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The Dorset food web piscivore manipulation project
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Abstract: Larvae of the phantom midge, Chaoborus spp., are often the dominant invertebrate planktivore
in temperate lakes. Chaoborus population dynamics may be influenced from the top-down by fish plank-
tivory and in turn, may strongly influence the dynamics of their zooplankton prey. We analyzed this troph-
ic cascade from planktivorous fish, through Chaoberus, to zooplankton using a seven-year study of fish
biomanipuiation in two oligotrophic lakes, located near Dorset, Ontario. This paper is one of a series of
publications based on "The Dorset Project”. Each paper focuses on different aspects of the whole-system
experiment, from water chemistry to fish. Ranger Lake had a high biomass of piscivores (largemouth
bass) and few planktivorous fish, while Mouse Lake with no obligate piscivores had an abundance of fish
planktivores. After three years of initial study (1991-1993) the bass were removed from Ranger Lake and
transferred to Mouse Lake. The entire communities of both lakes were studied for four more years (1994—
1997). Before the bass transfer, total biomass of Chaoborus was similar in both lakes. Mouse Lake was
dominated by smaller chaoborids, C. albatfus and C. punctipennis, while Ranger Lake was dominated by
the larger C. flavicans and C. trivittatus. After the bass transfer, planktivory was greatly reduced in Mouse
Lake but did not increase as dramatically in Ranger Lake. Chaoborus biomass in Mouse Lake increased
and there was 2 strong shift towards larger species. In Ranger Lake, Chaoboirus biomass decreased some-
what, but the responses were not as strong as in Mouse Lake. Shifts in Chaoborus body size distributions,
changes in vertical migration, and response lag times may all help weaken the frophic link between
Chaoborus and planktivorous fish, Overall, our results suggesl that responses of invertebrate predators to
changes in fish planktivory are more complex than indicated by the trophic cascade hypothesis.

Introduction

The role of inveriebrale predators in limnefic trophic cascades is ambiguous. In the original
description of fish biomanipulation by Snapro ef al. (1975), invertebrate predators were ig-
nored. In CarpEnTER et al.’s (1983) trophic cascade theory, predation by planktivorous fish
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decreases the average body size of zooplankton prey and this effect was postulated to be en-
hanced by invertebrate predators, Under low fish planktivory, invertebrate predators should
flourish. Since they are gape-limited, invertebrates should prey selectively on smaller herbiv-
orous zooplankton. Large-bodied herbivores would thus have the double advantage of low
predation from planktivorous fish and reduced competition from small-bodied herbivores that
would be consumed by invertebrate predators, Under high fish plankiivory, the opposite should
occur, Both invertebrate predators and large herbivores should be reduced by fish, allowing
smalt herbivores to flourish.

For a trophic cascade to function according to the model of CarpEnTER €t al, (1985, 1987)
there must be an inverse correlation between the biomass of fish and that of invertebrate pred-
ators. Indeed, large-bodied, non-migrating chaoborids such as Chaoborus americanus and C.
obscuripes are restricted to fishless lakes where they commonly reach high biomasses (von
Enpe 1979, Pore et al. 1973, Stenson 1981). However, a strong negative relationship between
invertebrate predator biomass and planktivorous fish biomass is by no means assured. The
effects of fish predation can be counteracted in several ways including vertical migration (e.g.,
LaxperT 1989, Tiossem 1990), and shifts in body size and species composition, Smaller-bod-
ied Chaoborus that migrate vertically to avoid fish predation are not uncommeon in lakes that
have planktivorous fish where they can also reach high density {e.g., PopE et al, 1973), A
second requirement, if invertebrate predators are to act as facilitators of a trophic cascade, is
that invertebrate predation must strongly focus on smalt-bodied prey. This condition is also
problematic, The largest planktonic invertebrate predators such as Chaoborus trivitramus (e.g.,
Pastorox 1981, Swirr & Feporenko 1975), C. obsciripes (WisseL 1997, SeLL 1996), C. ainer-
icanus (e.g., STENsox 1981), and Leptodora kindtii (Monaxov 1972, BRANSTRATOR 1998) can
consume the same large herbivorous zooplankters eaten by fish (Bexnpory 1995, SeLL 1997,
Braeanp et al. 1986, Eiser et al. 1987, MacKay et al. 1990). If biomass of planktiverous fish
is strongly reduced in a lake, large invericbrate predators can increase in abundance and exert
even higher predation pressures on large zooplankton thau the planktivorous fish they re-
placed (Bexnporr 1995, BRABAND et al. 1986, WisseL 19973,

In this paper, we test the two requirements above that are necessary, if the invertebrate
predator, Chaoborus spp., is to facilitate a pelagic trophic cascade. Specifically, we test wheth-
er biomass and species composition of two Chaoborus assemblages were affected by interan-
nual and experimentally induced changes in biomass of planktivorous fish. We also test whether
changes in Chaoborus biomass affected zooplankton biomass and body size in the manner
predicted by trophic cascade theory (CarpENTER et al. 1985),

During a biomanipulation experiment conducted near the town of Dorset, Ontario, we stud-
ied the ecosystems of one planktivore-dominated lake (Mouse Lake) and one piscivore-dom-
inated lake (Ranger Lake). During the pre-manipulation phase (1991-1993) of the experi-
ment, Chaoborus spp. were by far the dominant invertebrate predator in these lakes in terms of
biomass. From the tate summer of 1993 to mid-summer 1994, the piscivores (bass, Micropter-
us spp.) were removed from Ranger Lake and transferred to Mouse Lake, and the study contin-
ued through the post-manipulation phase (1994-1997). After the bass transfer, planktivorous
fish biomass quickly fell in Mouse Lake and gradually increased in Ranger Lake. If top-down
effects were strong in the food webs of these lakes, then the reduced biomass of planktivorous
fish in Mouse Lake should have caused an increase in Claoborus biomass while the opposite
should have occwrred in Ranger Lake. The changes in both fish and Chaeborus should have
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caunsed a shift in the herbivorous zooplankton towards larger-bodied animals in Mouse Lake
and smaller-bodied animals in Ranger Lake,

Study site and experimental biomanipulation

Mouse l.ake and Ranger Lake are two small (9.0 and 11.3 ha surface area, respectively), deep (4.9 and
5.6 m Z, respectively), oligotrophic, brown-water lakes located near the town of Dorset, Ontario (Ram-
cHaran et al. 1995). The lakes are both in headwaters of tertiary walersheds with geologically similar
basins. Mouse Lake is approximately 5 ki north of Ranger Lake. The lakes have similar basin morpho-
metrics and flushing rates.

In tenns of temperature, dissolved oxygen, light penetration, chlorophyll, and most water chemistry
variables, the two lakes were very similar (Ravcnarax et al. 1995, McQueex et al. 2001, Diiox et al.
2001). Both lakes developed stable sumumer stratification with anoxic hypolimnia. Epilimnetic total phos-
phorus concentrations varied from 4-7 pg £71, and dissolved organic carbon (DOC) from 4-83 mg L in
both lakes (McQurex et al. 2601), In general, Ranger Lake had slightly higher levels of DOC than Mouse
Lake. The most notable differences beiween the lakes were that Ranger Lake had a higher epilimnetic pH
{about 6.5) than Mouse Lake (about 5.5) and also had higher alkalinity.

We selected Mouse and Ranger Lakes for our biomanipulation experiment because they were as
similar as we could find in physico-chemical characteristics, yet were opposite in terms of their biomass-
es of piscivores and planktivores. For the first three years of gur study (1991-1993) and for at least 30
years prior, Mouse Lake had had no obligate piscivores (Ramcuarax et al, 1995, Deners 1996, DEvErs
et al. 2061a). In the absence of piscivores, Mouse Lake had large populations of planktivorous fishes,
primarily yellow perch (Perca flavescens), pumpkinseed (Lepomis gibbosus), common shiner (Note-
mogonus chrysolencas), and brown bullhead (feraturus rebulosus). In contrast, since the mid 1960's,
Ranger Lake had high biomasses of piscivores comprising largemouth bass (Micropterus sabmoides,
85%) and smallmouth bass (Micropterus dolomien, 15%). Ranger Lake had the same species of planktiv-
orous fish as Mouse Lake but their populations were much smaller.

After three years of initial study (1991-1993, pre-manipulation), we began in the fall of 1993 to
remove both species of bass from Ranger Lake and by the summer of 1994 had transferred 85% of the
bass to Mouse Lake. In the post-manipulation years of our study (1994-1997), bass biomass in Mouse
L ake increased dramaticatly and remained high {Table 1). Within a year of the manipulation, planktivore
biomass dropped just as dramaticatly and remained low. In Ranger Lake, bass biomass was severely
reduced by the transfer and was kept low by removal of remaining fish and destruction of bass nests.
Estimates of consumption showed that the residual bass biomass caused only small losses to planktivo-

Table &, Biomasses (kg ha™!) of benthivorous, piscivorous, and planktivorous fish in Mouse and Ranger
Lakes from 1991 to 1997 (Deasrs et al, 2001a).

Pre-Manipulation Post-Manipulation
Lake Fish Type 1991 1992 1993 1994 1995 1996 1997
Mouse Lake Benthivores 770 1014 11.67 10,10 5.80 9.39 9.69
Piscivores 0.00 0.00 0.00 8.76 5.67 4.28 341
Planktivores 4.16 4.85 4.90 346 1.53 1.29 0.48
RangerL.ake  Benthivores 1705 20,10 1930 1603 1433 1186 1995
Piscivores 3.35 2.20 270 0.76 0.59 0.27 0.25

Planktivores 1.76 0.51 [.54 0.68 0.87 1.38 271
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rous fish (DeneErs et al. 2001b). Planktivore biontass increased gradually but did not quite reach the high
biomass found in Mouse Lake before the manipulation.

Benthivorous fishes, primarily white sucker (Catastomus commerseonii) (Table 1), composed the major
fish biomass hoth: before and after the bass manipulation in beth lakes (DExers et al. 2001a).

Methods

From 1991 to 1997, Chacborus populations were sampled in both lakes approximately every two weeks
from mid-April to early September. In each lake, we sampled six stations distributed along the lake’s
major axis (RaMcHARAN et al. 1995). Samples were collected at night (2300-0200) with a single tow of a
conical (5:1 aspect ratio), 250 1tm mesh tow-nei with a square mouth opening (30 x 30 cm) (Frion 1991).
A flow meter (Rigosha Corp. Model 2503) was used with each tow (McQuesn & Yan 1993, Yan et al.
1992). Net filiration efficiency was usually around 100%.

Chaoborus were examined using a dissecting microscope and data were recorded using ZEBRA2
enumeration software (DataBase Microcomputing, Kingston Ont., Arien et al. [994). Only samples
from the two deepest sfattons in exch lake were enumerated (LimnoServices, Kingston, Ont.). In 1991,
Chaoborus were not identified to either species or instar; all animals in the samples were counted for
each sample date. For all other years, Chaoborus were identified to species and instar (based on head-
capsule length, McEacurx 1986) whenever possible. Initially we enumerated samples from all six sta-
tions within each lake. Comparisons among the samples from 1991 indicated that enumerating only
samples from the two deepest stations would be sufficient to characterize the Chaoborus populations.
Thereafier, we attempted to count at least 30 Chavborus of each species, processing either one or both of
the deep station samples to reach this goal.

We used a video imaging system and digital calipers (SpruLss et al. 1981) to measure standard length
{shoriest distance between anterior and posterior air bladders), which was then increased by 8% to com-
pensate for shrinkage caused by preservation in 4% sugar-saturated, buffered formalin (LAsEnBY et al.
1994). Dry mass was estimated using length-weight regressions developed by Lasexsy et al. (1994). The
regression model for . americanus (dry mass (lg) = 1.425 x length {(mmy*~*%} was applied to the simi-
tarly-shaped C. srivittatus; the model for €, punctipennis (dry mass (ug) = 0.64 x length (mm)*™) was
also applied to both C. albatus and C. flavicans.

As with Chaoborus, zooplankton samples were enumerated and measured (LimmoServices, King-
ston, Ont.) using the ZEBRAZ system, video imaging, and digital calipers. All animals were identified to
species whenever possible. For each lake and sample date, we enumerated just one sample that was a
volume-weighted composite of sub-samples taken from each of the six stations (Yan et al. 2001, Rax-
CHARAN et al, 1995).

The statistical significance of all experimental effects on biomass, density, and body size of different
species and size groups was evaluated using Randomized Intervention Analysis (RIA) (Stewart-Oaren
et al. 1986, CareEnTER et al, 1989, Box & Trao 1975, McQueen et al. 2001). In RIA, the absolute value of
the average difference between two time series (D} bcfmc the manipulation minus the average difference
between the time series after the manipulation (ID Dygql} is an indication of the strength of an exper-
imental effect {Dypervea) BY laudomlzmg the data w:ihm each lake’s time series and repeatedly re-

catculating the absolute value of Dy — Do I, we create a frequency distribution of expected values
(medmed) The percent area of this curve that falls above Dy jyscemed iS5 Used as a P-value to test the null
hypothesis of no difference between pre- and post- mmpnhtlon vatues. RIA does not detect absolute
changes, only relative changes (divergence or convergence) in the experimental time series. The time-
series plots must be examined to determine if one or both lakes changed and the direction of change. In
our case, we re-calculated D predicted 10,000 times {using Visual Basic macros in Microsoft Excel version
7.0}, and used an a value ot 0.05 for statistical tests. In some cases, the data were log-transformed to
reduce the effects of extreme values on the outcome of the RIA tests. No other data transformations, such
as auto-regressive integrated averaging (CarpexTer et al, 1989), were employed.

We used correlation anatysis to study the relative strengths of top-down (fish biomass) and bottom-up
(zooplankton biomass) effects on Chaoborns biomass. Details of fish sampling and data analysis are
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presented elsewhere in this series (DeyERs 1996, DEMERs et al. 2001a). In brief, we used multiple mark-
recapture to estimate biomasses of each of several fish species in botl lakes in the early spring of 1991
and 1992, and in both the spring and early fall from 1993 to 1997. Details of zooplankton sampling (in
this paper we refer to all non-Chaoberus zooplankters as simply zooplankion) and data aualysis are
presented elsewhere {Yan et al. 2001). Zooplankton were sampled similarty to Chaoborus, except that a
40 pm mesh tow-net was used and was deployed during the day. Net filtration efficiency varied from
22% to 90%.

Pearson product-moment correlations (Statistica Version 5.0, Statsoft Inc., Tulsa, OK) were estimat-
ed between the biomasses of planktivorous fish and Chacborus. Stomach contents were used to distin-
gaish planktivores from other fishes (Diners 1996, Desgrs et al. 2001b). In our correlation analyses, we
created two functional groups of Chaoborus in terms of vulnerability to fish planktivory, based on the
large differences in body size between the smail (C. albatus and C, punctipennisy and large (C. flavicans
and C. wrivittatus) species. Body size does appear to affect vulnerability to fish predation in our lakes,
since in Ranger Lake the extent of vertical migration in C. punctipennis was less than for the large
chaoborids (Tsacxrrzis et al. 1993). Our correlations were based on annual mean biomasses, therefore
sample sizes were low and overall trends are more illustrative than the occasional statistically significant
result,

Bottom-up effects of resource (prey) supply on Chaeborus biomass were also studied wsing correla-
lion. Since large zooplankters are difficult for invertebrate predators to ingest, we attempted 1o correlate
Chaoborus biomass with only the vulnerable portion of zoeplankton biomass, Prey that are small enough
in minimum dimension (width) to fit the mouth gape of Chaoborus should be the most readily ingested
(e.g., SwrrT & Feporenko 1975, Pastorox 1981). C. punctipennis has too small a mouth to consume mosi
meso-zooplankton, and this species feeds primarily on rotifers and occasionally on small bosminids
(e.g., Moorg et al. 1994), C. flavicans and C. srivirtatus have mouth gapes of approximately 0.6 mm and
0.8 mm, respectively, and can feed on a wide range of prey sizes (SmL 1996, 1997, Swirr & Feporingo
1975, WisseL 1997). Based on a published relationship between Daphnia size and consumption by
Chacborus (Pastorox 1981), Rascuaran e al, (2001} developed a size-based function that estimates
vulnerability of different species of prey to C. flavicans and C. frivittatus predation. In this paper, we use
the funciion of Ravcuaran et al. (2001) to define the size of the zooplankton prey species vulnerable to
predation by the large chaoborids (C. flavicans and C. trivittatus). We then estimated the correlation
across years of the biomass of each Chaoborus species (and of the large species combined) with the
annual average biomass of vulnerable prey.

Results
Chaoborus populations

We estimated average annual biomass of a species or group as the mean biomass among sam-
ple days within a season. The number of sample days in a year ranged from seven to ten per
SCAsOL.

Before the fish manipulation, average annual biomass of all Chaoborus species was about
the same in both lakes in 1991 and 1992 but was higher in Mouse Lake in 1993 (Fig. 1). A
more important difference berween the two lakes was in the species composition of their
Chaoborus assemblages. Before the manipulation, Mouse Lake was dominated by small-bod-
ied species, primarily C. punctipennis. C. albatus, the smallest chaoborid in our lakes, ap-
peared very occasionally (Fig. 2). The two largest species in our study, C, flavicans and C.
frivittatis, were the biomass dominants in Ranger Lake. Density of Chacoborus showed similar
patterns to biomass {(Fig. 3). Mouse Lake had higher densities of small-bodied species com-
pared to Ranger Lake.
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Following the bass transfer, total Chaoboris biomass generally increased in Mouse Lake,
although there was considerable inter-annual variability (Fig. | and 2, Table 2, RIAP =0.011).
The three highest average annuat values for biomass recorded in Mouse Lake were in the post-
manipulation years 1994, 1995, and 1997, However, the second-lowest average annual bio-
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Fig 1, Average annual biomasses of Chaoborus species found in Mouse {upper panel) and Ranger (fower
panel) lakes from 1992 to 1997, For 1991, only total Chaoborus biomass was available. The solid ling
shows average annual biomasses of zooplankton prey (see Methods) plotted against the right y-axis.
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Fig 2. Biomass of Chaoberus species found in Mouse and Ranger Lakes from 1991 to [997. In 1991,
chaborids were not identified to species. The Unidentified category comprises 1* and 2™ instar animals
that sometimes could not be identified to species. Chaoborus species are plotted in increasing order of
body size from C. albatus 1o C. trivittatus.

mass was also found in a post-manipulation year, 1996. In Ranger Lake, average annual bio-
mass decreased steadily between 1994 and 1997, but this change was not as marked as the
biomass increase in Mouse Lake. Total Chaoborus density showed the same trends as bio-
mass: An increase in Mouse Lake with little change in Ranger Lake, but in this case the diver-
gence of the two lakes was not statistically significant (Fig. 3, Table 2, RIA P = 0.326).

Species composition of the Chaoborus assemblage was dramatically affected by the fish
manipulation but only in Mouse Lake (Fig. 1 and 2). In this lake the bass transfer seemed to
initiate large interannual oscillations in species composition but with a general progression
towards domination by larger species. The small-bodied C. puncfipennis initially increased in
1994, then declined to near extinction by 1997 (Fig. 2 and 3). Perhaps because of this large
interannual variability, RIA did not detect a statistically significant difference between the
lakes in either their biomass (P = 0.233) or density (P =0.126) time series for C. punctipennis,
even though both biomass and density of this species steadily declined in Mouse Lake follow-
ing the manipulation (Fig. 2 and 3). As C. punctipeninis declined, large-bodied species became
both numerical and biomass dominants in Mouse Lake. C. flavicans increased in 1995, de-
creased in 1996, then increased again in 1997 to comprise by far the major component of
Chaoborus biomass. The largest chaoborid, C. trivittaius, increased in 1994, remained high in
1995 and 1996, but fell to pre-manipulation levels in 1997,



88 C.W. Ramcharan et al.

.51 1.5
! Mouse Lake
I Unidentified
wmd C. triviltatus
104 Co C. flavicans 10
. C. punciipennis .
[— 1 C. albatus
—— All Species 1981
O 0.5
~ 1
g S
=
é F0.0 -~
2 P
= 154 45 B
2 Ranger Lake @
| [
© £ S
A & ()
N s |
1.0 = 1.0
?
o
m
0.51 J\/\ 0.5
0.0-amrrRso r%ﬂ ==\ !*l-o_o
1991 1996 1997

Fig 3. Density of Chaoborus species found in Mouse and Ranger Lakes from 1991 to 1997, In 1991,
chaborids were not identified to species, The Unidentified category comprises 1% and 2™ instar animals
that sometimes could not be identified to species. Chaoborus species are plotted in increasing order of
body size from C. albaius to C. trivittatus.

In Ranger Lake, the biomasses and densities of ditferent Chaoborns species fluctuated
from year to year, however, overall changes in species composition in response to the fish
manipulation were not as evident as in Mouse Lake (Fig, 1, 2, and 3). The large chaoborids, C.
Havicans and C. trivittatus remained dominant throughout the six years for which we have
species-specific data. The large divergences between Mouse and Ranger Lakes in their time
series for biomass and density of C. flavicans, C. mrivittarus, and both species together were
found to be statistically significant by RIA (Table 2).

The apparent difference between the lakes in their range of interannuad variation in Chaoborus
biomass was analyzed using Levene’s iest for homogeneity of variances (Statistica Version
5.6, Statsoft Inc., Tulsa, OK). We compared the variance of average annual biomass
(tog-transformed) of each Chaoborus species, small species, large species, and total biomass
between Mouse and Ranger Lakes (a separate fest for each variable), For each chaoborid spe-
cies and for the biomass of small species, interannual variation was higher in Mouse Lake
compared to Ranger Lake (P values from {.030 to 0.002). No significant difference was found
between the lakes for interannual variation in either large specics biomass (P = 0.087) or total
Chaeborus biomass (P = 0.070).

Average Chaoborus body length varied seasonally, interannually, and as a result of the fish
manipulation. Typically, average body length showed a seasonal, mid-summer decrease caused
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Table 2, Results of Randomized Intervention Analyses for biomasses, densities, and body lengths of
several different species and size categories of Chaoborus. N is munber of observations, D is the average
difference between values for Mouse Lake and Ranger Lake. Pre and Post refer to pre- and post-manip-
ulation data, respectively. D, — ﬁwst is the difference between the average pre- and post-nanipulation D
values. Observed is the value found in our data. Predicted is the value  found by repeated (10,000 times)
data randomization. P is the frequency with which the the observed Dyre — Doy exceeds the predicted
Do — Dy and is a measure of the statistical significance of the difference between Observed and
Pr dictccf.ﬂ Small Species is the summed biomass of C. albatus and C. punctipennis, Large Species is the
biomass of €. flavicans and C. frivitatus. Zaoplankton prey is the biomass of zooplankion with body
widths of less than .85 mm,

N D [_)pxc - ]—jposl
Pre  Post Pre Post Observed Predicted P
Chaoborus Total* 28 36 10.11 57.98 47,87 [5.35 0.011
Biomass C. punctipennis 19 36 27.33 17.17 10.16 6.72 0.233

C. flavicans 19 31 -6.34 27.68 34,02 11.38 0,008
C. triviftafius 19 36 -11.96 17.06 29.02 11.81 0.049
Small Species 19 36 28.94 17.15 1.79 6.80 0.164
Large Species 19 36 —18.14 40.83 58.97 16.32 0.002

Chaoborus Total* 28 36 0.19 0.26 0.07 005 0326
Density C. punctipennis 19 36 0.22 0.12 0.09 0.05 0.126
C. flavicans 19 3t -0.01 0.09 G.11 0.03 0.005
C. trivittatus 9 36 —0.01 0.06 0.06 0.02 0,041

Small Species 19 36 0.23 06.12 0.16 0.01 0.096
Large Species 19 36 ~£.02 0.14 6.08 0.00 0.002

Chaoborus Total I8 29 -0.77 0.05 0.82 0.33 0.037
Length C., punctipennis i8 27 —0.26 0.02 0.28 0.31 0.485
C. flavicans 6 28 -0.57 ~0.11 0.46 0.42 0.389
C. trivittatus 12 21 -0.57 —0.34 0.23 0.47 0.710
Chachorus 4% Totat 18 29 -0.87 .36 0,51 0.31 0.169
Instar Length C. punctipennis 7 11 -0.41 —0.70 0.29 0.51 0.671
C. flavicans 7 12 —1.58 -1.78 0.20 1.04 (.869
C. trivittatus 7 I8 -3.61 —2.69 0.92 1.04 0.501
Zooplankton 37 37 —.61 3.03 7.64 6.43 (345
Prey

*Total Chaoborus biomass and density, and zooplankton biomass include pre-manipulation data for 1991~
1993, the other data sets include 1992-1993,

by Chaoborus phenology (Fig. 4). From April to Juie, overwintering animals were emerging
while new recruits were hatching and growing from May to October. New fourth instars were
found from mid-July 1o mid-September. The fish manipulation likely caused an increase in
average bady length of the total Chaoborns assemblage in Mouse Lake and a decrease in
Ranger Lake (RIA P = 0.037) (Fig. 5, Table 2). Annual average body length changed primarily
as a result of shifts in the relative densities of small and large chaoborids, and not due to
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Fig 4. Standard length (nearest distance between air bladders) of all Chaoborus species in Mouse (solid
line) and Ranger (broken fine) from 1992 to 1997, All values are average lengths weighted by the densi-
ties of species and instars. Error bars are one standard devialion and are drawn in only one direction for
clarity.

changes in the body length of each individual species (Fig. 5). Body lengths of the three most
abundant species (C. punctipennis, C. flavicans, and C. frivitrains) were unatfected by the
manipulation (Table 2). Interestingly, there was some interannual covariance between the two
lakes in the body sizes of the three abundant Chaeborus species. Except for C. flavicans in
Ranger Lake, body sizes of the other chaoborid populations in both lakes decreased between
1994 and 1995, dropped again between 1995 and 1996, and then rose from 1996 to 1997
(Fig, ).

Fish-Chaoborus interactions

Ounly one value in the correlations between fish and Chaoborus biomass was statistically sig-
nificant, and this may be a spurious result due to multiple pairwise comparisons. As stated in
the Methods, interpreting overall patterns of correlations may be more useful than focusing on
the occasional significant value.

In Mouse Lake, small-bodied C. punctipennis, which would have been less vulnerable to
fish predation, was positively associated with the biomass of plankiivorous fish (Table 3). The
larger, more vulnerable chaoborids, were either negatively or only weakly correlated with fish
biomass. In Ranger Lake, biomass of all the Chaoborus species were either negatively or
weakly correlated to fish biomass. When the data for both lakes were combined, the biomass
of C. punctipennis was positively related to fish biomass, while biomass of the other chao-
borids showed only very weak negative correlations (Table 3, Fig. 6),
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Chaoborus-zooplankton interactions

Before the fish manipulation, the average annual biomass of total zooplankton was higher in
Mouse Lake than Ranger Lake (Fig. 6, Yan et al. 2001). Although species compositions of the
two lakes were very similar, Mouse Lake had a higher proportion of small bodied zooplankters
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Table 3. Pearson’s correlation coefficients between annual average biomasses of planktivorous fish,
zooplankton, and Chaoborus species. “Large Species” is the combined biomass of C. flavicans and C.
trivittatus. Total Chaoborus includes occasional occurrences of C. afbatus and unidentifizble animals.
"Zooplankton Prey" is the average annual biomass of animals that were highly vielnerable to predation
from large Chaoborus (see Methods), Numbers in parentheses are n values, and statistically significant
(p<0.05) correlation coefficients are in bold,

C. punctipennis  C. flavicans  C. trivittatus  Large Species  Total Chaoborus

Planktivores

Mouse Lake 0.773 (&) —0.440 (6) 06075 (5) 0472 (1) —£.009 (7)
Ranger Lake  —0.529 (6) —0.191 (6) -0.692 (6) —0.806 (7 0790 (7}
Both Lakes 0.607 (12) -0.235(12) 60320110 —0.185 (14) -0.084 (14)

Zooplankion Prey

Mouse Lake 0.801 ¢6) 0471 (6) -0.396 (6) -0.670 (6} 0371 (D
Ranger Lake 0.306 (6) —0.456 (6) 0.979 (6) 0.776 (6} 0251 (D)
Both Lakes 0.356 (12) -0.327(12) 0.001 (12) —0.272 (12} (0.040 (14)

than Ranger Lake. After the bass transfer, total zooplankton biomass in the two lakes showed
no statistically significant responses. However, in both lakes body size and species composi-
tion changed (Yan et al. 2001). With decreased fish planktivore biomass, the proportion of
large animals (mostly cladocerans such as Daphnia and Hoelopedinm) increased in Mouse
Lake while the proportion of small zooplankton decreased. In Ranger Lake, the opposite hap-
pened; the zooplankton assemblage shifted from large-bodied to small-bodied specics,

Biomass of zooplankton prey was positively conrelated with biomass of C. punctipennis in
both Mouse and Ranger Lakes and also in both lakes together (Table 3), Zooplankton prey was
negatively correlated with biomass of C. flavicans, again in either lake and also in both lakes
together. In Mouse Lake, biomass of zooplankton prey was negatively correlated with biomass
of C. frivitfatus and total biomass of large chaoborids, but in Ranger Lake the same compari-
sons had strong positive correlations. All other correlations showed cither weak or inconsist-
ent patterns indicating that more detailed food web analyses may be required to determine the
trophic relationships between Chaoborus and their prey (Raycraran et al. 2001),

Discussion

Qverall, the density (Fig. 3) and biomass (Fig. 1 and 2) of Chaoborus found in our study lakes
were sormnewhat high for oligotrophic lakes (Yaw et al, 1985). In Mouse Lake, 95% of Chaoborus
density fell within the range of 352.7 to 497.4 animals wm® (1722.5 1o 2428.7 animals ny?),
while in Ranger Lake, density ranged from 119.5 to 162.6 animals mi® (671.2 to 913.7 animals
m?). Pork et al. (1973) report density values ranging from approximately 10 to 500 animals m®
in lakes with fish. MacKay et al. (1990) report a density of approximately 300 to 1200 animals
m? in the more productive Peter Lake, and Yan et al. (1991) found a density of 100-300
animals m® in Swan Lake. Perhaps Chaoborus biomass was high in our study lakes because
high levels of dissolved organic carbon (McQueen et al. 2001, DiLLon ef al. 2001) had reduced
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water clarity and interfered with fish feeding, and also because the anoxic hypolimnia (Mc-
QuEeex ef al. 2001} provided a refuge from fish.

If the food webs of our study lakes were structured as described by the trophic cascade
hypothesis, then a low biomass of bass should have resulted in a high biomass of planktivo-
rous fish, as well as low biomasses of both small Chaeborus and small zooplankton {Carpen-
TER et al. 1987). Conversely, a high biomass of bass should have caused a low biomass of
piankitivorous fish and high biomass of both large Chaeborus and large zooplankton. Overall,
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our results indicate that limnetic food web interactions are more complex than the simple
cascade model suggests. In general, fish planktivory seemed to have a detectable effect on the
biomass and species composition of the Chaoborus assemblage. On the other hand, in only a
few cases did the Chaoborus community have an effect on the zooplankton assemblage in the
manner predicted by the cascade model. Factors such as time lags in population responses,
prey defenses, and interannual variability all seemed to play important roles in the community
structure of our lakes. Here we discuss the trophic interactions in our study lakes from the top,
down.

I terms of changing the fish communities, the biomanipulation was quiie effective (Ta-
ble 1). Increasing piscivore biomass strongly reduced planktivorous fish biomass in Mouse
Lake. Release from piscivory allowed planktivore biomass {o increase in Ranger Lake, bui
over a long time period of four years {Demers et al. 2001a). In several other studies, for exam-
ple in Paul and Tuesday Lakes studied by Carpentir & Kimcners (1993), a tighter negative
refationship between piscivorous and planktivorous fish biomasses had been found.

As fish planktivory fluctuates, responses in total biomass and species composition of mac-
roinvertebrates are commonly found (e.g., NorrHcors et al. 1978, Carpenter & Kitcrris 1993,
Gurarr i al. 1920). In our case, the effects of the fish manipuiation on total Chaoborus bio-
mass were not strongly evident during the pre-manipulation period but were clearer after the
bass transfer. Before the manipulation, Chaebarns biomass was actually slightly lower in Ranger
Lake in two of the three pre-manipulation years (Fig. I) {Ranmciaran et al. 1995) despite the
ower fish planktivory compared to Mouse Lake (DEners et al. 2001b). Perhaps other factors
such as juvenile survival (NerL 1985) or system productivity {Saunners & Lewis 1988) kept
Chacborus populations in Ranger Lake low relative to Mouse Lake in the pre-manipulation
years.

Following the bass transter, total Chaoborus biomass strongly increased in Mouse Lake
but did not decrease in Ranger Lake either as much or as dramatically. In Ranger Lake, the
response of planktivorous fish to the removal of the bass was delayed. This may in turn have
delayed responses of Chaoborus. Although the bass were removed in the fall of 1993, plank-
tivorous fish biomass did not increase notably in Ranger Lake until 1996, and did not reach
high levels until 1997, the last year of our study (Demers et al. 2001a). Therefore, there were
only two posi-manipulation years (1996 and 1997) with high levels of planktivorous fish in
Ranger Lake.

Even though the responses of the Chaoborus assemblage to the fish manipulation seemed
to be more closely coupled in Mouse Lake, there were still years with unexpected paiters. In
the three pre-manipuiation years, planktivorous fish biomass in Mouse Lake was much higher
than in Ranger Lake, yel as noted above, average annual Chaoborus biomass was actually
about 25% higher, rather than lower (Fig. 1 and 2) (Ramciaran et al. 1995). Moreover, in the
summer of 1993, just before the bass transfer, and also in 1994, the first post-maniputation
year, total Chaoborns biomass in Mouse Lake were the highest found in this study, yet these
were the two years of highest planktivorous fish biomass (DesmEers et al. 2001a). The opposite
pattern was also found. Chaoborus in Mouse Lake failed to reach high biomass in 1996, even
though planktivorous fish had been greatly reduced by the manipulation,

There are several reasons why total Chaoborus biomass may not be tightly coupled to
planktivorous fish biomass. Some well-known possibilities are that Chwoborus may be able to
avoid fish predation. Factors other than fish predation may be driving Chaoborus abundance.
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And, populations of invertebrates may respond to changes in fish planktivory, but with a con-
siderable Iag time of several years (Hg et al. 1994, Bennporr 1995, Sria. 1997),

In our lakes, Chaoborus assemblages may have been able to counteract fish predation by
changes in community size structure. Smaller chaoborids are less vuinerable to fish than larger
species (e.g., PopE et al. 1973). Before the manipulation, when planktivorous fish biomass in
Mouse Lake was still high, the Chaoborits assemblage was dominated by the small species, C.
albatus and C. punciipennis. We originally thought C. srivittatus 1o be absent from Mouse
Lake (Rascuaran et al. 1995), but this species appeared in 1993, In the years following the
manipulation, as the planktivorous fish in Mouse Lake were reduced, the smaller chaoborids
declined while the larger chaoborids, C. flavicans and C. privitratus, flourished, Dominance
seemed to switch from one to the other large Chaoborus species from year to year.

Eow vuinerability to planktivory may explain the dominance of smatl chaoborids when the
biomass of planktivorous fish was high, but why are larger chaoborids favored when fish
planktivory is low? The dynamics of Chaoborus populations must be affected by factors other
than fish planktivory. One likely factor is inter-specific competition for zooplankton prey.
Since Chaoborus ingest their prey whole, they are gape-limifed predators {e.g., Swirr & Fe-
DORENKO 1975, Pastorok 1981). Mouth diameter is a major determinant of the maximum size
of prey that can be ingested (Swirr & Feporenko 1975). The smaller species in our lakes, C.
afbatus and C. punctipennis, ingest mostly smaller zooplankters such as rotifers (Moorg et al,
1994), while larger chaoborids can eat a wide range of prey sizes (e.g., Seir. 1996, 1997, Swirr
& Feporenko 1975, WisseL 1997). Occasionally, the largest prey in our lakes may even have
been so large as to be difficult for the {argest chaoborids to ingest. The sudden decline in
Chiaborus biomass in Mouse Lake in 1996 (Fig. 1) was associated with a large increase in the
biomass of Holopedium (Y ax et al. 2001). This large, sheathed zooplankter has a low vulner-
ability to Chaoborus (ALLan 1973}, thus predator biomass may have been food-limited in
1996,

The difference in diet ranges between small and large chaoborids may partially explain
their population dynamics, at least in Mouse Lake, When fish planktivory was high in Mouse
Lake, smaller zooplankton formed the major biomass (Fig. 5, Yan et al. 2001). Small chao-
borids would have enjoyed lower fish predation than their larger congeners, and also abundant
prey. When the biomass of planktivorous fish declined in Mouse Lake, larger species com-
prised an increasing fraction of the total zcoplankton biomass. Unable to ingest these larger
prey (e.g., Moore et al. 1994), smaller chaoborids may have been out-competed by the larger
species. In Ranger Lake, larger Chaoborus species were always the biomass dominanis, and
larger-bodied zooplankton were fairly abundant throughout the seven years of the experiment
(Yawn et al. 2001).

Besides shifts in size distribution, another very effective device that Chaoborus can use to
reduce predation is vertical migration. Before the manipulation, Chaoborus populations in
Mouse Lake had a pronounced diurnal vertical migration (TsaLkirzis ef al, 1993). During the
day, the largest chaoborids migrated through the anoxic hypolimnion and down to the sedi-
ment. At night they would swim up to the epilimnion. In Ranger Lake, Chaoborus had only a
small (about 2 m) divrnal vertical migration, remaining just betow the metalimnion during the
day. After the fish manipunlation, once the biomass of planktiverous fish had decreased, the
extent of vertical migration was considerably reduced in Mouse Lake but did not change much
in Ranger Lake (McQuzin et al. 1999). Changes in vertical migration patterns of zooplankton
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are a common resolt of both natural and experimental changes in fish planktivory (Luecks
1986, Dt & CarrenterR 1991, HorrriLa 1997) and can be mediated by chensical exudates
released by fish (Dawmowicz et al. 1990). In Ranger Lake, fish planktivory may not have
reached a level sufficient to frigger a strong vertical migration response in Chaoboris (Mc-
Quzen et al, 1999).

An important consideration in any food web experiment is response lag time. Organisms
with short generation times such as most mesozooplankton can respond more quickly to changes
in fish planktivory than macrozooplankton that have longer generation times (WIENS et al.
1986, He et al. 1994, Scinnpier et al. 1975). The dispersal ability of adult Chaoboris may also
confound the trophic links between Chaoborns, their predators, and their prey. Populations of
Chaoborus within a single lake are more properly thought of as sub-populations within a much
larger local population. Even with high fish planktivory, Chaoborus biomass may not be strongly
reduced, if dispersal of adults from nearby lakes is also high. For example, when high biomass
of planktivorous cutthroat trout were introduced to Eunice Lake, British Columbia, it took two
years tor C. trivittatus to be completely eliminated {NortucotE et al. 1978), Similarly, stock-
ing with cutthroat trout took six years to reduce the biomass of C. flavicans (L.UECKE 1986).
Conversely, when fish planktivory is reduced in a Iake, it may fake several years for new
Chaoborus species to arrive from local populations. When plankiivorous fish were eliminated
from a quasty near Griifenhain, Gerinany, it took 5-10 years for the biomass of C. flavicans to
reach high levels (Bennoorr 1995, Bennporr et al, 1988). A larger species, C. obscuripes,
which eventuatly became the dominant planktivore did not appear until 11 years following the
fish removal. Within the time scale of our study, the Chaoborus assemblage in Mouse Lake
showed stronger responses to decreases in planktivory than the one in Ranger Lake showed to
increased plankiivory. Lake communities tend io move along different trajectories in response
to fish additions and removals (He et al. 1994). Perhaps the chaoborid populations of Ranger
Lake simply take a longer time o fully respond.

Our resulis emphasize the importance of a long-term data set in evaluating the results of
whole-system experiments (McQugen et al. 1989, 1992, Mmis et al. 1987, DEMEeLo et al.
1992). Both Chaoborus and fish are univoltine predators. While seasonal population dynam-
ics are informative, a single experimental observation for these predators essentially spans a
year. Each year is only one more ». If the interannual variability that we have found was
typical, and there is no reason to believe that it was unusual, then only in dala seis of several
years length can the effects of trophic interactions be detected with confidence. For example,
biomass of planktivorous fish in Mouse Lake were high from 1991 to {994, and low from
1995 to 1997, and these time periods were typified by low and high Chaeborus biomass,
respectively. Yet, within the high planktivory period there were two years (1993 and 1994) of
quite high Chaoborus biomass and within the low planktivory period there was a year (1995)
of quite low Chaoborus biomass. Similar Chaoborus population dynamics were found in Pe-
ter, Paul, and Tuesday Lakes from 1984 to 1990 by Soranno et al. (1993), and in Little Rock
Lake from 1985 to 1993 by Fiscuer & Frost (1997). Without long-term data sets, it would be
impossible to place purported effects of an experimental manipulation in the proper context of
normal inter-annual variability (Rusax et al. 2001).

In summary, as a the result of our manipulation of piscivorous fish, the biomass of planktiv-
orous fish in Mouse Lake decreased dramatically, while that in Ranger Lake increased but not
as strongly. The wide range in fish planktivory induced in our two study lakes over the exper-
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imental period seemed to produce responses in the total biomass and species composition of
Chaoborus assemblages. Years with high planktivorous fish biomass were typified by low
Chaoborus biomass and the dominance of smaller species. In years with low fish biomass,
Chacborus biomass was higher and was shifted towards larger species. Ranger Lake had less
variation in the biomass of planktivorous fish compared to Mouse Lake and did not as strongly
show the same responses in Chaeborus. Interannual variability was considerable especially in
Mouse Lake where total Clraoborus biomass could be high despite high fish biomass and low
even with low fish biomass. The dominance of smaller zooplankion under high fish planktivo-
ry probably was an advantage for smaller-bodied chaoborids in addition to their lower vulner-
ability to fish predation. As a whole, the Chaeborus assemblages in our lakes were able (o
maintain a surprisingly high biomass, despite a high biomass of planktivorous fish. Shifts in
body size and changes in divrnal vertical migration patterns were compensatory mechanisms
that allowed Chaoborus to somewhat ameliorate the effects of fish predation.
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