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Abstract

Northern temperate lakes often have high water color because of high concentrations of dissolved organic carbon
(DOC). Altered light, temperature, and oxygen profiles in these brown-water lakes should reduce the foraging
abilities of planktivorous fish and reduce predation on zooplankton and invertebrate predators such as Chaoborus.
Additionally, reduced diurnal vertical migration should limit exposure to cold temperatures and increase zooplankton
growth rates. We hypothesized that, with increasing water color, Chaoborus would become more important, and
this change would be followed by a shift in the zooplankton assemblage toward larger species. To test this hypoth-
esis, we carried out a 2 X 2 X 2 factorial enclosure study to examine the effects of high and low color and the
presence and absence of both fish and Chaoborus on zooplankton assemblages. We also analyzed the zooplankton
community structure of two lakes with similar morphometry and fish composition but very different water color.
Both studies showed that, in highly colored water, Chaoborus was more abundant and the zooplankton community
shifted from small species, such as Bosmina and small copepods, to large species, such as Daphnia and Holopedium.
Concurrently, the food web structure changed from top-down control to intraguild predation. Because not only the
physical habitat differs between clear- and brown-water lakes, but also the predation regimes and food web structure,

we conclude that brown-water lakes are a distinct lake type.

The humic compounds of DOC are the mgjor factor con-
trolling water color in lakes (Thurman 1985; Pace and Cole
2002). DOC concentrations vary from 0.5to 20 mg C L1,
enough to span the range from crystal clear to darkly tea-
colored waters. Elevated levels of DOC (>5 mg L) are
typical for many northern temperate lakes. A study including
more than 1,000 Finnish lakes revealed that >80% had DOC
concentrations >5 mg L~* (Kortelainen 1993). The propor-
tion of lakes with elevated DOC in the northeastern United
States and Ontario, Canada, is about 40% (Carter at al. 1980;
EMAP 1996).

Attenuation of light by DOC could be detrimental to fish
planktivory in two ways. low light could directly interfere
with visual foraging by planktivorous fishes, and DOC could
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also enhance a refuge within which zooplankton can avoid
fish. Reduced light intensities are well known to decrease
both the reactive distance of planktivorous fish (Vinyard and
O'Brien 1976; Wright et a. 1980) and their overall predation
rate (Persson 1986; Bergman 1987). At adequate light levels,
planktivorous fish select larger, more visibly conspicuous
prey (Brooks and Dodson 1965; Taylor 1980), but in dim
light, they lose their ability for size-selective predation (Jans-
sen 1980).

By absorbing light, DOC could also enhance a refuge for
zooplankton from fish. In many lakes, zooplankton undergo
diurnal vertical migration (DVM). During the day, they hide
from visual predators by remaining in deeper, darker waters
but rise at night to feed in more alga-rich surface waters
(Zaret and Suffern 1976; Gliwicz 1986; Ringelberg 1991).
The cost of this defense against fish is that deeper waters
are colder. Zooplankton egg development, and therefore pop-
ulation growth rate (r), is critically dependent on water tem-
perature, and a prolonged time period spent in the cold hy-
polimnion reducesr (Bottrell et a. 1976). With the high rate
of light absorption found in high-DOC lakes, the metalim-
nion and even the epilimnion might have areas of dark but
warm water. Zooplankton might be able to remain in warmer
water with more abundant algal food, while still protected
from fish. Perhaps for these reasons, the extent of DVM is
reduced in water that is less clear (Dodson 1990).

DOC absorbs infrared light, which can lead to a shallower
and warmer epilimnion and a colder hypolimnion (Fee et al.
1996; Snucins and Gunn 2000). Moreover, the hypolimnia
of high-DOC lakes tend to have lower oxygen levels than
clear lakes, making them less accessible to fish. Oxygen lev-
els are reduced in colored lakes partly because bacterial pro-
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duction is enhanced by DOC (Hessen and Andersen 1990;
Arvola et al. 1996) and also because rapid warming in the
spring causes these lakes to stratify early, before water mix-
ing can replenish oxygen levels in the hypolimnia. Hypoxia
is restrictive to fish but not most zooplankton. Therefore, the
hypolimnia of high-DOC lakes could provide refugia for
zooplankton against fish predation because they are both too
dark for fish feeding and too low in oxygen for fish survival.

Unfortunately for the zooplankton, the same conditions
that make high-DOC lakes favorable for avoiding fish pre-
dation also make them better environments for supporting
large invertebrate predators. Planktonic macroinvertebrates
such as larvae of the phantom midge Chaoborus (Chaobor-
idae, Diptera) are voracious predators of zooplankton, often
playing as important arole as fish in zooplankton population
dynamics (Kagjak and Rybak 1979; Johannsson et a. 1994;
Ramcharan et al. 2001a,b). Because chaoboridae are large
and conspicuous, these predators are themselves favored
prey of planktivorous fishes, and they typically employ
DVM to avoid fish just as smaller zooplankton do (Stenson
1980; Rahel and Nutzmann 1994). In high-DOC lakes, in-
vertebrate predators would have the same benefits as their
zooplankton prey: faster development time and a low-oxy-
gen hypolimnetic refuge from fish.

If elevated levels of DOC do interfere with fish plankti-
vory, then large invertebrate predators should enjoy a double
advantage. In high-DOC lakes, not only should predation
from fish be relaxed, but also competition from fish for zoo-
plankton prey. Most invertebrate predators are tactile, not
visual, hunters, and unlike fish, they do not rely on light to
detect prey (Giguere 1980).

With their different feeding modalities, the two types of
planktivores—fish and invertebrates—exert divergent selec-
tive pressures on zooplankton communities. In general,
planktivorous fish feed on the largest, most visibly conspic-
uous prey, mainly invertebrate predators and large cladoc-
erans and copepods, resulting in a zooplankton community
dominated by small zooplankters such as Bosmina and ro-
tifers (Brooks and Dodson 1965; Taylor 1980; Wissel and
Benndorf 1998). Invertebrate predators are gape limited and,
in some cases, handling limited. Although some large spe-
cies of invertebrate predators can consume the same sizes of
zooplankton prey that fish eat, these prey are not preferred
(Pastorok 1981). In contrast to fish, invertebrate predators
mostly consume small- to medium-sized prey (Taylor 1980;
Riessen et al. 1988), and zooplankton communities subjected
to heavy invertebrate predation are commonly dominated by
large-bodied species (Riessen et al. 1988).

Because of the effects of DOC on vertical gradients of
light, temperature, and oxygen, we hypothesize that the ef-
fect of planktivorous fishes on zooplankton communities
should be strongest in clear lakes. As a result, invertebrate
predators should be relatively unimportant, and the zoo-
plankton of clear-water systems might be mostly rotifers,
small-bodied cladocerans, and copepods. In colored lakes
with high levels of DOC, feeding by planktivorous fish
should be impaired. Invertebrate predation should then be
the dominant force structuring the zooplankton community.
Large-bodied zooplankton such as daphnids and large co-
pepods should be prevalent. Thus far, some of the strongest
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effects of invertebrate predation have been found in brown-
water lakes (Carpenter et a. 1985; Ramcharan et al. 2001c).

To test the hypothesis that DOC has important effects on
fish planktivory, we performed an enclosure study and also
made use of data from a whole-lake fish manipulation ex-
periment. The goals of this study were (1) to determine
whether water color influences the relative importance of fish
and Chaoborus as planktivorous predators and (2) to inves-
tigate the effects of DOC-mediated changes in predation re-
gimes on zooplankton community composition. We chose
two lakes for the enclosure study that were similar in mor-
phometry and water chemistry, but contrasted in water color.
Longairy Lake had clear water, whereas Clarke Lake was
colored. In each lake, enclosures treatments were set up with
and without planktivorous fish and with and without Chao-
borus. We also took advantage of a previous whole-lake ex-
periment, wherein all fish had been removed and just asingle
species restocked in two lakes that were otherwise similar
but contrasted greatly in their water color. Analysis of spe-
cies composition of zooplankton and Chaoborus in these two
lakes allowed us to study the influence of DOC on plankti-
vory regime in natural systems.

M ethods

Enclosure study—The enclosure study was conducted in
the summer of 2000 in two lakes (45°32'N, 78°32'W) with
contrasting water color located in Algonquin Park, Ontario,
Canada. Longairy Lake had clear water, whereas Clarke
Lake had brown water. The lakes were <1 km apart and had
similar morphology and water chemistry (Table 1). In par-
ticular, values for total phosphorus and pH, two parameters
that often differ between clear and colored lakes, were nearly
identical in our study lakes. As would be expected from its
high levels of DOC, Clarke Lake had lower Secchi depths
and higher water color than Longairy Lake.

Each enclosure was made of transparent non—UV-coated
polyethylene with a diameter of 1 m and a length of 8 m.
They were suspended in the water column from a floating
wooden frame anchored at the 10-m isopleth in each of the
lakes. The top of each enclosure was 0.5 m above the water
level, and the bottom was sealed and anchored to the lake
bottom. The enclosed water column was approximately 7 m
deep with a volume of 5,500 liters.

The predators chosen for our experiments were golden
shiner (Notemigonus crysoleucas) and Chaobor us trivittatus,
and the enclosures were initialized within the upper range
of natural predator levels (fish, 40 kg ha~*; Chaoborus, 0.3
individual L-1%). Golden shiner was chosen over northern red-
belly dace, pumpkinseed, and yellow perch because this spe-
cies had the highest survival rates in a preliminary experi-
ment that we conducted using enclosures suspended in a
moderately stained lake (Boeing and Wissel unpubl. data).
C. trivittatus is the largest chaoborid that co-occurs with fish.
Chaoborids this large typically have strong effects on the
species composition and biomass of a wide range of prey
(e.g., Arnott and Vanni 1993; Ramcharan et a. 2001b),
which we thought would enhance our ability to detect the
signal of invertebrate predation in a short duration experi-
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Table 1. Characteristics of study lakes. Longairy Lake (clear water) and Clarke Lake (brown water) were the site of enclosure experiments
carried out during the summer of 2000. Cecil Lake (clear water) and Bena Lake (brown water) were voided of fish in spring 1999 and
subsequently restocked with equal amounts of brook trout. For these latter two lakes, water color and Secchi depth values are given for

both July 1999 and June 2000.

Longairy Lake Clarke Lake Cecil Lake Bena Lake
Area (ha) 28.3 25.3 15.8 12.6
Maximum depth (m) 174 11.3 16.2 10.2
Mean depth (m) 6.0 53 — —
pH 6.8 6.4 — —
Total phosphorus (ug L—%) 13.2 12.3 — —
Color (PTU) 20 53 16/24 75/86
Secchi depth (m) 25 5.0 45/2.7 2.0/15

ment. Furthermore, if a species this large were found to sur-
vive well with fish in water conditions of high color, smaller
chaoborids should be affected even less by fish predation.
Three replicates of this 2 X 2 X 2 factorial design (Color
X Fish X Chaoborus) resulted in a total of 24 enclosures.

Ten days prior to the experiment, the enclosures were
filled using a fire pump directed through a 200-um mesh.
After temperature stratification was established (3 d), we col-
lected a mix of the natural zooplankton communities from
both study lakes by taking an equal number of vertical net
hauls (7 m to surface) in each lake with a plankton net (130-
um mesh size). The sampled volume of water represented
the combined volume of all 24 enclosures. Subsequently,
equal aliquots of the zooplankton mix were added to each
enclosure. The zooplankton was allowed to acclimate and
grow for 1 week before predators were added. Chaoborus
was added to the enclosures 1 d prior to fish to alow chao-
borids to distribute vertically and avoid artificially high pre-
dation losses to fish.

Every 8 d for about 6 weeks, we sampled the zooplankton
with a closing net (inside diameter (&) 30 cm, 130-um mesh
size) deployed at three depth intervals (0-3, 3-5, 5-7 m).
Prior to zooplankton sampling, we took temperature and ox-
ygen profiles as well as Secchi depth readings. Day/night
distribution of the zooplankton (on days 16 and 40 since the
start of the experiment) and chlorophyll a (Chl a) and total
phosphorus (TP) were determined twice (days 8 and 32). The
sampling order for the two lakes was random; Clarke Lake
(high DOC) was sampled first on days 0 and 24.

Zooplankton and Chaoborus samples were preserved in
4% sugar-saturated formalin (Haney and Hall 1973), iden-
tified to species (Brooks 1957; Saether 1970), and enumer-
ated under a dissecting microscope. For cladocerans and co-
pepods, we distinguished between large (>1 mm length) and
small individuals (<1 mm length). Within each size class,
we measured approximately 10 individual s/species and used
published estimates of species-specific weights provided by
Bottrell et al. (1976) in order to calculate biomass. Because
the biomass estimate was based on a low number of indi-
viduals, we performed all statistical analyses solely on abun-
dances.

Water color was measured as absorbance at 440 nm (Cuth-
bert and del Giorgio 1992) and expressed in cobalt platinum
units (PTU). For Chl a and TP determination, we randomly
selected two of the three replicates per treatment (time con-

straints due to sample filtering immediately after collection
did not alow us to use al three replicates). We used a pump
sampler to collect 0.5 liters of the upper (0—3 m) and lower
(3—7 m) part of each enclosure. After separating the edible
(<30 um) and inedible fractions (>30 wm) with a Nitex
mesh, both fractions were filtered through GF/C filters and
extracted overnight in 100% acetone, and Chl a concentra-
tion was measured fluorometrically. Total phosphorus was
analyzed according to standard methods by the Ontario Min-
istry for the Environment (OME 1984). To ensure compa-
rable fish biomass in al fish treatments throughout the ex-
periment, every 4 d, we verified fish survival using a
submersible video camera and a large 1-m-diameter net (0.5-
cm sguare mesh). Whenever dead fish were discovered, they
were removed and replaced immediately. After the second
sampling date (day 8), we added small amounts of phospho-
rus and nitrogen (5 ug P L%, N:Pratio 30:1) to each en-
closure to counterbalance nutrient depletion from sedimen-
tation.

Lake study—Enclosure experiments are a valuable tool in
aguatic sciences to test hypotheses under fairly natural but
controlled conditions without sacrificing replication. Never-
theless, any mesocosm is an abstraction of nature with com-
promises in terms of species diversity, time, and habitat char-
acteristics. For these reasons, patterns found in mesocosm
studies are more convincing when verified with whole-lake
experiments (Carpenter 1989). The Algonquin Fisheries As-
sessment Unit (AFAU) had selected two lakes of similar
morphometry (Cecil and Bena Lakes; Table 1) in order to
study different methods of sampling fish. Fortunately, these
two lakes strongly differed in water color. In spring 1999,
both lakes were fished to depletion with several types of gear
and then restocked with brook trout (Salvenius fontinalis),
an opportunistic feeder on benthos, zooplankton, and small
prey fish (Scott and Crossman 1973). After the experiments
involving fishing gear, both lakes remained undisturbed and
their remote location in the interior of Algonquin Park pre-
vented recreational fishing and other human influences.

In July 1999 and June 2000, we used a closing net (& 30
cm, 130-um mesh size) to collect zooplankton from the
epi-, meta-, and hypolimnia at the location of maximum
depth of both lakes. Measurements of temperature, oxygen,
and Secchi depth, as well as processing of samples, were
carried out as described above for the enclosure experiments.
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Table 2. Main effects and interaction p-values (three-way
ANOVA, SAS version 8) for Secchi depth (m), temperature (°C),
and oxygen (mg L~%) at 1 and 5 m for the first five sampling dates
of the enclosure study performed in summer 2000. Secchi depth
values for the first sampling date were not available. Results for
main factors and interactions with p > 0.05 are omitted.

1 2 3 4 5

Secchi depth

Color 0.0001 0.0001 0.0001 0.0001

Fish 0.004 0.02 0.01 0.0001

Color X Fish 0.04 0.01 0.006 n.s.
Temperature

Color (1 m depth) 0.0001 n.s. n.s. 0.0001 0.0002

Color (5 m depth) 0.0001 0.0001 0.0001 0.0001 0.0001
Oxygen

Color (1 m depth) 0.0001 n.s. n.s. n.s. 0.0002

Color (5 m depth) 0.0001 0.0001 0.0001 0.0001 0.0001

Data analysis—To test for both main and interaction ef-
fects in the enclosure experiments of the factors Color (clear-
water Longairy Lake or dark-water Clarke Lake), Fish, and
Chaoborus on the zooplankton assemblage, we performed
three-way multivariate analyses of variance separately for
each sampling day. The abundances of zooplankton were
first grouped into different taxa (Daphnia, Holopedium, Bos-
mina, small copepods, large copepods, and Asplanchna) be-
fore being used as independent variables. Other taxa were
only found at negligible abundances. We used the Wilk’s
lamda test for the zooplankton assemblages and an F-test for
the individual groups. To analyze the effects of the experi-
mental treatments on water temperature, oxygen concentra-
tion, Secchi depth, Chl a, and total phosphorus, we per-
formed three-way analyses of variance for the appropriate
sampling dates. For both temperature and oxygen, we lim-
ited the analysis to the depths of 1 and 5 m. In the whole-
lake experiment, we tested for differences in zooplankton
composition between the lakes using a paired t-test (1999
vs. 2000). We limited our analysis to the abundance of large
cladocerans (Daphnia and Holopedium), small to medium
cladocerans (Bosmina and Diaphanosoma), copepods, and
Chaaoborus, since other taxa were uncommon to rare.

Results

Enclosure study—Between days 32 and 40, we observed
filamentous algae on the enclosure walls, which affected
sample collection and light regime of the enclosures. At the
same time, crustacean zooplankton showed a strong decline
independently of treatments. Therefore, we omitted the last
sampling date and restricted all analysesto the first five sam-
pling dates, covering a total of 32 d.

The physical environments within the enclosures closely
matched the conditions found in the respective lakes, which
also means that the conditions within the clear and high-
DOC enclosures contrasted strongly. Throughout the exper-
iment, water transparency was significantly reduced in the
treatments with high color (high color treatments) compared
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Fig. 1. Vauesfor Chl a(mgL-?, vertical bars) and Secchi depth
(m, circles) in the different enclosure treatments. The upper and
lower panels show 27 June and 21 July, respectively. Symbols for
enclosures from the high color lake are shaded, whereas those from
the clear lake are open. Each value is the mean for three replicate
enclosures. Error bars for Chl a indicate one standard deviation.
Error bars for Secchi depth do not appear because they are smaller
than the diameter of the plot symbol.

to the low color treatments (Table 2; Fig. 1). Although Sec-
chi depth varied between 3.5 and 5.8 m in low color treat-
ments, it ranged from 2.4 to 3.5 m in high color treatments.
Most of this variation in water transparency was explained
by Color. Additionally, we detected a significant Fish effect,
where the presence of fish resulted in reduced Secchi depth;
this effect was less pronounced in high color enclosures (sig-
nificant Fish X Color interaction). The only significant dif-
ferences in vertical gradients of temperature were associated
with Color (Table 2, Fig. 2). At 5 m, the temperature in high
color treatments was consistently cooler by several degrees
C thanin low color treatments. This effect could be observed
at depths <2 m throughout the experiment (Fig. 2). The
differences at 1 m depth were probably related to the order
in which the two lakes were sampled, with higher temper-
atures for the lake that was visited last. Oxygen concentra-
tions were generaly lower in high color enclosures (Table
2; Fig. 2). Although this pattern was pronounced at a depth
of 5m, at 1 m, we found significantly lower oxygen con-
centration in high color treatments only on two out of five
sampling dates.
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Fig. 2. Vertical distribution of temperature (°C, left panels) and oxygen (mg L1, right panels)
in enclosures from the low and high color lakes. Profiles for the different predator treatments were
so similar that the values for each depth were averaged (all three replicates); the horizontal error
bars represent one standard deviation. The upper and lower panels show 27 June and 21 July,

respectively.

There were no significant differences in total phosphorus
(TP) among treatments (Table 3). TP concentrations were
110 = 1.1 pg L *and 142 = 1.2 ug L~* for days 8 and
32, respectively. The slight increase between sampling dates
shows that our addition of 5 ug L~-* successfully prevented
nutrient depletion and kept the enclosures at a mesotrophic
state.

Chl a concentrations increased approximately threefold
from day 8 to day 32 (Fig. 1). The maority of Chl a was

Table 3. Main effects and interaction p-values (three-way AN-
OVA, SAS version 8) for total phosphorus (ug L—%) and edible
fraction (<30 um) Chl a (ug L*) for sampling dates two and five
of the enclosure study performed in summer 2000. No significant
effects were found for the inedible fraction (>30 um). Results for
main factors and interactions with p > 0.05 are omitted.

2 5

Total phosphorus

Color n.s. n.s.

Fish n.s. n.s.

Chaoborus n.s. n.s.
Chl a

Color n.s. n.s.

Fish n.s. 0.007

Chaoborus n.s. 0.04

contained in the edible fraction (<30 um), supplying 80 and
90% of the total Chl a on days 8 and 32, respectively. The
relative importance of the upper layer (0—-3 m) and lower
layer (3—7 m) did not differ enough among either treatments
or sampling dates to be statistically significant. Yet, in low
color treatments, the deeper layer supplied about 60% of the
total Chl a, whereas in high color treatments, this portion
was reduced to 40%, likely because of light limitation. Be-
cause we did not find significant differences between the two
layers, we used depth-weighted average Chl a concentration
of each enclosure for further analyses. The large, inedible
fraction dlightly increased from day 8 to 32, but no signifi-
cant treatment effects were found for any of the sampling
dates (Table 3). The smaller, edible fraction showed a much
more pronounced increase from days 8 to 32, and we de-
tected significant increases in Chl a concentrations due to
Fish and Chaoborus for day 32.

Initial zooplankton densities were very similar for all
treatments and ranged from 1.0 to 2.0 individuals L. Final
densities, however, varied tenfold, from 2.0 to aimost 20
individuals L %, depending on treatment (Fig. 3). The overall
most abundant organism was Bosmina, but occasionally As-
planchna and small copepods were plentiful as well. In
terms of hiomass, enclosures were either dominated by large
cladocerans (Daphnia galeata mendota, D. dubia, Holope-
dium gibberum) or smaller zooplankton (Bosmina longiros-
tris, small copepods, Asplanchna priodonta) (Fig. 4). Dia-
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Fig. 3. Density (individuals L) of the most common zooplank-
ton groups found in the enclosures. Data for the low and high color
lakes are on the left and right columns, respectively, whereas the
rows show different predator treatments.

phanosoma brachyurum, an intermediate-sized cladoceran,
and large copepods were restricted to high water Color X
Fish treatments, but densities never exceeded 0.15 and 0.5
individual L-*, respectively.

Initially, densities of large- and moderate-sized zooplank-
ton did not statistically differ among treatments (Table 4).
Nevertheless, small copepods were more common in high
color treatments (1.5 = 0.8 vs. 0.4 = 0.2 individuals L),
whereas Bosmina was more frequent in low color treatments
(0.29 = 0.15 vs. 0.16 = 0.07 individual L-*). There were
no other initial trends in zooplankton assemblages among
the different treatments.

As the experiment progressed, zooplankton assemblages
deviated among treatments, with differences most pro-
nounced for days 16 and 32 (Figs. 3, 4). In the absence of
either type of predator, large zooplankton species strongly
increased. This effect was more pronounced in high, relative
to low, color treatments. Daphnia was the dominant organ-
ism in high color treatments, and Holopedium was more im-
portant in low color treatments (Figs. 3, 4). In terms of bio-
mass, small crustaceans were relatively insignificant in the
absence of predators. The presence of fish heavily sup-
pressed zooplankton abundance, especially in low color
treatments where only Bosmina and the rotifer Asplanchna
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Fig. 4. Biovolume (mm?3 L) of the most common zooplankton
groups found in the enclosures. Data for the low and high color
lakes are in the left and right columns, respectively, whereas the
rows show different predator treatments.

persisted at fairly high densities. On the other hand, in high
color treatments, despite the presence of planktivorous fish,
small species were able to maintain densities comparable to
the predator-free treatments, and even large cladocerans were
present, although at reduced densities.

The effect of Chaoborus was ambiguous. As expected,
Bosmina suffered the most serious predation loss in high
color treatments, but surprisingly, in low color treatments,
large species—predominantly Daphnia—were reduced
(Figs. 3, 4).

The results of the combined predator treatments (Fish and
Chaoborus) were similar to Fish treatments, but the zoo-
plankton was able to sustain overall higher densities. Where-
asin low color treatments this effect was limited to Bosmina
and Asplanchna, in high color treatments, mainly Daphnia
and Holopedium reached higher densities relative to Fish
predation alone.

According to the statistical analyses, following the first
sampling date, all three main factors and several of their
interactions significantly affected zooplankton community
composition as well as the abundance of individual species
(Table 4). A significant effect of Color meant that one or
more zooplankton groups would either benefit or suffer un-
der conditions of high water color. The same conclusions
could be drawn for effects of Fish and Chaoborus, where
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Table 4. Vaues for main effects and interactions for the zooplankton assemblage (MANOVA) and individual zooplankton groups (three-
way ANOVA) for the first five sampling dates of the enclosure study performed in summer 2000. ZA, zooplankton assemblage; D, Daphnia;
H, Holopedium; B, Bosmina; Lg cop, large copepods; Sm cop, small copepods; Asp, Asplanchna (not encountered in sampling one and

two). Significant differences are bold. n.s., p > 0.05.

ZA D H B Lg cop Sm cop Asp
Sampling 1
Color (CO) 0.001 n.s. n.s. 0.01 n.s. 0.0003
Fish (FI) n.s. n.s. n.s. n.s. n.s. hn.s.
Chaoborus (CH) n.s. n.s. n.s. n.s. n.s. n.s.
CO X H n.s. n.s. n.s. n.s. n.s. n.s.
CO X CH n.s. n.s. n.s. n.s. n.s. n.s.
FI X CH n.s. n.s. n.s. n.s. n.s. n.s.
CO X FI X CH n.s. n.s. n.s. n.s. n.s. n.s.
Sampling 2
CO 0.003 0.01 n.s. 0.02 0.0001 0.005
Fl 0.001 0.0001 0.02 0.02 n.s. 0.001
CH 0.03 n.s. n.s. n.s. 0.0001 n.s.
CO X H 0.0006 n.s. n.s. 0.03 0.0001 n.s.
CO X CH 0.001 n.s. n.s. n.s. 0.0001 n.s.
FI X CH 0.02 n.s. n.s. n.s. 0.02 n.s.
CO X FI X CH n.s. n.s. n.s. n.s. 0.001 n.s.
Sampling 3
CO 0.0001 0.002 0.02 n.s. 0.0001 0.001 0.04
FI 0.0001 0.0001 n.s. 0.007 0.002 0.01 0.001
CH 0.0001 n.s. 0.02 0.03 n.s. 0.01 0.0003
CO X F 0.0001 0.01 0.001 0.001 n.s. n.s. 0.04
CO X CH 0.0001 n.s. 0.001 0.04 n.s. 0.02 0.04
FI X CH 0.0001 n.s. 0.001 0.02 n.s. n.s. 0.001
CO X FI X CH 0.001 n.s. n.s. n.s. n.s. n.s. 0.04
Sampling 4
CO 0.002 0.03 n.s. n.s. 0.0001 0.0001 n.s.
Fl 0.006 0.0002 0.009 n.s. n.s. n.s. 0.005
CH n.s. n.s. n.s. n.s. n.s. n.s. 0.007
CO X FH 0.0004 0.03 0.003 0.01 n.s. 0.04 n.s.
CO X CH n.s. n.s. n.s. 0.01 n.s. n.s. 0.04
FI X CH n.s. n.s. n.s. n.s. n.s. n.s. n.s.
CO X FI X CH n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Sampling 5
CO n.s. n.s. n.s. n.s. 0.03 0.02 n.s.
Fl 0.02 0.01 0.008 0.01 n.s. n.s. 0.007
CH n.s. n.s. n.s. 0.02 n.s. n.s. n.s.
CO X H n.s. 0.03 n.s. n.s. 0.005 0.01 n.s.
CO X CH n.s. n.s. n.s. n.s. n.s. n.s. n.s.
FI X CH n.s. 0.006 n.s. n.s. n.s. n.s. ns.
CO X FI X CH n.s. n.s. n.s. n.s. n.s. n.s. n.s.

the presence of a specific predator could be either advanta-
geous or detrimental. Whereas Bosmina, Holopedium, and
Asplanchna remained unaffected by Color, the abundances
of Daphnia and small and large copepods were significantly
increased by high color treatments. Fish on the other hand,
significantly suppressed Daphnia and Holopedium but re-
sulted in increased Asplanchna densities. Copepods and Bos-
mina did not show clear responses to Fish. Chaoborus treat-
ments had significantly higher densities of copepods, and
especially Asplanchna, whereas cladocerans did not show a
uniform response to these invertebrate predators.

Even more intriguing than the main effects was the inter-
action of Color X Fish, where the effect of Fish varied be-

tween high and low color treatments. Our results showed
that the presence of fish led to higher abundances of all
zooplankton groups in high color treatments compared to
low color treatments. Because Chaoborus effects on the zoo-
plankton assemblage were not uniform, we did not detect
consistent Color X Chaoborus or Fish X Chaoborus inter-
actions.

In low color treatments, 11 of the 12 original fish survived
until the end of the experiment. In contrast, the high color
treatments had only 7 of 12 fish surviving to the end. Start-
ing at day 16, individua fish had to be replaced with con-
specifics. The presence of Chaoborus seemed to have en-
hanced fish survival, but this effect was not significant.
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Chaoborus not only compete with fish for zooplankton
prey but are also preyed upon by fish (intraguild predation,
Polis and Strong 1996; Holt and Polis 1997). Hence, we
could not assume that the initial densities of Chaoborus
would remain unchanged in the presence of fish. Even
though our sampling technique was not optimized for Chao-
borus (Persaud and Yan 2001), our net hauls did give us a
useful rough estimate of Chaoborus abundances in the dif-
ferent treatments. Here, we only present approximate night-
time densities (day 16), because during daytime, Chaoborus
was heavily aggregated at the bottom of the enclosures and
avoided being caught. Overall, Chaoborus densities in en-
closures without fish were about 0.2 individual L-%, which
was dightly lower than the densities we had initially added.
Whereas in high color treatments, Chaoborus densities were
about 30% lower in the presence of fish, in low color treat-
ments, Chaoborus densities were reduced tenfold, to about
0.02 individual L.

Because the last sampling date is omitted, we only present
data on diurnal vertical migration (DVM) for day 16. Be-
cause we did not detect species-specific differences in the
vertical distribution of zooplankton (above), we combined
Daphnia and Holopedium into “‘large species’ and the re-
maining crustaceans into ‘“‘small species.”” The rotifer As-
planchna is known to not perform DVM (Wetzel 2001) and
was excluded from this analysis. Two main patterns emerged
from our results. First, in the absence of Fish, neither large
nor small crustaceans performed diurnal vertical migration.
Regardless of Color, the majority of organisms stayed high
up in the water column during day and night (Fig. 5). Sec-
ond, the presence of fish triggered DVM only in low color
treatments. In high color treatments with fish both small and
large, crustaceans remained at a shallow depth throughout
the day and night. Although Chaoborus alone had no effect
on vertical migration, the extent of downward migration was
reduced in the Chaoborus + Fish treatment relative to Fish
predation alone.

Lake study—The two study lakes significantly differed in
water transparency (p = 0.008). Cecil Lake had a water
color of 16 and 24 CoPt units (PTU) in July 1999 and June
2000, respectively. For the same two dates, the water color
in Bena Lake was 75 and 86 PTU, respectively (Table 1).
Nevertheless, this difference was not fully reflected in Secchi
depth, probably because of an obvious algal bloom in Cecil
Lake in June 2000. The epilimnion in Bena Lake (1.0 and
2.0 m in the 2 yr) was generally shallower than in Cecil
Lake (3.0 m in both years).

Even though these two lakes had a similar fish assem-
blage, the resulting zooplankton compositions were very dif-
ferent (Fig. 6). Bena Lake (high color) had significantly
more large- to medium-sized cladocerans (Daphnia and Hol-
opedium, p = 0.03) but fewer copepods (p = 0.01) than
Cecil Lake. Small cladocerans did not differ significantly
between the lakes. Furthermore, the vertical distributions of
zooplankton were contrasting. In Bena Lake, maximum zoo-
plankton abundance was found in the epilimnion, even in
the case of large species. Cecil Lake, on the other hand, was
characterized by meta- and hypolimnetic maxima in zoo-
plankton abundance independent of species. Furthermore, in

Wissel et al.

Low color High color
Day Night Day Night
80 40 0 40 80 80 40 0 40 80
L L 1 J [ — -~ S— ]
. | o §
& —
& s
O 7]
o 3-5 5
< ] Small zoop. 5
o) I Large zoop. =)
o 5-7
O
Q
<
<
@]
+ %
G
E |—H
IS}
el
Q J
<
=
@]
o
2
2
+
. A ) \ A . )
o)
<
<
Q
+
G
[
+

Fig. 5. Vertica distribution (individuals L-*) of small-bodied
(shaded bars) and large-bodied (filled bars) zooplankton in the en-
closures during day and night. Data for the low and high color lakes
are in the left and right columns, respectively, whereas the rows
show different predator treatments.

Bena Lake, we found a lot more Chaoborus larvae (0.3 and
0.1 individual L=* in 1999 and 2000, respectively) than in
Cecil Lake (0.001 individual L-*in 1999 and 2000), but this
difference was only marginally significant (p = 0.08).

Discussion

Enclosure study—The experimental design we chose was
appropriate to study the effects of water color on the relative
importance of fish and invertebrate predators in the structure
of the zooplankton community. Our high color treatments
closely approximated light, temperature, and oxygen gradi-
ents commonly described for brown-water lakes. Secchi
depth was significantly lower in high color treatments, which
was mainly afunction of elevated DOC concentration (Jones
1992), especialy in oligo- to mesotrophic lakes (Lean 1998).
We also found the typical shift in temperature profiles, to a
shallower epilimnion and colder hypolimnion, in high color
treatments, as described by Snucins and Gunn (2000). Fi-
nally, the oxygen concentrations in high color treatments
were significantly reduced compared with low color treat-
ments, predominantly in deeper water. Thisisin good agree-
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ment with findings of Arvola et a. (1996) and Kankaaa et
a. (1996), who described very low oxygen concentrations
in the hypolimnia of many brown-water lakes in Scandina-
via

Our first goa was to evaluate whether Chaoborus would
be more successful in enduring the presence of fish in high
color treatments compared to low color treatments. Because
our sampling technique was not optimized for Chaoborus,
we did not obtain accurate density estimates (Persaud and
Yan 2001). Nevertheless, we could assume that Chaoborus
densities in the absence of fish were between the initialy
added 0.3 individual L-* and the 0.2 individual L-* estimate
originating from night sampling. Whereas in high color treat-
ments, Chaoborus densities were only marginally affected
by the presence of fish, in low color treatments, the densities
were reduced by afactor of 10. Hence, we can conclude that
high water color can protect even large species such as C.
trivittatus from substantial losses by fish predation. Reduced
light intensities probably impeded prey perception and size-
selective feeding of fish, thereby providing a refuge from
predation.

Our preliminary enclosure experiment showed that golden
shiner had survival rates of about 90% (Boeing and Wissel
unpubl. data). This study was performed in a colored lake
as well (45 PTU units, Secchi depth 2.3-3.0 m), but fish
were fed large amounts of zooplankton on a daily basis.
Because food supply was the major difference between the
preliminary and final experiment, starvation was the most
likely cause for reduced fish survival in high color treat-

ments during the experiment described here. Asphyxiation
as a potential mortality factor could be ruled out because
oxygen concentrations never fell below 3.2 mg L-* in either
of the experiments. Furthermore, we did not see any obvious
signs of fungus or other infections that could have affected
fish survival. In low color treatments, fish were the dominant
planktivore, independent of the presence or absence of
Chaoborus, but in high color treatments, the effect of fish
diminished while Chaoborus gained in significance.

We hypothesized that these altered predation regimes
should have profound effects on the zooplankton assemblag-
es. The statistical analysis showed that all three main fac-
tors—Color, Fish, and Chaoborus—significantly affected the
zooplankton abundances. However, a credible interpretation
of these effects is only valid if the initial densities were not
significantly different. Even though we added equal amounts
of a zooplankton mix of both study lakes to each enclosure,
densities of Bosmina and small copepods for the first sam-
pling date showed significant differences according to Color.
The 200-uwm mesh that we used during the filling process of
the enclosures successfully kept out large species, but ob-
viously juvenile Bosmina, as well as copepodites and nau-
plii, could not be completely excluded. Nevertheless, for
Bosmina, the differences between color treatments disap-
peared after the second sampling date. Small copepods were
consistently more abundant in high color treatments, but
their overal biomass remained low throughout the experi-
ment in al treatments. Consequently, we can assume that
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among-treatment variation in initial zooplankton assemblag-
es were not a substantial confounding factor.

The presence of fish significantly decreased crustacean
zooplankton, which was more pronounced for larger species.
On the other hand, Asplanchna had higher abundances in
treatments with fish. This shift in species composition and
size distribution was originally described as the size effi-
ciency hypothesis (Brooks and Dodson 1965) and has been
found in many other studies (e.g., Lynch 1979; Wissel et al.
2000).

Nevertheless, this fish effect differed between color treat-
ments. Crustacean zooplankton, independent of size, was
less affected by fish in high color treatments. In low color
treatments, the only crustaceans that could somewhat resist
fish predation were small species—Bosmina and small co-
pepods. Large species, such as Daphnia and especially Hol-
opedium, virtually absent in low color treatments with fish,
persisted in high color treatments. This significant Fish X
Color effect was likely caused by a combination of reduced
prey perception of fish in high color treatments and altered
vertical migration behavior of the zooplankton prey. Water
transparency is one of the most important predictors of the
vertical distribution of crustacean zooplankton (Dodson
1990), wherein elevated water color results in a shallower
daytime position of crustaceans. In low color enclosures con-
taining fish, zooplankton was forced deeper into the water
column, with maximum abundances in the hypolimnion. In
high color treatments, the zooplankton did not undergo di-
urnal vertical migration and stayed high up in the water col-
umn day and night. Hence, the eggs of these organisms were
never exposed to low temperatures, which would have sig-
nificantly decreased their development time (Bottrell et al.
1976) and population growth rates (Orcutt and Porter 1983).
Because at equal depths, temperatures were lower in high
color treatments, the preference of zooplankton for the up-
permost water layer could have been further reinforced in
these treatments—without increasing predation risk.

Because of mouth gape limitation, we expected Chaobo-
rus to prey mainly on small species, which would release
large species from competition and result in their dominance.
This pattern has been widely described in the literature (Pas-
torok 1981; von Ende and Dempsey 1981; Christofferson
1990) and was confirmed in our enclosures that had high
water color. Carpenter at a. (1985) even suggested that an
advantage should be taken of this **Chaoborus effect” to
further support large filter-feeding cladocerans for lake man-
agement purposes (biomanipulation). Nevertheless, in low
color treatments, the effect of Chaoborus was reversed, and
large species, especially Daphnia, were suppressed, whereas
for small species, the presence of Chaoborus was beneficial.
Even though unexpected, this result was not completely sur-
prising. In the absence of fish, large chaoborids are capable
of suppressing even large zooplankton species (Pope at al.
1973; von Ende and Dempsey 1981; MacKay et al. 1990;
Stenson and Svensson 1994; Wissel and Benndorf 1998).
Interestingly, both scenarios occurred during our enclosure
experiment. High water color caused a shift toward large
zooplankton, and low water color resulted in a shift toward
small species. Food limitation could be excluded as a pos-
sible confounding factor because Chl a concentrations did
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not differ significantly between treatments, and the small,
edible fraction was always dominating. Furthermore, in case
of food limitation, one would expect Bosmina to decline and
not Daphnia, since the latter species is known to be a su-
perior competitor for food (Gliwicz 1990).

We think, instead, that differences in vertical migration
behavior between high and low color treatments were re-
sponsible for the contrasting effects of Chaoborus on the
zooplankton assemblages. In low color treatments, small
species were found higher up in the water column than in
high color treatments, and large species showed the opposite
trend. Furthermore, Chaoborus tended to be more evenly
distributed throughout the water column in low color treat-
ments. Consequently, predator—prey overlap was increased
for large species but decreased for small speciesin low color
treatments compared to high color treatments. The relatively
small change in migration behavior resulted in completely
different zooplankton compositions, which further supports
the previously described ambiguity of Chaoborus effects on
the structure of zooplankton communities. The use of a
smaller Chaoborus species such as C. puntipennis or C. flav-
icans might have concealed this result, because only large
chaoborids are known to successfully prey on large zoo-
plankton species.

Generally, the enclosure study strongly supported our hy-
pothesis that increased water color could shift the balance
between fish and Chaoborus as planktivorous predators,
leading to the dominance of large zooplankton species in
brown-water lakes. Furthermore, the ambiguous effects of
Chaoborus reminded us how critical the behaviora com-
ponent is in determining the structure of a food web.

Lake study—Finally, we wanted to test whether the con-
clusions deriving from our enclosure study were applicable
to natural lakes. Hence, we analyzed the zooplankton com-
positions of two lakes that greatly differed in water color
but had similar morphometries and fish compositions. The
strongly colored Bena Lake had a consistently shallower epi-
limnion and a more pronounced anoxic zone than Cecil
Lake. Because we found the common color-related light,
temperature, and oxygen profiles in these two lakes, we also
expected that Chaoborus would be more important in Bena
Lake, associated with a shift to large zooplankton species.
Unfortunately, our sampling technique did not guarantee ac-
curate estimates for Chaoborus densities. Nevertheless, in
Bena Lake, we found 100 to 300 times more Chaoborus than
in Cecil Lake. This difference was only marginaly signifi-
cant and most likely was due to our small sample size of
two. The resulting zooplankton compositions in Bena Lake
and Cecil Lake strongly resembled high and low color treat-
ments in our enclosure experiments. Bena Lake had signif-
icantly higher abundances of large species and reduced den-
sities of copepods compared to Cecil Lake. Furthermore, the
difference in water color also influenced the vertical position
of zooplankton. In Bena Lake, zooplankton was predomi-
nantly found in the epilimnion, but in Cecil Lake, maximum
abundances always occurred in the meta- and hypolimnion.
Because the abundances of fish in these two lakes were com-
parable, the differences in zooplankton assemblages and mi-
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gration behavior could be attributed to poor prey perception
of planktivorous fish.

The results of our enclosure and lake studies showed that
the elevated water color resulted in reduced fish predation
pressure on Chaoborus and zooplankton. The crustacean
zooplankton was able to abandon the strategy of avoiding
fish predation by diurnal vertical migration. The resulting
increased growth rates, combined with reduced predation
pressure, enabled even large zooplankton species to persist
in strongly colored water in spite of the presence of fish.
Chaoborus usually is strongly suppressed by fish in clear-
water lakes, which can be described as top-down food webs.
In brown-water lakes, Chaoborus becomes a much more sig-
nificant part of the food web.

Chaoborus is preyed upon by fish but also competes with
fish for prey, which leads to a much more intriguing food
web structure, called intraguild predation. To survive, the
intraguild prey (Chaoborus) has to be a more efficient pred-
ator for the shared prey (zooplankton) than the top predator
(fish) (Polis and Strong 1996; Holt and Polis 1997). As an
ambush predator, Chaoborus is known to be extremely en-
ergy efficient (Giguere 1980). Moreover, Ramcharan et al.
(2001a) and McQueen et al. (2001) recently showed that, in
brown-water lakes, Chaoborus was a much more effective
predator on zooplankton prey than fish. This not only influ-
enced the zooplankton composition, but also changed the
energy flow through the food web. Both of our experimental
studies excluded piscivorous fish. One could argue that, in
brown-water lakes, impeded visual feeding of piscivores
would relieve planktivorous fish from predation and enhance
predation pressure on zooplankton. Nevertheless, the rela-
tively high predator density in our experiments should have
accounted for this effect. Furthermore, whole-lake experi-
ments performed in brown-water lakes (Ramcharan et al.
2001a—c) did not detect any significance of such an effect.

Thus, we agree with Rohde (1969) and Williamson et al.
(1999), who suggested that brown-water lakes represent a
distinct lake type. Water color affects light, temperature, and
oxygen profiles and thereby changes the physical habitat of
a lake. Brown-water lakes also cannot be considered unpro-
ductive (Hutchinson 1967) or classified according to their
nutrient load (Chow-Fraser and Duthie 1983). Finally, the
food web structure in brown-water lakes switches from top-
down to intraguild predation, affecting the zooplankton as-
semblages and energy flow through the food web.
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