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Effects of Fish and Plankton on Lake Temverature 
I 

and Mixing Depth 

A comparative study of small temperate lakes (<20 square kilometers) indicates that 
the mixing depth or e p i l i i i o n  is directly related to light penetration measured as 
Secchi depth. Clearer lakes have deeper mixing depths. This relation is the result of 
greater penetration of incident solar radiation in lakes and enclosures with high water 
clarity. Data show that light penetration is largely a function of size distribution and 
biomass of algae as indicated by a relation between the index of plankton size 
distribution (slope) and Secchi depth. Larger or steeper slopes (indicative of communi- 
ties dominated by small plankton) are associated with shallower Secchi depth. In lakes 
with high abundances of planktivorous fish, water clarity or light penetration is 
reduced because large zooplankton, which feed on small algae, are reduced by fish 
predation. The net effect is a shallower mixing depth, lower metalimnetic temperature 
and lower heat content in the water column. Consequently, the biomass and size 
distribution of plankton can change the thermal structure and heat content of small 
lakes by modifying light penetration. 

T HERMAL STRATIFICATION OF THE 

water column occurs in most tem- 
perate lakes during late spring and 

summer (1). The epilimnion or upper mixed 
layer, with a fairly uniform temperature, is 
separated from the cooler bottom layer or 
hypolimnion by a middle layer or metalim- 
nion where temperature drops rapidly with 
depth. The mixing depth of a lake has a 
fundamental influence on the physical, 
chemical, and biological processes that take 
place in the water column (2-5). 

Wind-induced transport of heat to deeper 
strata has been considered more important 
in determining the mixing depth than the 
direct absorption of solar energy (3, 6). In 
this report, we show that water clarity, 
associated with the biomass and size distri- 
bution of plankton (algae and zooplankton), 
can influence the mixing depth and heat 
content of small lakes. Physical characteris- 
tics of lakes, such as light and temperature, 
have a profound influence on their biology, 
but the effect of organisms on lake physics 
has been uncertain and generally thought to 
be of secondary importance. 

Solar irradiance may be reflected at the 
surface, backscattered by planktonic parti- 
cles to the atmosphere, and absorbed as heat 
by water. The balance between the two 
losses and heat absorption determines the 
heat content of the surface mixed layer. 
Secchi depth, an index of light penetration, 
can be as shallow as 0.5 m or less in 

hypereutrophic and highly colored (brown- 
water) lakes (7) or as deep as 20 m in clear 
lakes, such as Lake Tahoe (8) .  The deeper 
the Secchi depth, the greater the absorption 
of solar radiation by the water, and the 
smaller the loss of solar energy to the atmo- 
sphere (9). 

Algae have a major influence on water 
clarity and attenuation of light in noncol- 
ored lakes (7, 10) and in oceans (11). Light 
is both scattered and absorbed by algae, and 
the effects depend on their size distribution 
and biomass. Smaller algae (pico- and nano- 
plankton, 0.2 to 20 pm) have greater ab- 
sorption and scattering per unit mass than 
larger algae (>20 km) because their surface 
area per unit mass is larger (22). Fish preda- 
tion on large zooplankton, which graze 
mostly on small algae, is a strong deterrni- 
nant of the biomass and size distribution of 
algae (13). This effect has been supported by 
many experimental and empirical studies 
where low abundance of planktivorous fish 
was associated with high abundance of large 
zooplankton, low biomass of algae, and 
improved water clarity (13-15). Therefore 
fish predation, and the resulting size distri- 
bution and biomass of plankton, might in- 
fluence thermal structure of small lakes by 
changing water clarity where wind-induced 
transport of solar heating to deeper water is 
less important. 

We performed a series of manipulation 
experiments in large enclosures situated in 

u 

A. Mazumder and W. D. Taylor, Department of Biolo- 
Lake St. George, Toronto, Ontario (16). 

P University of Waterloo, Waterloo, Ontario, N2L During May through August, 1986 and 
GI Canada. 1987, we collected data on the size distribu- 

D. J. McQueen, Department of Biology, York Universi- 
ty, North York, Ontario, M3J 1P3 Cahada. tion and biomass of the entire plankton 
D. R. S. Lean, National Water Research Institute, Post community, from bacteria to zooplankton, 
Office Box 5050, Burlington, Ontario, L7R 4A6 Cana- 
da. measured as particulate phosphorus (PP) 

*Present address: National Water Research Institute, (1 7). We also measured size distribution and 
Burlington, Ontario, L7R 4A6 Canada. abundance of Daphnia, algal biomass (chlo- 
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rophyll a) in two size categories (1.2 to 20 
pm and >20 pm), and water clarity. Water 
temperature was measured at each meter 
depth, and the depth of epilirnnion or mix- 
ing depth (1) and heat content (18) were 
calculated. To test our hypothesis further, 
we collected similar data from Lake St. 
George itself (4.3 ha, maximum depth 15 
m) and Haynes Lake (2.1 ha, maximum 
depth 16 m) which had contrasting abun- 
dances of planktivorous fish. Similar data 
were also collected from 27  small Ontario 
lakes [surface area = 0.12 to 1 7  km2, fetch 
(19) < 10 km, maximum depth > 10 m, and 
oligotrophic to hypereutrophic] during Au- 
gust 1988, to search for a relation between 
water clarity and mixing depth. 

The effects of fish predation on plankton 
communities and associated water clarity 

ti ti 

Fig. 1. Seasonal means from weekly samples of 
(A) length of Daphnra in millimeters; (B) abun- 
dance of Daphnra (individuals per liter); (C) bio- 
mass of algae (micrograms of chlorophyll a per 
liter); algae <20 pm, clear; algae >20 pm, dark; 
(D) biomass of plankton (micrograms of particu- 
late phosphorus per liter) in size classes of 0.2 to 1 
pm, clear; >1  to 20 pm, dark; >20 to 200 pm, 
vertical lines; and >200 pm, horizontal lines; (E) 
index (slope) of plankton size dstribution (17); 
and (F) Secchi depth (in meters). Error bars are 1 
SE of the mean, based on weekly samples for (A), 
(B), (C), and (F), and on biweekly samples for 
(D) and (E). In (C), error bars are for total 
biomass. For clarity of illustration, error bars are 
not shown in (D), but error bars in (E) are 
indicative of variation in (D). The abundances of 
planktivorous fish were 0 and 8952 fish per 
hectare in the control and +Fish enclosures, and 
98 and 5500 fish per hectare in Haynes Lake and 
Lake St. George, respectively. 

were similar in the enclosures and in the 
lakes (Figs. 1 and 2). Daphnia were larger 
and more abundant in the enclosures (con- 
trol) without fish and in the lake (Haynes 
Lake) with few planktivorous fish. These 
large Daphnia were associated with reduced 
bigmasses of algae, especially algae <20 pm, 
reduced biomass (PP) of pico- and nano- 
plankton (0.2 to 20 pm), and smaller or 
shallower index (slope) of plankton size 
distribution (1 7). The net effect was a signif- 
icant (paired t tests done separately for 
enclosures and lakes, for all dates together 
for the whole season or each month, 
P < 0.01) increase in water clarity (Figs. 1 
and 2). Among the enclosures with and 
without fish, Secchi depths were not signifi- 
cantly different only during May (Fig. 2A). 
Our observation that fish can change water 
clarity by changing the size distribution and 
biomass of  lankt ton is consistent with manv 
earlier studies where changes in the abun- 

u 

dance of planktivorous fish changed water 
clarity (13-15). 

Temperature at the surface was higher in 
the enclosures without fish on all four dates 
(Fig. 2). In all of the enclosures, mixing 
depths were poorly defined in May. As the 
season progressed, mixing depth increased 
in the enclosures without fish, but not in the 
enclosures with fish (Fig. 2A). The water 
temperature at specific depths in the meta- 
limnion (4  to 8 m) was 3" to 8°C higher in 
the enclosures without fish. 

Inde~endent observations from two lakes 
also support the concept that fish, by chang- 

Fig. 2. Monthly means (from weekly 
samples) of Secchi depth and tempera- 
ture profiles for (left) enclosures with- 
out fish (control) and with fish, and 
(right) for lakes with low (Haynes 
Lake) and high (Lake St. George) 
abundances of planktivorous fish. Sec- 
chi depths (in meters) are illustrated by 
vertical lines in upper left of each panel; 
error bars are 1 SE calculated from four 
measurements per month (from each 
lake and from each of the two replicate 
enclosures with and without fish). 
Numbers beneath the month on each 
panel are average monthly heat content 
(in kilocalories per square centimeter) 
(18). 

ing size distribution and biomass of algae 
and associated water clarity, can influence 
the thermal structure of small lakes (Fig. 
2B). In May 1987, temperature profiles 
were similar for both lakes, but as the sum- 
mer progressed, these two lakes exhibited 
increasingly different temperature profiles. 
Mixing depths were deeper in Haynes Lake 
(P,< 0.05, for four weekly measurements 
from each month). In July and August, 
temperature at specific depths in the meta- 
limnion (4  to 8 m) were 6" to 13°C higher 
in Haynes Lake than in Lake St. George. 

Fish also influenced the heat content of 
enclosures and lakes (Fig. 2, A and B). En- 
closures without fish had higher 
(P < 0.001, for eight measurements per 
treatment Der month) heat content than the 
enclosureskith fish. similarly, the heat con- 
tent was higher (P < 0.005, for four mea- 
surements per month) in Haynes Lake than 
in Lake St. George during May through 
August. Haynes Lake gained heat continu- 
ously during this period, while Lake St. 
~ e o r ~ e  !gained heatonly during spring and 
early summer, and lost heat after July. If 
wind-induced transport of heat associated 
with lake morphometr-y was the principal 
force in regulating the mixing depth of these 
lakes, then Lake St. George should have had 
a deeper mixing depth-and greater heat 
content than Haynes Lake because its fetch 
is twice as long as for Haynes Lake, but the 
opposite was observed. 

- - 

Our suggestion that water clarity is a 
function of biomass and size distribution of 

Temperature ( OC) 
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plankton (slope), and that high water clarity 
causes deeper mixing depth is also support- 
ed by empirical relations between the index 
of plankton size distribution and water clar- 
ity [Fig. 3A; S = 15.11 ? 0.89 - (42.55 ? 

3.43) slope, SE = 0.96; S, Secchi depth] 
and between water clarity and mixing depth 
[Fig. 3B; E = 1.36 + (0.76 ? 0.049) S, SE 
= 0.623; E = epilimnion] for 27 Ontario 
lakes. Data from our experimental enclo- 
sures and from the two lakes with high and 
low abundance of planktivorous fish con- 
form to these relations. For the lakes of this 
study, log fetch (the conventional predictor 
of mixing depth that has typically been 
used) was not a good predictor of mixing 
depth (Fig. 3, inset); 38 lakes from Ontario 
(4, 6, 20) and Wisconsin (7) studied by 
others also conform to the Secchi depth- 
mixing depth relation. Furthermore, an in- 
crease in water clarity following experimen- 
tal acidification of Lohi Lake (20), one of 
the Ontario lakes. was associated with an 
increase in metalimnetic temperature, hypo- 
limnetic heating rate, and mixing depth. 
Decreased water clarity following nutrient 
enrichment of lakes has been associated with 
shallower mixing depth and lower heat con- 
tent (21). 

Why have others obtained good correla- 
tions between mixing depth and fetch (3), 
while we found a poor relation for small 
Ontario lakes? The answer may lie in the 
range of size or fetch of lakes used in their 
models. If lakes are small ( < l o  km fetch) 
the prediction of mixing depth from fetch is 

poor (4, 6). The strength of the relation 
between fetch and mixing depth (3) may be 
mainly because of data from large lakes, 
which tend to be clear, and more affected by 
wind. Gorham and Boyce (5)  showed that a 
single model for predicting mixing depth 
from fetch cannot be used for both small 
(<25 km2) and large lakes, and concluded 
that small and large lakes behave differently. 

In the absence of wind effects, the depth 
of light penetration sets the lower limits of 
mixing depth. A good example would be the 
mixing depths in small, deep lakes with high 
water clarity. For example, in Crawford 
Lake, a small (0.2 ha) clear (Secchi depth 7 
to 9 m) lake near Burlington, Ontario, 
where wind effect is negligible, mixing 
depth is roughly three times as great (22) as 
would be predicted from its fetch (3). The 
importance of water clarity in influencing 
mixing depth can also be illustrated by 
comparison of Lake Tahoe (23), Nevada 
(500 km2, 27 km fetch), with Lake Simcoe 
(24), Ontario (736 km2, 30 km fetch). Lake 
Tahoe, one of the clearest (Secchi depth, 20 
to 42 m) lakes in the world, has a mixing 
depth of 18 to 20 m compared to 8 to 10 m 
for Lake Simcoe (Secchi depth, 3 to 5 m). 

We conclude that among small lakes the 
biomass and size-distribution of plankton, 
which is largely determined by fish preda- 
tion, can strongly influence the water tem- 
perature and mixing depth by modifying the 
underwater light environment. Lakes with 
similar size, but greater water clarity, will 
have deeper mixing depths and greater heat 

content. That organisms in lakes can influ- 
ence their physical environment, such that 
reduced algal biomass and primarp produc- 
tivity will increase both light penetration 
and temperature, and vice versa, may con- 
tribute to ecosystem homeostasis. 

Fig. 3. (A) Relation between slope 
(index of plankton size distribu- - lo: 

tion) and Secchi depth for enclo- E 8- 
sures with and without fish, the 5 
two lakes with low (Haynes Lake) $ 6 - 
and high (Lake St. George) abun- 
dances of fish, and 20 Ontario 4 -  
lakes. (B) Relation between water 2 
clarity (Secchi depth) and epilimni- 2  - 
on or mixing depth for 27 survey 
lakes, Haynes Lake, Lake St. 7 
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Phenotypic Switching in Mycoplasmas: 
Phase Variation of Diverse Surface Lipoproteins 

The ability of some microorganisms to rapidly alter the expression and structure of 
surface components reflects an important strategy for adaptation to changing environ- 
ments, including those encountered by infectious agents within respective host 
organisms. Mycoplasma hyorhinis, a wall-less prokaryotic pathogen of the class Molli- 
cutes, is shown to undergo high-frequency phase transitions in colony morphology and 
opacity and in the expression of diverse lipid-modified, cell-surface protein antigens. 
These proteins spontaneously vary in size, contain highly repetitive structures, and are 
oriented with their carboxyl-terminal region external to the membrane. Thus, myco- 
plasma membrane lipoproteins generate microbial surface diversity and may be part of 
a complex system that controls interactions of these organisms with their hosts. 

S EVERAL MICROBIAL SPECIES SHOW 

reversible, high-frequency changes in 
phenotype, including oscillating ex- 

pression (phase variation) or antigenic di- 
versification of surface macromolecules (1, 
2). In many instances, components associat- 
ed with phase variation in bacteria are con- 
trolled by complex regulatory systems that 
affect both physiologic processes and viru- 
lence of the organisms (1). 

We have investigated the presence of anti- 
genic and phase variation in Mycoplasma 
hyovhinis, one of over 70 species in the 
genus Mycoplasma. Like several members of 
this group, M.  hyovhinis is an animal patho- 
gen. It causes rhinitis, polyserositis, and 
chronic experimental arthritis in its natural 
swine host (3, 4). This agent is also a 
common contaminant of tissue cell cultures 
where it propagates as a cell-surface parasite 
(5 ) .  Isolates of M. hyorhinis differ with re- 
spect to pathogenic potential (4), the ability 
to adsorb to cells in vitro (4, requirements 
for independent growth in agar medium ( 7 ) ,  
and antigenic characteristics (4, including 
marked differences in the expression and size 
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of lipid-modified, integral membrane pro- 
tein antigens at the cell surface that are 
recognized by monoclonal antibodies (9). It 
is important to determine whether pheno- 
typic differences within this species arise 
from accumulated mutational events specify- 
ing particular characteristics of an isolate or, 
rather, reflect intrinsic, heritable mecha- 
nisms for generating diversity within popu- 
lations in order to understand the interac- 
tions of this species, and perhaps several 
other pathogenic mycoplasmas, with their 
respective hosts. For this reason, we ana- 
lyzed M. hyorhinis strain SK76, an arthrito- 
genic swine pathogen (10) obtained as a 
multiply filter-cloned isolate, for its ability 
to diversify phenotypically during indepen- 
dent, cell-free growth in vitro. 

Early and late (over 100) passage broth 
cultures of M. hyorhinis showed consistent 
heterogeneity in colony morphology when 
plated on standard agar medium (Fig. 1, A 
to D). A stable proportion of three "mor- 
photypes" (indicated as a percentage of the 
colonies plated from filtered broth culture) 
was independent of the number of passages: 
a small-diameter S morphotype with a 
prominent center (98.6%), an intermediate- 
size M morphotype with a flat appearance 
and rough surface (1.3%), and a large- 

diameter L morphotype with a hemispheri- 
cal rounded shape A d  smooth &face 
(0.1%). Several rounds of single colony 
isolation and filter cloning yielded purified 
cultures of each morphotype (Fig. 1, A to 
C), which were easily distinguished when 
plated as a mixture (Fig. 1D). However, 
close examination of subiloned populations 
("lineages"), derived from serial rounds of 
sinkle colony isolations, showed switching 
of iach morphotype to both of the other 
morphotypes. Further analysis of lineages 
derived from "switched" progeny showed 
additional switching, either reverting to the 
original or again generating alternate phe- 
notypes. Oscillating morphotypic switches 
of L, S, and M morphotypes were quantita- 
tively monitored in severd lineages (n) with 
the following ranges of switch frequencies 
(fraction of switched phenotype per cell per 
generation) (1 1): S -t L [(0.1 to 
43) x n = 61; L +  S [(0.7 to 
2.9) x n = 51; S -t M [(0.7 to 
64) x n = 101; M - t  S [(1.0 to 
6.2) x n = 81; L - t  M (0.2 X 

n = 1); and M +  L [(1.3 to 4.8) X 

n = 31. Mean frequencies for these transi- 
tions ranged from 0.2 x to 
14.4 x Extremely high switch fre- 
quencies (-3 X the maximum mea- 
surable) were apparent in some lineages, 
where virtually every colony plated showed 
one morphotype spawning "sectors," subse- 
quently shown to represent a switch to a 
&&rent morphotype-(~ig. 1, inset). 

A second phenotype showing diversity in 
M. hyorhinis populations was colony opacity. 
Subcloned lineages of each morphotype 
showed heterogekeitv in this feature, which 

u ,  

was therefore not linked to colony morphol- 
ogy. Lineages of L variants (the most easily 
observed &orphotype) generated oscillating 
transparent (tr) or opaque (op) populations 
(Fig. 1, E to G) with a high frequency of 
switching with respect to this characteristic: 
tr + op '[(0.3 to 74) x ~ o - ~ ,  n = 81 and 
o p +  tr [(3.2 to 93) x n = 171. In 
several additional lineages, sectoring was 
observed in all colonies plated. The ability to 
undergo reversible high frequency, indepen- 
dent switching of colony morphotype, and 
opacity was a heritable feature of the orga- 
nism. 

An additional phenotypic instability was 
identified in subcloned M. hyorhinis popula- 
tions by i h n ~ n o s t a i n i n ~  colonies with the 
monoclonal antibody (MAb) F192C17a to 
assess expression of corresponding epitope- 
bearing lipoproteins (9). Unlike the uniform 
immunostaining of colonies obtained with 
polyclonal antibodies to M ,  hyorhinis or the 
MAb AB3C to p70 ( I Z ) ,  a strain-invariant 
surface protein df this species (9), the stain- 
ing obtained with MAb F192C17a was 
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