gateway S 3.2 0.3 2.4 0.3 1.5 36 145 7.5 + ?
6. Grassy Spr 42.9 1.6 1.2 1.6 2.5 38 85 7.0 + M, S
7. Johnson Spr 9.7 9.1 3.6 0.3 1.1 23 52 7.2 0 M
8. Landing D 89.0 12.9 33 1.8 3.0 35 79 7.5 + S,G, M
9. Little Rice Spr 23.9 176.1 2.1 0.6 1.0 21 53 7.0 0 M
10. Maple S 19.0 1.3 4.3 1.3 2.3 4.5 18 6.0 0 M
11. Mill D 53.0 9.1 1.2 1.1 1.9 47.5 113 8.0 + S, M, G
12. Mystery D 8.1 1.8 2.1 0.3 1.0 15 30 7.1 + M
13. Nixon D 44.5 19.4 1.5 1.1 1.4 41.5 23 7.0 0 M
14. Spruce St 6.1 0.4 4.9 0.3 1.0 8 16 6.2 0 M, G
15. Whitney Spr 89.8 2.6 2.4 0.8 1.1 22 53 7.3 + M, S
16. Whynot S 3.2 0.3 5.8 0.2 1.5 3 4 5.2 0 ?
17. 33-6 N 2.4 2.6 33 0.2 1.2 3 13 5.1 ? ?
18. 33-13 S 2.8 2.6 3.0 0.2 1.8 12 25 6.0 ? ?

* D = drainage lake, having an inlet and outlet; Spr = spring-fed lake, having an outlet; S = seepage lake, having no inlet

or outlet.

+ Shoreline development factor = S/2Vaw, where S = length of shoreline and a = area of lake.
+ + = known or suspected history of winterkill; 0 = no history of winterkill; ? = no information on winterkill history.

§ M = muck; S = sand; G = gravel; ? = no information.
"Maple and Spruce have intermittent outlets.

winter, water source (drainage or spring-fed vs. seep-
age), surface area, maximum depth, and predominant
substrate type. Eight lakes had a history of low winter
oxygen conditions. Ten lakes were drainage or spring-
fed (and thus had inlets and/or outlets) and eight lakes
were seepage (no inlets or outlets), though two of the
seepage lakes had intermittent outlets (P. Brenner, per-
sonal communication; W. M. Tonn, personal obser-
vation). An attempt was made to select lakes spanning
a variety of surface areas while keeping maximum
depths and predominant substrate types of all study
lakes similar.

MATERIALS AND METHODS

We sampled during two 9-wk periods in 1978, one
during January—-March (winter) and one during
June—August (summer). Each lake was sampled once
per season. Preliminary sampling had occurred during
June-August 1977. Two lakes (Grassy and 33-13)
were re-sampled in August 1978, and one (Mill) in
August 1979, to examine sampling replicability.

Fish sampling

Winter.—In each lake, 15 regularly spaced stations
along 3-4 transects were selected. A 25 cm diameter
hole was drilled through the ice and a pair of Gee’s
wire minnow traps (44.5 cm long, 23 cm at largest
diameter, 2.5 cm funnel diameter, 6 mm square mesh),
baited with bread and liver, was placed in the water.
One trap was set just under the ice-water interface,

the other 1.5 m below the first or on the bottom,
whichever was shallower. Two small fyke nets (4.6 m
leads, four 0.76 m diameter hoops per net, 10 cm
throat diameter, 5 mm square mesh) were also used
in most lakes, at water depths under the ice of 1-2 m.
Four lakes (Aurora, Mill, Little Rice, and Camp 2)
were too shallow for fyke nets. Traps and nets were
set in each lake for approximately 48 h, usually con-
currently, but always within 24 h of each other.

Summer.—Sampling in summer was similar to the
winter. Minnow traps were placed in approximately
the same locations and fyke nets were set perpendic-
ularly from shore, immediately shoreward from where
they were set in winter. All lakes were sampled with
fyke nets during the summer. A trammel net
(30.5 x 1.2 m; 18 and 2.5 cm square mesh) was added
to increase the variety of sampling gear, and thus to
examine the thoroughness of the methods. All gear
were set concurrently for 48 h. In August 1979, Mill
was resampled, doubling the number of fyke and tram-
mel nets, also to examine sampling thoroughness.

Fishes were identified to species and counted in the
field; a subsample was preserved to verify identifica-
tion. Identification followed keys of Eddy and Under-
hill (1974) and Becker and Johnson (1970).

Environmental sampling

In addition to data from Black et al. (1963; Table 1),
several physical, chemical, and habitat complexity
factors were measured for each lake during the 48-h
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Map of Vilas County, Wisconsin. Vilas County is the center of the Northern Highlands Lake District, where all 18

study lakes are located. Study lakes (solid black areas) are numbered as in Table 1.

fish sampling periods. Each factor was measured in
one season only, but all measurements occurred at
midday, 1100-1300. Some measurements were made
in the alternate season to check for seasonal variation.

In winter, an inshore and an offshore station were
selected in each lake. At each station, a hole was care-
fully drilled through the ice so as not to disturb the
water below (the last bit of ice was gently tapped out
with an ice chisel). Water samples were collected 1-3
cm below the ice-water interface with a siphon sam-
pler (Magnuson and Stuntz 1970), and with a Kem-
merer bottle centered at | m below the interface, if
depth permitted. For oxygen analyses, duplicate sam-
ples from each depth at each station were fixed im-
mediately in the field and titrated (Winkler method,
azide modification, American Public Health Associa-
tion 1976) in the laboratory later the same day. Con-
ductivity measurements were also made on the same
day in the laboratory, using a Hach conductivity me-
ter, Model #2510, (Hach Chemical Company, Love-
land, Colorado) on samples taken at each of the two
stations, warmed to 20°C. Total dissolved solids were
measured on 100-mL water samples, filtered through
0.45-um filters and evaporated at 103°.

In summer, habitat structure was measured for three
variables: depth, substrate type, and macrophytes.
Measurements were made along the same transects
used for the minnow traps, with 15-25 stations in small
and/or structurally simple lakes, and 25-35 stations in
larger, more complex lakes. At each station, water
depth was measured to the nearest | cm, later grouped
into five categories (Table 2). A substrate sample was
taken with an Ekman dredge, and the bottom material

was classified on a five-point scale, based on the pro-
portion of muck, sand, gravel, and litter that was pres-
ent, estimated by visual and tactile inspection (Table
2). Within an estimated 5 m radius of each sampling
station, the macrophytes were classified on a pres-
ence/absence basis for submergent, floating, and
emergent forms (Table 2), from visual inspection.
Where the lake bottom was not visible, presence/ab-
sence of submergent plants was determined by 2-4
dredge samples. Macrophyte measurements were not
made for Aurora until June 1980.

.
Preliminary analyses

Several preliminary analyses were performed on the
data to identify unknown biases prior to analyzing for
fish assemblage structure. For these and all subse-
quent analyses, P < .05 was used as the level of sta-
tistical significance. Rank correlations (Siegel 1956)
were performed on the sampling sequence of the lakes
against dissolved oxygen, surface area, watershed
size, pH and alkalinity. These correlations revealed
no significant trends. Thus sampling sequence should
not bias conclusions relating these variables to fish
assemblage data.

Preliminary analysis of the fish data addressed the
question: did fish samples accurately represent the
available assemblages? Evidence for the adequacy of
sampling comes from the two lakes (Grassy and 33-13)
sampled twice during the summer, 1978, and from
Mill, where in 1979 a resampling with twice the effort
was done. Czekanowski’s similarity coefficients, S.,
were calculated from presence/absence data by the
formula:
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TaBLE 2. Descriptions of the five depth, five substrate, and seven vegetation categories used in calculating habitat diversity

measurements.
bi

Habitat Habitat category

variable 1 2 3 4 S 6 7
Depth (m) 0.00-0.50 0.51-1.00 1.01-2.00 2.01-4.00 4.01-8.00
Substrate >50 litter 1-50 litter; 0-49 sand; 1-50 muck; 0-49 gravel;

(% of 50-99 muck 51-100 muck 50-99 sand 51-100 sand

each type)
Vegetation e f s e, f e,s f, s e, f,s

(type

present)*

* e = emergent (e.g., Sagittaria); f = floating (e.g., Nuphar); s = submergent (e.g., Anacharis).

S, = 2x5

X; + X

where x; is the number of species in the first sample,
x;; is the number of species in the second sample, and
xj, i1s the number of species common to both samples
(Bray and Curtis 1957). S, for Grassy, 33—13, and Mill
were 0.90, 1.00, and 0.86 respectively. Since this rep-
licate sampling involved a doubling or tripling of the
effort but yielded a total change of only one species
in Grassy, one in Mill, and none in 33-13, we con-
cluded that our level of effort was sufficient to obtain
almost all susceptible species. Thus our assumption
was that any sampling inadequacy was relatively mi-
nor, similar for all lakes, and did not significantly bias
comparisons among lakes.

The numbers of individuals caught did not appear
to influence species richness in our sampling. When
we correlated species richness against the numbers of
individuals and In (individuals) for each season only
the correlation with In (winter individuals) was signif-
icant. If four lakes with 0 or 1 individuals (and thus no
degrees of freedom for species richness) were exclud-
ed, this one correlation lost its significance.

Finally, to test for a time trend in sample species
richness, a one-sample runs test and a Spearman rank
correlation (Siegel 1956) of sample richness with sam-
pling sequence were performed. Both tests showed
that there was no significant time trend for either sam-
pling season.

Fish assemblage analyses

We used multivariate techniques of classification
and ordination to detect assemblage patterns in the
fish data. In the matrices, the lakes were rows (enti-
ties) and the species were columns (attributes). Clas-
sifications were from the CLUSTAN 1C package
(Wishart 1975). Association analysis (Williams and
Lambert 1959), with sum of chi-square as the maxi-
mum attribute sum on which cluster division was
based, was used. Ordinations were Bray-Curtis types
(Bray and Curtis 1957, Post et al. 1973). 1.0-S. (Czek-
anowski’s coefficient) was employed as the distance
measure; regression was used for endpoint selection

(Post et al. 1973). Hypotheses generated by the clas-
sification-ordination analyses were examined using
discriminant analysis programs (Schlater and Learn
1974, Dixon and Brown 1979).

Czekanowski’s similarity coefficients, S., between
winter and summer fish assemblages were calculated
for each lake. These were used as measurements of
the seasonal stability of the species compositions. To
standardize sampling effort for these summer—winter
comparisons, data from gear not used in both seasons
were excluded: summer fyke net catches in four lakes
(see Fish sampling, above) and all summer trammel
net catches.

Habitat diversities were calculated for each lake
with the Shannon-Wiener formula, H' = —23p; In (p;)
(Shannon and Weaver 1948), where p; is the propor-
tion of all stations in the i'" habitat category (from
Table 2). Diversities were calculated for the three hab-
itat factors (depth, substrate, vegetation) separately,
all two-factor combinations of the three factors, and
for the three factors combined, using the components
of diversity method (Pielou 1977).

We derived a connectedness parameter for the lake
“‘islands.”” For seepage lakes, these values were equal
to the lakes’ watershed areas (Table 1). For drainage
lakes, the values also included the watershed areas of
the next adjacent lake both upstream and downstream,
obtained from Black et al. (1963). For Maple and
Spruce, seepage lakes with intermittent outlets, we
added only one-half of the downstream watershed
area. We believe that these connectedness values,
while admittedly somewhat arbitrary, are meaningful
ecologically because fishes in drainage lakes have the
connecting lakes and streams as both potential refuges
during severe conditions, and as source areas for po-
tential immigrants.

To examine the relationships between fish species
richness and the lake environments, single and step-
wise multiple linear regressions were performed on
richness vs. the morphometric, limnological, and hab-
itat diversity factors across all lakes, for each season.
Multiple regressions were performed on 15 available
independent variables. These included lake area, max-
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imum depth, alkalinity, and pH from Black et al.
(1963; Table 1), and all factors measured in this study
(Table 3), except mean depth. Because some factors
(pH and the habitat diversity measures) were in a log-
arithmic form, and because many different units of
measurements were used, a log;, transformation was
used on all other environmental data. A log-log model
was also used on the richness vs. lake area regres-
sions, since this is the most standard way of presenting
species-area relationships (Connor and McCoy 1979).
A P = .05 level was used as the entering and leaving
criterion for all multiple regressions.

In addition to the standard stepwise procedure, in
which the independent variable that is most highly cor-
related with the dependent variable is always first to
enter the model, the multiple regressions were also
run by starting with each independent variable as a
base variable (Allen and Learn 1973). For this, the
regression began with the base variable already in-
cluded in the model, regardless of its correlation with
the dependent variable. In this way, a combination of
independent variables more successful (in terms of the
probability level of the model’s F ratio) than that cho-
sen by the standard route could be identified. Corre-
lations were also calculated among the environmental
factors (Appendix I).

REsuLTS
Fish assemblage composition

We caught a total of 23 species, 18 in winter and 22
in summer (Appendix II).

Summer.—In the ordination of summer fish assem-
blages (Fig. 2a), the first two axes accounted for 79%
of the variation. An association analysis, which divid-
ed the assemblages hierarchically into progressively
more similar groups, based on the presence and ab-
sence of key species, corresponded closely to the re-
sults of the ordination. The classification results at the
four-group level are demarcated in Fig. 2a, and the
“‘key’’ and abundant species of each group are listed
in Table 4.

The first division of the association analysis was
based on the presence of the central mudminnow.
(Scientific names for all species are provided in Ap-
pendix I1.) The 7 assemblages with mudminnow had
richnesses of I-11 species (¥ = 5.6), while the 11 as-
semblages without mudminnow ranged from 2-10 (x =
6.1) species. The second division (Fig. 2a) split assem-
blages without mudminnows into Group I (four assem-
blages without black bullhead), and Group II (seven

<«

Fi1G. 2. Bray-Curtis ordinations of fish assemblages for
the 18 study lakes in 1978. Lakes are numbered as in Table
1. (a) Summer. Key species, on whose presence or absence
the first three divisions of the association analysis are based,
are given for the four groups distinguished; (b) Winter; and
(¢) Summer and winter combined.
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TaBLE 3. Morphometric, limnological, and habitat diversity measurements of the 18 study lakes (from the present study).

Diversity (H')#

Total
dis- Depth-
Lake Conduc- solved Sub- sub-
connect- Winter tivity solids Mean Depth- Depth- strate- strate-
edness* oxygen (uS/cm) (TDS) depth Sub- Vegeta- sub- vegeta- vegeta- vegeta-
Lake (km?) (mg/L) at20°C (mg/L) (m)f Depth strate tion strate tion tion tion
1. Apeekwa 117.8 2.36 107 98 1.14 0.90 0.95 1.69 1.71 1.88 2.20 2.20
2. Aurora 35.7 0.28 130 95 0.66 0.91 0.55 1.62 1.21 2.45 1.52 2.52
3. Blueberry 0.5 9.14 36.5 8 2.63 1.16 1.25 0.37 2.02 1.51 1.53 2.13
4. Camp 2 0.5 2.44 58 38 1.08 0.69 0.51 1.08 1.00 1.58 1.41 1.83
5. Gateway 0.3 0.07 141 114 1.09 1.02 0.50 0.93 1.38 1.73 1.48 2.03
6. Grassy 10.1 0.52 112.5 68 0.64 0.88 0.58 1.47 1.37 2.10 1.53 2.34
7. Johnson 185.2 6.48 92 39 1.54 1.20 0.00 0.58 1.20 1.61 1.09 1.61
8. Landing 22.0 1.58 130.5 74 1.72 0.83 1.30 0.78 1.89 1.51 1.54 2.03
9. Little Rice  255.1 0.00 157 92 0.88 0.76 1.19 0.91 1.71 1.71 2.12 2.28
10. Maple 33.08 8.34 43 20 2.00 0.61 1.03 0.50 1.45 1.03 1.16 1.57
11. Mill 38.6 0.00 209 148 0.99 0.83 1.39 0.96 2.06 1.51 1.79 2.38
12. Mystery 83 0.56 67 53 1.18 0.82 0.84 0.65 1.46 1.43 1.41 1.87
13. Nixon 197.6 0.57 92 84 1.44 0.56 0.84 1.55 0.98 1.61 1.98 2.09
14. Spruce 1.3§ 12.26 40 37 2.16 0.79 0.68 0.00 1.23 0.79 0.68 1.23
15. Whitney 339.3 12.52 76 30 1.63 0.43 1.04 0.91 1.28 1.17 1.57 1.77
16. Whynot 0.3 10.11 37.5 29 4.18 0.86 0.62 0.35 1.12 1.03 1.01 1.24
17. 33-6 2.6 2.73 53 34 1.64 1.21 0.86 0.40 1.34 1.42 1.03 1.51
18. 33-13 2.6 5.78 47.5 4] 1.58 0.98 0.53 0.32 1.38 1.31 0.85 1.66

* For seepage lakes, these values are equal to the lakes’ watershed areas (Table 1). For drainage lakes, the values also
included the watershed areas of the next adjacent lake both upstream and downstream.
+ Mean depth was determined by averaging the depths measured at 15-35 sampling stations in each lake (see text). It was

not used in the multiple regression analyses.

{ These were calculated using the general formula H' = — Zp; In (p;), where p; is the proportion of a habitat category

described in Table 2 (see text).

§ Maple and Spruce have intermittent outlets. One-half of the adjacent downstream watershed was added to their watershed

area from Table 1.

assemblages with the bullhead, Table 4). The third
division (Fig. 2a) split the assemblages with mudmin-
nows into Group III (one assemblage with northern
pike) and Group IV (six lakes without pike, Table 4).

All four Group I assemblages (Table 4) contained
largemouth bass, three contained yellow perch, and
three the bluegill. Three Group I lakes are dystrophic,
small, seepage, and relatively deep, with much of their
shorelines formed from sphagnum mat. They con-
tained 2-4 species. The fourth lake (Maple) also has
a considerable proportion of sphagnum shoreline, but
is larger, somewhat shallower and connected to a rel-
atively large watershed via an intermittent outlet. With
7 species, Maple’s summer assemblage was richer
than the other three Group I lakes.

The seven Group II assemblages (Table 4), without
mudminnow but with black bullhead, had summer
richnesses ranging from 5-10 species. Other abundant
species were northern pike, white sucker, yellow
perch, and pumpkinseed sunfish. All seven lakes are
drainage or spring-fed lakes with relatively high levels
of conductivity, pH, and other edaphic-productivity
related characteristics of mesotrophic to eutrophic
lakes.

The Group IV assemblages had richnesses of 1-11
species. All six contained mudminnow, four had yel-
low perch, and four contained at least two minnow
species (Cyprinidae; Table 4). In contrast with the oth-

er groups, these assemblages contained neither large
piscivores (pike, bass) nor sunfishes (Centrarchidae).
Group IV lakes included four seepage lakes and two
drainage lakes with small watersheds. All were shal-
low, with low to moderate winter dissolved oxygen
levels (Tables 1, 3).

The single Group III assemblage with both mud-
minnow and pike had a relatively rich summer assem-
blage of eight species (Table 4). It shared composi-
tional similarities both with the other lakes with
mudminnows (Group IV, e.g., two cyprinids) and the
lakes without mudminnows (especially Group 11, e.g.,
pike, black bullhead, pumpkinseed).

Winter.—The results of the classification and the
ordination of the winter assemblages showed little
agreement. We felt that the ordination resulted in bet-
ter patterns (Fig. 2b). Still, within-group compositional
similarity was not high; only 51% of the variation was
accounted for by the first two axes. From the ordi-
nation, four assemblage groups were subjectively dis-
tinguished (Fig. 2b). Their characteristic species are
summarized in Table 4.

The four winter groups did not correspond well to
the four summer groups. Taken alone, the pattern of
winter assemblages yielded few insights. However, as
with the species richness patterns (see below), they
did show that the relatively clear assemblage relation-
ships of the summer broke down during winter.
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FiG. 3. Seasonal (summer/winter) similarities (S.) for
Umbra-cyprinid (above) and centrarchid-Esox (below) fish
assemblages, based on an equal sampling effort (see Meth-
ods).

Summer-winter (combined).—Although the two sin-
gle-season analyses differed greatly, we were inter-
ested in obtaining a more complete, year-round picture
of the fish assemblages. To do this, the classification
and ordination analyses were run with summer and
winter data sets combined. The classification results
with the combined data were identical to those of the
summer. The ordination (Fig. 2c¢), however, did show
influence of the winter assemblages (e.g., Aurora,
Maple, and Mill were not especially similar in either
season alone, but, showing a similar summer—winter
response, they were grouped closely together). Two
assemblage types were distinguished from the ordi-
nation (Fig. 2¢).

Ecology, Vol. 63, No. 4

The six assemblages with mudminnow but without
pike during summer (Group IV, Fig. 2a) maintained
their integrity as a group especially well on the first
axis of the combined ordination. This axis accounted
for 36% of the variation, the first two axes 56%. The
presence of mudminnow in both seasons appeared to
be a key factor. These six lakes appeared to form a
distinct fish assemblage type. We call them “*Umbra-
cyprinid assemblages’ in Fig. 2c, after their charac-
teristic component species.

The other 12 lakes made up the second major group,
which we call ‘‘centrarchid-Esox assemblages’’ in Fig.
2c. The two groups without mudminnow in summer
(Groups I and II, Fig. 2a) were not as distinct when
winter data were included. The single Group III lake
in Fig. 2a also grouped with these 11 lakes when the
winter data were included (Fig. 2¢).

Seasonal similarity.—The within-lake similarities in
species composition between winter and summer
(based on equal sampling; see Methods) were greater
in Umbra-cyprinid assemblages (S, = .90) than in
centrarchid-Esox assemblages (S, = .35, Fig. 3); the
two assemblage types were significantly different
(Wilcoxon rank sum test). Thus, Umbra-cyprinid as-
semblages were not only similar in their species com-
positions, but also in the seasonal stability of their
compositions. The significantly lower seasonal simi-
larities of centrarchid-Esox assemblages generally re-
sulted from reduced species richness during the win-
ter.

Discriminant analyses.—To describe quantitatively
the separation of the two assemblage types identified
above (Umbra-cyprinid and centrarchid-Esox) we ap-
plied discriminant analysis to the combined summer-
winter data on species presence/absence. Lakes were
assigned to one of the two assemblage types from the
classification-ordination analyses, and the percentages

TaBLE 4. A summary of species composition of the four fish assemblage groups from the summer sampling (upper) and the
winter sampling (lower) identified by the ordination-classification analyses of Figs. 2a and 2b, respectively. Species listed
include those denoted as ‘‘key’’ species by the association analysis and those that were numerically abundant in a majority

of lakes of each group.

Summer

Group |

Group Il
(2-7 species)

(5-10 species)
Black bullhead

Group 111
(8 species)

Group 1V
(1-11 species)

Largemouth bass
Yellow perch
Bluegill

Group 1
(01 species)

Pumpkinseed
or

no species present

Northern pike
White sucker
Yellow perch
Pumpkinseed

Group 11
(14 species)

Yellow perch

Winter

Mudminnow
Northern pike
Black bullhead
Yellow bullhead
Pumpkinseed

Group 111
(1-7 species)

Mudminnow

Black bullhead

Mudminnow

Yellow perch
Golden shiner
Redbelly dace

Group 1V
(4-6 species)

Mudminnow
Pearl dace

Golden shiner
Yellow perch
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TABLE 5. Correlation coefficients (r), statistical significance of r, and linear regression values for summer and winter species
richness (y) vs. each of 15 environmental factors (x) for all 18 assemblages (top), the 12 centrarchid-Esox assemblages
(middle), and the 6 Umbra-cyprinid assemblages (bottom). Multiple regressions for each season and assemblage are given
below the linear regression set.

Summer Winter
y=a + bx y=a + bx
Independent variable r (P < .05) a b r (P < .05 a b
All lakes (N = 18)
1. Log (lake area) .69 * 1.86 3.50 —.08 NS 3.14 -0.26
2. Log (maximum depth) —.47 * 8.25 -5.50 .04 NS 2.69 0.34
3. Log (connectedness + 1) .60 * 3.58 1.96 -.30 NS 3.64 —-0.67
4. Log (alkalinity) .66 * 1.58 3.87 —.02 NS 2.94 -0.09
S. Log (conductivity) .60 * -7.70 7.20 —-.06 NS 3.82 -0.52
6. pH .70 * —-9.98 2.39 .14 NS 0.58 0.34
7. Log (total dissolved solids) 42 NS —0.58 3.85 —-.07 NS 3.59 —0.45
8. Log (winter oxygen + 1) —.42 NS 7.48 -2.83 .02 NS 2.78 0.11
9. Substrate diversity —.08 NS 6.48 —0.66 -.27 NS 4.04 —1.48
10. Vegetation diversity .69 * 2.66 3.93 .00 NS 2.83 0.00
1. Depth diversity —.12 NS 7.33 —1.61 .19 NS 1.36 1.72
12. Depth and substrate .08 NS 4.92 0.72 -.02 NS 2.98 -0.10
13. Depth and vegetation .58 * -0.47 4.22 .07 NS 2.30 0.35
14. Substrate and vegetation .50 * 0.73 3.67 —.16 NS 3.98 -0.81
15. Depth, substrate, and vege- .57 * -2.16 4.25 —.08 NS 3.58 -0.39
tation
Summer richness = 3.75 + 4.56 log Winter richness = —3.15 + 1.14 pH —
area —3.84 substrate diversity 1.30 log (watershed + 1)
R?= .67 P=<.05 R*=.24 P> .05
Centrarchid-Esox (N = 12)
1. Log (lake area) .62 * 2.36 2.92 —.13 NS 2.80 —0.40
2. Log (maximum depth) -.52 NS 8.53 —-4.72 .59 * 0.66 3.42
3. Log (connectedness + 1) 73 * 3.25 2.03 -.28 NS 2.99 —0.49
4. Log (alkalinity) .67 * 2.28 3.44 -.23 NS 3.13 —0.74
5. Log (conductivity) .58 * —3.84 5.32 -.29 NS 5.44 -1.67
6. pH .67 * -7.37 2.02 —.06 NS 3.01 —0.11
7. Log (total dissolved solids) .46 NS 1.23 3.04 -.32 NS 4.50 —1.33
8. Log (winter oxygen + ) —.41 NS 7.66 -2.16 .59 * 1.01 2.01
9. Substrate diversity —.24 NS 7.64 —1.45 -.25 NS 3.12 -0.97
10. Vegetation diversity .66 * 3.81 2.96 =31 NS 3.00 —0.88
11. Depth diversity .09 NS 5.52 0.99 .44 NS -0.23 3.03
12. Depth and substrate -.02 NS 6.49 —0.11 .11 NS 1.59 0.45
13. Depth and vegetation .60 * 1.48 3.27 —.21 NS 3.33 -0.73
14. Substrate and vegetation .37 NS 3.23 2.08 —.46 NS 4.69 —1.64
15. Depth, substrate, and vege- 47 NS 1.29 2.62 —.40 NS 5.00 —1.43
tation
Summer richness = —1.18 + 2.46 log . - _
(watershed + 1) + 4.59 depth Winter richness = —7.28 + 9.94 log

maximum depth + 4.16 log alkalinity

diversity R2=.72 P <.05

R2=.69 P < .05
Umbra-cyprinid (N = 6)

1. Log (lake area) .90 * -0.25 7.02 73 NS 1.24 3.57
2. Log (maximum depth) —.80 NS 10.7 -17.0 -.70 NS 7.04 -9.31
3. Log (connectedness + I) Sl NS 2.40 4.86 .50 NS 2.32 2.94
4. Log (alkalinity) .64 NS 0.67 4.37 41 NS 2.22 1.73
5. Log (conductivity) .74 NS -21.4 14.2 S NS -7.32 6.07
6. pH 72 NS —13.5 2.90 .68 NS -7.00 1.71
7. Log (total dissolved solids) .59 NS —13.8 11.0 41 NS —4.19 4.76
8. Log (winter oxygen + 1) —.81 * 8.94 9.67 -.78 NS 6.28 —5.84
9. Substrate diversity —-.06 NS 6.01 —1.33 .19 NS 2.32 2.63
10. Vegetation diversity .84 * —0.48 6.98 .63 NS 1.36 3.27
11. Depth diversity —.38 NS 12.3 —7.65 —.56 NS 10.6 —7.08
12. Depth and substrate .22 NS —1.42 4.98 .16 NS 1.00 2.27
13. Depth and vegetation .86 * —12.3 10.9 .52 NS —2.65 4.17
14. Substrate and vegetation .85 * -9.22 11.2 .85 * —4.98 6.99
15. Depth, substrate, and vege- .93 * —16.8 11.7 .69 NS -6.17 5.43
tation

Summer richness = 3.47 + 5.23 log
lake area —6.01 log (winter oxygen
+ 1)

R*=99 P=<.05

Winter richness = —4.98 + 6.99
substrate and vegetation
R*=.72 P <.05
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FiG. 4. (a) A discriminant analysis of the fish assemblages in the 18 study lakes from combined data for winter and summer,
1978. Assemblages were assigned to one of two groups (Umbra-cyprinid or centrarchid-Esox) based on the classification/
ordination analyses of Fig. 2. Lakes are numbered as in Table 1. (b) A discriminant analysis of the study lakes using 15
morphometric, limnological, and habitat diversity measurements from Black et al. (1963) and the present study.

of correctly classified lakes were calculated, after Dix-
on and Brown (1979). All species were used in the
analysis (i.e., a stepwise procedure with a critical en-
tering and leaving level was not used).

Separation of the two groups was distinct in the plot
of the 18 assemblages along the discriminant function
(Fig. 4a). All Umbra-cyprinid and centrarchid-Esox
assemblages were correctly classified. The summer
occurrences of mudminnow and redbelly dace and the
winter presence of mudminnow best defined the Um-
bra-cyprinid assemblage type, while the summer pres-
ence of northern pike, pumpkinseed sunfish, and white
sucker best defined the centrarchid-Esox assemblage
type, as indicated by F ratios from univariate F tests
(Tonn 1980). The summer presence of mudminnow,
golden shiner, and bluntnose minnow provided the
greatest discriminatory power to the discriminant
function.

A discriminant analysis also was applied to the log-
transformed environmental data on the Umbra-cyp-
rinid and the centrarchid-Esox lakes. Our purpose was
to evaluate the environmental distinctness between
the two groups of lakes, and to help identify environ-
mental factors contributing to their separation. Lakes
were plotted in the reduced discriminant space, after
Green and Vascotto (1978). Lakes were classified by
the type of fish assemblage present, from the previous
analyses. A clear separation of the two groups resulted
(Fig. 4b), with all lakes correctly classified. Individual
factors which best defined the two groups included our
lake connectedness measurement, lake area, and sub-
strate diversity. The three-component habitat com-
plexity variable (depth, substrate, and vegetation)

depth-vegetation diversity and depth-substrate diver-
sity contributed most to the discriminatory power of
the discriminant function.

Thus, we found two groups of lakes having both
distinctive fish species compositions and environ-
ments.

Fish species richness

Summer.—The relationships between species rich-
ness and some environmental factors were similar in
summer for the Umbra-cyprinid and centrarchid-Esox
assemblages (Table 5). For example, vegetation di-
versity appeared as the most important single com-
ponent of habitat structure in both assemblage types.
Lake area was also significantly related to richness for
both assemblage types.

Other environmental factors were significantly re-
lated to richness in one assemblage type but not the
other. Lake connectedness was significantly related to
summer richness in centrarchid-Esox assemblages but
not for the Umbra-cyprinid type (Table 5). Similarly,
pH, conductivity, and alkalinity were also significantly
related to richness in the centrarchid-Esox lakes, but
not for Umbra-cyprinid assemblages (Table 5). The
three-component habitat complexity factor and winter
oxygen were significantly related to richness for the
Umbra-cyprinid assemblage type, but they were not
for centrarchid-Esox assemblages (Table 5). However,
except for depth and depth-substrate diversity, the
correlation coefficients between species richness and
each environmental factor had the same sign in both
assemblage types during summer.

Multiple linear regressions between summer rich-
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ness and environmental factors also revealed differ-
ences between the two assemblage types. For Umbra-
cyprinid assemblages lake area and winter oxygen
levels accounted for the most variation (Table 5).
Species richness increased with lake area and de-
creased with increasing winter oxygen levels. For cen-
trarchid-Esox assemblages lake connectedness and
depth diversity explained the most variation (Table 5).
Species richness increased with lake connectedness
and with depth diversity.

Winter.—The winter relationships in centrarchid-
Esox assemblages were quite different from their sum-
mer patterns (Table 5). Species richness increased sig-
nificantly with maximum depth and with winter dis-
solved oxygen levels, instead of decreasing as it did
in summer (Table 5). Although the regressions for oth-
er factors were not statistically significant, 13 of 15
were opposite in sign from their summer patterns (Ta-
ble 5). When we correlated the differences in richness
within a lake between summer and winter (corrected
for equal sampling) with the environmental variables,
significant correlations were found with vegetation di-
versity, the three-factor habitat complexity, alkalinity,
lake connectedness, and winter oxygen levels. In the
multiple linear regression, maximum depth and alka-
linity were included in the model (Table 5). Richness
was greater in centrarchid-Esox lakes with greater
depths and higher alkalinities.

For Umbra-cyprinid assemblages, relationships be-
tween species richness in winter and environmental
factors were similar to those for the summer, although
only substrate-vegetation diversity was statistically
significant (Table 5). Richness increased with sub-
strate-vegetation diversity. The within-lake differ-
ences in species richness between summer and winter
were not significantly related to any environmental
factor. In the multiple regression analysis only sub-
strate-vegetation diversity was entered (Table 5).

Thus the two assemblage types, identified initially
by differences in species composition, also differ in
their species richness patterns, particularly in the sea-
sonal changes in richness. These species richness dif-
ferences might easily have gone unnoticed if only sum-
mer patterns in richness had been investigated. These
richness differences undoubtedly reflect differences in
the assemblage structuring mechanisms and/or show
that the same mechanisms can have opposite conse-
quences in two different assemblage types of the same
region.

DiscussioN
The ecological maintenance of the assemblage types

We found two discrete fish assemblage types, *‘Um-
bra-cyprinid’”” and ‘‘centrarchid-Esox,”” each having
broadly repeatable patterns of species composition
and seasonal stability. Both species composition and
richness were seasonally stable in Umbra-cyprinid as-
semblages, but were seasonally dissimilar in centrar-
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F1G. 5. A direct gradient ordination of the 18 study lakes.

Lakes with Umbra-cyprinid fish assemblages are those with
low levels of oxygen during winter and low connectedness.
Lakes with centrarchid-Esox assemblages either have high
winter oxygen levels or are connected to large watersheds
via inlet or outlet streams which can serve as refuges from
low oxygen conditions.

chid-Esox assemblages, especially in those occurring
in productive, low winter oxygen, drainage lakes.

What causes the occurrence of these two discrete
fish assemblage types? We believe that a combination
of winter oxygen concentration and lake connected-
ness is most clearly related to the type of fish assem-
blage that was present. This can be seen in a “*direct
gradient analysis™’ ordination (Whittaker 1973), plot-
ting the lakes in winter oxygen vs. lake connectedness
space (Fig. 5).

Where winter oxygen levels are high, centrarchid-
Esox assemblages occur, with largemouth bass as the
usual top predator. In lakes with low oxygen levels,
the type of fish assemblage present appears to depend
on the presence or absence of a connection to a large
watershed, whose streams or lakes can act as refuges
from the low oxygen conditions. Lakes having direct
connections to a stream or lake had centrarchid-Esox
assemblages in summer. Northern pike tended to be
the top predator in these lakes. During winter, as oxy-
gen levels dropped, we hypothesize that most fish
migrate out of these lakes into stream or lake refuges.
In low oxygen lakes without such a refuge, Umbra-
cyprinid assemblages occur.

Species inhabiting the Umbra-cyprinid lakes are, in
general, better able to survive in lakes with low winter
oxygen levels than species restricted to centrarchid-
Esox lakes (Moore 1942, Cooper and Washburn 1946,
Petrosky and Magnuson 1973, Gee et al. 1978, Klinger
et al. 1982, J. J. Magnuson, personal observation). In
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our study, all 12 species caught in Umbra-cyprinid
lakes during the summer were also caught in these
lakes during winter, at oxygen concentrations <1.0
mg/L.

Several centrarchid-Esox lakes also had low levels
of dissolved oxygen during winter, but they were dis-
tinguished by having greatly reduced, or even non-
existent, winter fish assemblages. Although sampling
biases may have contributed to the depauperate winter
assemblages, we believe that seasonal emigration ac-
counts for most cases. The evidence, though indirect,
comes from several independent lines. Many of the
species missing in these centrarchid-Esox drainage
lakes during the winter were caught with the same gear
in Umbra-cyprinid lakes and other centrarchid-Esox
lakes. Thus they were susceptible to the gear when
present. For these centrarchid-Esox drainage lakes,
similarities (S.) between seasons were significantly
lower than for centrarchid-Esox seepage lakes (Wil-
coxon rank sum test).

The redistribution of fish under the ice in lakes of
reduced oxygen levels has previously been observed
(Moyle and Clothier 1959, Mills 1972, J. J. Magnuson,
personal observation), including the aggregation
around inlet/outlet streams (Cooper and Washburn
1946, Johnson and Moyle 1969). The actual migration
of fish out of a low oxygen lake into the outlet has also
been observed (Johnson and Moyle 1969, J. J. Mag-
nuson, personal observation). Johnson and Moyle
(1969) observed the migration of northern pike, which
was a prominent summer component in all of our cen-
trarchid-Esox drainage lake assemblages, but which
was never caught in these lakes during winter.

A similar pattern, involving a switching of assem-
blage composition from one type to another, was not-
ed by Jones (1973). When a large creek was discon-
nected from a shallow, heavily vegetated lake which
often experienced low winter oxygen levels, the fish
assemblage in the lake was reduced from 11 to 4
species. The species composition changed from one
similar to our centrarchid-Esox assemblages to one
like our Umbra-cyprinid pattern. Jones (1973) attrib-
uted the change to the removal of the creek refuge as
a source for annual repopulation of the lake by the
centrarchid-Esox assemblage after winter. Other
changes in species composition as a result of severe
winterkill have been reported in Michigan (Beckman
1948) and Illinois lakes (Bennett 1948).

While this low winter oxygen disturbance/stream
refuge hypothesis can explain why centrarchid-Esox
species are absent from Umbra-cyprinid lakes (and
from their low-oxygen drainage lakes during winter),
it does not address the complementary pattern: why
are Umbra-cyprinid species rare or absent from cen-
trarchid-Esox lakes? A number of factors may be in-
volved, including predation and/or competition, work-
ing together with differences in habitat complexity.

One of the most readily apparent ecological differ-
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ences between the two assemblage types is the pres-
ence of large piscivorous species (largemouth bass
and/or northern pike) in all 12 centrarchid-Esox assem-
blages, and their complete absence in Umbra-cyprinid
lakes (Appendix II). Do these top predators eliminate
the minnows, mudminnows, and sticklebacks from
centrarchid-Esox lakes? Are Umbra-cyprinid lakes
refuges from predation just as centrarchid-Esox lakes
appear to provide refuges from low winter oxygen
conditions? Perhaps predators lowered population
levels to the point of local extinction (Zaret and Paine
1973). Possibly the habitat in most of the centrarchid-
Esox lakes offers little refuge from predation. The few
centrarchid-Esox lakes in which species characteristic
of Umbra-cyprinid assemblages occurred had the
most rooted macrophytes, and this dense cover may
have provided sufficient refuge to allow the coexis-
tence of small populations of cyprinids or mudmin-
nows.

With the exception of brook stickleback, species
found primarily in Umbra-cyprinid assemblages are
small, soft-rayed forms while their ‘‘replacements,”
those species restricted to centrarchid-Esox lakes, are
chiefly larger, spiney-rayed forms. Most species pres-
ent in both assemblage types also have spines (yellow
perch and black bullhead) or become large (white
sucker). Because spines are antipredator devices
(Hoogland et al. 1957), they could promote coexis-
tence with large predators. Likewise, if both spiney
and spineless species co-occurred with piscivores, the
spineless species should be selected by the predators
(Hoogland et al. 1957, Lewis et al. 1961) and would
more likely be eliminated from the lake.

As an alternative hypothesis, centrarchids might
competively exclude the Umbra-cyprinid species from
centrarchid-Esox lakes. These sunfishes are general-
ized foragers, taking a wide variety of invertebrates
from the sediments, vegetation, and open water, while
the cyprinids often specialize on prey in the plankton
(e.g., golden and blacknose shiners), on vegetation
(e.g., redbelly dace), or even detritus (fathead min-
now) (Keast and Webb 1966, Keast 1970, 1978, Wer-
ner and Hall 1976, 1977, 1979, Gascon and Leggett
1977, Werner et al. 1977, Hall et al. 1979). Sunfishes
should also eat a wider variety of prey sizes than the
smaller cyprinids, mudminnow, or stickleback (Wer-
ner 1979). This generalization of foraging site, prey
type, and prey size has contributed to the general suc-
cess of sunfishes in small glacial lakes (Werner et al.
1977, Werner and Hall 1979). The particular combi-
nation of habitat structure and prey types and sizes
present in centrarchid-Esox lakes may be well suited
to the sunfishes, and resulting competition may lead
to the exclusion of the Umbra-cyprinid specialists.
However, many of these hypothesized cyprinid-cen-
trarchid competitors successfully coexist in other
types of lakes (Werner et al. 1977, Keast 1978, Hall
et al. 1979).
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The predation hypothesis appears to offer the sim-
plest explanation as to why the Umbra-cyprinid
species were rarely found in the centrarchid-Esox
lakes. Thus, we feel that combinations of physical and
biological disturbances and refuges from these distur-
bance agents are the major factors responsible for the
ecological maintenance of these two assemblage
types. Specifically, disturbances come in the forms of
low oxygen levels during winter, and predation. Ref-
uges are provided by connections to well oxygenated
streams or by the absence of predators due to low
winter oxygen conditions. In lakes with predators,
heavy densities of macrophytes may provide limited
refuges from predation, allowing small populations of
some Umbra-cyprinid species to persist. Because of
these combinations of disturbances and refuges, we
agree with Woodin (1978) that communities can be
viewed as ‘‘compilations of species successfully ex-
ploiting refuges in space and/or time."’

Species richness in the two assemblage types

Productivity and habitat complexity.—Summer
species richness in both assemblage types was highly
correlated with measurements related to habitat com-
plexity, particularly vegetation diversity (Table 5).
Summer richness in centrarchid-Esox assemblages,
but not in the Umbra-cyprinid lakes, was significantly
related to factors related to productivity (pH, alkalin-
ity, conductivity, total dissolved solids; Table 5).

Habitat complexity has often been implicated as an
important determinant of species richness in aquatic
habitats. Werner et al. (1978), in a comparison of cen-
trarchid lakes with similar structures from two differ-
ent regions (Michigan and Florida), suggested the as-
semblages were ‘‘saturated,”” and that habitat structure
and morphometry strongly influenced the numbers of
fish species that could coexist. Keast (1978) came to
similar conclusions about many of the smaller, glacier-
formed lakes in North America. Niche segregation and
complementarity have been observed in centrarchid-
dominated assemblages (Werner et al. 1977, 1978,
Keast et al. 1978). Since most species’ niches proved
distinct with regard to one or more habitat factors, the
number of coexisting fish species should increase with
increased habitat complexity and heterogeneity.
Species diversity in several stream fish assemblages
is also closely related to habitat complexity (Sheldon
1968, Tramer and Rogers 1973, Gorman and Karr
1978).

If the habitat complexity: niche complementarity:
species richness relationship applies in our assem-
blages, vegetation diversity should be identified as a
major factor related to species richness. Because we
limited the range of substrates and depths by our se-
lection of lakes, ranges of diversity were relatively
small for these habitat factors. Thus, if habitat com-
plexity contributed to species richness, vegetation
represents the primary habitat dimension along which
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niche segregation and species packing could be dem-
onstrated in our study. Also, we noted previously that
vegetation may provide refuges from predation in cen-
trarchid-Esox lakes and contribute to higher species
richness.

More productive habitats should allow for greater
dietary specialization under conditions of evolutionary
equilibrium (Mac Arthur 1972). Certain resources in
productive habitats may be able to support a species
when they would be unable to do so in unproductive
habitats (Mac Arthur 1965). Productivity, particularly
associated with increased benthic and planktonic food
levels, has been related to fish species diversity else-
where (Nakashima et al. 1977). The reason(s) why pro-
ductivity-related factors appear important in centrar-
chid-Esox assemblages but not in Umbra-cyprinid
assemblages is not known, but might be related to a
dichotomy between equilibrium and nonequilibrium
assemblage types. This idea will be discussed below.

Environmental disturbance.—In Umbra-cyprinid
lakes higher species richness in summer was associ-
ated with lower levels of dissolved oxygen in winter.
This may imply a disturbance-related mechanism. The
lowest oxygen levels (0.07 mg/L in Gateway, 0.52 mg/
L in Grassy, 0.56 mg/L in Mystery) are usually con-
sidered ‘‘severe,”’ capable of killing many species
(Moore 1942, Cooper and Washburn 1946). Yet these
lakes were the richest of the Umbra-cyprinid lakes.

Environmental disturbance, including severity, in-
stability, and unpredictability, has been associated
with both increased and decreased diversity in many
aquatic and terrestrial systems. Kushlan (1976), Ma-
hon and Balon (1977) and Horwitz (1978) all found
lower fish species diversity in unstable environments.
Werner et al. (1978) felt that some of the differences
in fish assemblages between their lakes derived from
fluctuations in water level. Gorman and Karr (1978)
found that their significantly positive relationships be-
tween habitat diversity and fish species diversity broke
down in stream environments that were unstable due
to flooding or human activities.

At “‘intermediate’’ levels of frequency or intensity,
environmental disturbance can promote species rich-
ness (Connell 1978, Huston 1979). An excellent ex-
ample is the work on a marine epifaunal community
by Osman (1977). Diversity was highest on interme-
diate-sized rocks because of their ‘‘optimal’’ frequen-
cy of disturbance. Thomson and Lehner (1976) indi-
cated that environmental instability may have favored
increased diversity in an intertidal fish assemblage. In
spite of the growing theoretical discussions and field
evidence from a variety of communities, we are una-
ware of any studies that demonstrate, or even impli-
cate, environmental disturbance as a major mecha-
nism promoting species richness in freshwater fish
assemblages. This cannot be due to the absence of
these conditions. Disequilibria actually or potentially
occur due, for example, to floods and droughts (Star-
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rett 1951, Larimore et al. 1959, Kushlan 1976, Gorman
and Karr 1978, Harrell 1978, Horwitz 1978), low win-
ter oxygen levels in ‘“‘winterkill’” lakes (Greenbank
1945, Cooper and Washburn 1946, Schneberger 1970),
seasonal fluctuations in the abundance and distribution
of critical resources in temperate lakes (Hall and Wer-
ner 1977, Keast 1978) or the effects of human activities
(e.g., Gorman and Karr 1978).

Low winter oxygen levels might increase species
richness simply by acting as a rarefying agent, reduc-
ing population levels below saturation so that species
coexistence is possible at less intense competition.
This would particularly be likely if the most suscep-
tible species to winterkill are the dominant predators
or competitors of the assemblage (W. M. Tonn, per-
sonal observation). Beckman (1948) and Bennett
(1948) found that growth increased in fish surviving
population reductions caused by a severe winterkill
and attributed this to increased food per fish. Appar-
ently, competition for food had been reduced.

In winter, richness in centrarchid-Esox assemblages
was higher in lakes with higher winter oxygen levels
(Table 5). Thus, richer winter assemblages of this type
occurred in the more “‘benign’" environments in terms
of oxygen concentrations, the opposite of that found
in Umbra-cyprinid assemblages. Winter oxygen levels
were as low in Umbra-cyprinid lakes as in the depau-
perate centrarchid-Esox lakes, though they were ap-
parently not as ‘‘severe’’ to the more tolerant Umbra-
cyprinid species, and thus did not supress winter rich-
ness. This also implicates an ‘‘intermediate’” distur-
bance mechanism operating to increase richness in
Umbra-cyprinid assemblages.

Lake environments with low oxygen levels may be
“‘severe’” for the centrarchid-Esox species, reducing
winter richness in the lakes themselves. However, the
availability of stream/lake refuges may effectively
eliminate any significant ‘*disturbance’” to the popu-
lations, so that when the fish return to the lake in the
spring, the summer species richness of the lake returns
to its relatively high level. Thus, although the seasonal
richness patterns in the lakes themselves were mea-
sured to be unstable, the equilibria of the populations
might be maintained.

Insular factors.—The second factor included in the
multiple regression analysis of richness in Umbra-cyp-
rinid assemblages was surface area (Table 5). Barbour
and Brown (1974) were the first to look at fish species
richness in lakes as a problem of island biogeography.
Their analysis of species-area curves, primarily in
large lakes, yielded slopes of the log-log regressions
that tended to be lower for lake fishes than for plants
and animals on oceanic islands. They attributed this
to either the relative homogeneity of lake environ-
ments as compared to isolated terrestrial habitats, and/
or to historical events that may tend to prevent large
lakes from acquiring as many species as they can sup-
port ecologically.
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The summer species-area slope for the Umbra-cyp-
rinid assemblages was 0.62, much higher than the
range discussed by Barbour and Brown (1974) for as-
semblages with greater than equilibrial numbers of
species. For centrarchid-Esox assemblages, the slope
was 0.29, in the middle of the range noted by Barbour
and Brown for lakes whose fish assemblages are in
equilibrium between colonization and extinction.
While the cause(s) of these different species-area re-
lationships are not known, the values are consistent
with the hypothesis that centrarchid-Esox assemblages
are in ecological equilibrium, while disturbance-in-
duced disequilibrium characterizes Umbra-cyprinid
assemblages.

Summer species richness in the centrarchid-Esox
assemblages was also significantly related to the bio-
geographically important factor of insular connected-
ness (Table 5). A lake which has greater insular con-
nectedness should have an increased immigration rate
and a richer assemblage at equilibrium (Mac Arthur
and Wilson 1967, Magnuson 1976).

SUMMARY AND CONCLUSIONS

We summarize the structural characteristics of the
fish assemblages in our small lakes by a list of assem-
bly patterns. Some were directly supported by our re-
sults (as indicated by a “*D”" following the pattern).
Others received only partial or indirect support (as
indicated by an *'I"") and require further investigation
for direct confirmation, modification, or refutation.

1) Large piscivorous fishes are absent from lakes with
low concentrations of dissolved oxygen in winter
and no stream refuges from these conditions (D).

2) In lakes with high concentrations of dissolved oxy-
gen in winter, or with refuges from low oxygen con-
ditions provided by streams or connecting lakes,
large piscivores are present in the summer (D).

3) Small species tolerant to low oxygen, such as the
mudminnow and several cyprinids, form important
year-round components of the fish assemblages in
lakes without piscivores (D).

4) In those lakes containing large piscivores, the re-
maining fishes are dominated by medium-sized, spi-
ney-rayed species such as centrarchids, bullheads
and yellow perch. The small, soft-rayed species of
the piscivore-free assemblages are either rare or
absent in lakes with large piscivores, just as cen-
trarchids, along with piscivores, are absent from
low winter oxygen lakes (D).

5) In small seepage lakes with high winter oxygen

levels, the top predator tends to be largemouth

bass. The fish assemblages are similar in summer

and winter (D).

Conversely, in larger drainage lakes with low win-

ter oxygen levels, the top predator tends to be

northern pike. The fish assemblages are seasonally
unstable, being much reduced in richness during

6
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winter. Most populations apparently emigrate from
these drainage lakes during winter, obtaining refuge
from the low oxygen conditions (I).

7) Winter oxygen level is an important determinant of
species richness in **Umbra-cyprinid’’ lakes in both
summer and winter. The relationship is negative
and suggests a disturbance-related mechanism op-
erating to increase richness. The species-area slope
for these assemblages also is consistent with the
hypothesis that disturbance-induced rarefaction is
maintaining greater than equilibrial numbers of
species in the richer of these assemblages (I).

8) Productivity, habitat complexity, and lake con-
nectedness are significantly related to summer
species richness in ‘‘centrarchid-Esox’’ lakes.
These are basic components of equilibrium theories
of diversity. The species-area slope of these assem-
blages is in the range of lakes whose fish assem-
blages are hypothesized to be at equilibrium (I).

The identification of these assembly patterns de-
scribes what we feel are ecologically striking fish as-
semblage structures which appear to result from de-
terministic mechanisms of assemblage maintenance.
Only now that these patterns have been described can
meaningful, specific hypotheses be tested by intensive
autecological or experimental studies.
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Appendix I
Correlation coefficients () among the 15 environmental variables for the 18 study lakes. Statistically critical value is 0.47 for

P = .05.
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Log lake area 1.00 —.46 .77 .65 .61 69 45 —29 44 66 —.53 .28 36 .66 .59
Log maximum depth 1.00 —.35 —.62 —.70 —.54 —.74 77 .06 —.73 .33 .17 —.62 —.51 —.64
Log (connectedness + 1) .00 .60 .53 .58 .36 —.19 .20 .49 —40 .08 .25 .58 .37
Log alkalinity 1.00 .84 .8 .80 —.61 .02 .58 —.18 .13 .50 .50 .59
Log conductivity 1.00 .85 .87 —.81 .18 .66 —.07 .32 .65 .70 .76
pH 1.00 .69 —.56 .18 .52 —23 34 39 .60 .62
Log total dissolved solids 1.00 —.81 .00 .62 —.13 .05 .52 .50 .54
Log (winter oxygen + 1) 1.00 —.13 —.62 —.02 —.19 —.70 —.65 —-.75
Substrate diversity 1.00 .01 —31 .74 —.16 49 .32
Vegetation diversity 1.00 —.27 —.07 .80 .74 .77
Depth diversity 1.00 .23 .24 —-32 —-.03
Depth and substrate diversity 1.00 .07 .36 .44
Depth and vegetation diversity 1.00 .56 .84
Substrate and vegetation 1.00 .82
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Appendix 1T

WILLIAM M. TONN AND JOHN J. MAGNUSON
Winter and summer assemblages, and assemblage type designation, for the 18 study lakes, based on the 1978 fish sampling.

Umbra-cyprinid assemblage type.

present in the winter sampling only; S = present in summer only; * = present in both seasons; C-E = centrarchid-

Esox assemblage type; U-C
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