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Effects of a cyclopoid copepod (Diacyclops thomasi) 
on phytoplankton and the microbial food web 
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ABSTRACT: A plankton community unconditioned by Diacyclops thomasi predation was incubated 
with and without D. thomasj for 10 d to test the hypothesis that a recent manipulation of the food web 
of Castle Lake. CA; USA, altered phytoplankton biomass and productivity via effects of cyclopoid pre- 
dation on microconsumers. Microconsumer grazing rates on bacteria and phytoplankton, ciliate abun- 
dance, chlorophyll, phytoplankton biovolume, and bacterial abundance were quantified before and 
after incubation. D. thomasi significantly reduced ciliate abundances relative to controls lacking D. 
thomasi. D. thomasj treatments also had higher chlorophyll concentration, bacterial abundance and 
maximum growth capacity of phytoplankton relative to controls. These results are consistent with the 
hypothesis that increases in D. thomasi in Castle Lake following food web manipulation affected 
lirnnological processes by affecting microconsumer abundances with subsequent effects on algae and 
bacteria. 
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INTRODUCTION 

In September of 1989, a whole-lake food web manip- 
ulation was initiated in Castle Lake, an oligotrophic 
subalpine lake in California, USA (Elser et al. 1995). 
Stocking of rainbow trout Oncorhynchus rnykiss, the 
dominant planktivore, was discontinued for a period of 
3 yr. Following the theory of Cascading Trophic Inter- 
actions (Carpenter et al. 1985), removal of planktivo- 
rous fingerling trout should enhance Daphnia popula- 
tions and reduce phytoplankton biomass. However, 
after the manipulation primary productivity (PPr) 
increased and Secchi depth decreased (Elser et al. 
1995). These phytoplankton responses were accompa- 
nied by changes in the zooplankton con~munity. 
Specifically, Diacyclops thomasi, a predatory cyclopoid 
virtually absent prior to manipulation, became the 
dominant zooplankter throughout most of the summer 
following the manipulation. Daphnia dentifera, the 
dominant herbivore, maintained its pre-manipulation 
biomass for the first year following the manipulation 

and then slowly declined. However, changes in water 
quality preceded any changes in the Daphnia biomass. 
Thus, changes in water quality appeared to be due to 
trophic interactions other than herbivorous macrozoo- 
plankton grazing (Elser et al. 1995). 

Elser et al. (1995) hypothesized that the dramatic 
increase in Diacyclops thornasi indirectly affected 
water quality via increased D, thornasi predation on 
microconsumers. In particular, they suggested that 
increased predation pressure by D. thornasi on micro- 
consumers such as ciliates reduced the intensity of 
grazing on phytoplankton, resulting in increased 
phytoplankton biomass and PPr. Previous studies are 
consistent with this hypothesis. For example, calanoid 
copepods have been shown to significantly reduce 
microconsumers such as ciliates in both marine (Jons- 
son & Tiselius 1990, Stoecker & Capuzzo 1990) and 
freshwater systems (Burns & Gilbert 1993, Hartmann 
et al. 1993). Much of this work indicates that the feed- 
ing rate of calanoid copepods on ciliates is comparable 
to or higher than their feeding rates on algae or 
nanoplankton (Stoecker & Capuzzo 1990, Hartmann et 
al. 1993). It follows that cyclopoid copepods, which are 
raptorial feeders in later copepodite and adult stages, 
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should also affect ciliates. The few studies that have 
been performed lndicate that cyclopoid effects on clli- 
ates a re  generally large and negative (Archbold & 

Berger 1985, Brett et al. 1994, Wiackowski et al. 1994, 
Wickham 1995a) but cyclopoid effects on ciliates can 
be affected by prey behavlor, morphology, and the 
presence of alternative prey items (Stemberger 1985, 
Wickham 1995b). 

Predation-driven changes in ciliate abundance also 
appear to be propagated to lower trophic levels. For 
example, ciliate abundance and composition have 
been shown to strongly affect heterotrophic flagellates 
and bacteria (Sanders & Wickham 1993, Sanders et al. 
1994) as  well as  phytoplankton (Beaver & Crisman 
1990) in certain systems. As lakes become more olig- 
otrophic along a trophic gradient, mean ciliate size 
tends to increase (Beaver & Crisman 1989, 1990). Since 
larger ciliates are generally phytophagous in oligo- 
trophic systems like Castle Lake, predation-driven 
changes in ciliate populations may affect phytoplank- 
ton community structure and dynamics. 

During the summer of 1993 an experiment was per- 
formed to test the hypothesis of Elser et al. (1995) that 
increased primary productivity and decreased water 
clarity following the food web manipulation in Castle 
Lake resulted from effects of Diacyclops thomasi pre- 
dation on microconsumers, thus altering the grazing 
rate on phytoplankton and bacteria. We wanted to 
determine whether increased densities of D. thomasi 
would increase predation on ciliates and decrease cili- 
ate abundances in a plankton community uncondi- 
tioned by D. thomasi, such as was likely the case in 
Castle Lake prior to the rise in D. thomasi documented 
by Elser et al. (1995). Furthermore, we predicted that 
decreased ciliate abundances would lead to increases 
in phytoplankton biomass and bacterial abundance 
compared to control treatments due to lowered micro- 
consumer grazing. 

METHODS 

Study sites. Castle Lake is a moderately large 
(20 ha) ,  deep (mean depth 11.4 m,  maximum depth 
35 m) lake located at an elevation of 1657 m in the 
Siskiyou Mountains in northern California. Nutrient 
dynamics and primary productivity have been moni- 
tored continuously since 1959 (Goldman & De Ame- 
zaga 1984). The lake is oligotrophlc with a Secchi 
depth of -11 m and an annual range in chlorophyll 
(chl) concentration of 1 to 5 pg 1-'. Spring blooms are 
dominated by diatoms and other chrysophytes, while 
dinoflagellates, gelatinous green and blue-green 
algae, and small flagellates dominate in the summer 
(Janik 1988, Elser 1992). Microzooplankton (c83  pm) 

consist of heterotrophlc flagellates, small rotifers (Syn- 
chaeta pectinata, Keratella cochleans, Gastropus styl- 
ifer), and ciliates (Urotricha farcta. Stobilidium sp., 
Cyclidium sp., and others). Macrozooplankton species 
include Daphnia dentifera, Holopedium gibberum, 
Diacyclops thomasi, Bosmina longirostris, and Diapto- 
mus novamexicanus (Wiackowsk~ et al. 1994). 

Rather than using Castle Lake water and its Diacy- 
clops thomasi-conditioned plankton community, we 
chose to use plankton from nearby Cliff Lake for our 
experiments. Cliff Lake is also an oligotrophic (1 to 
5 pg chl a 1-l) glacial cirque lake (5 ha) with similar 
water clarity (14 m Secchi depth). We wished to assess 
the likely effects of D. thomasi on plankton unaccus- 
tomed to D, thomasi predation (i.e. similar to Castle 
Lake prior to D. thomasi's increase). The plankton 
assemblage in nearby Cliff Lake had only 0.1 to 1.0 D. 
thomasi I-' and we assumed that Cliff Lake's plankton 
community structure and trophic status were similar to 
those of Castle Lake before manipulation, although 
few data are available to test this assumption. If the 
ideas of Elser et al. (1995) regarding the limnological 
effects of D. thomasi were correct, we anticipated that 
introductions of D. fhomasi into the Cliff Lake plankton 
community, unconditioned by cyclopoid predation, 
would result in changes similar to those in Castle Lake 
following manipulation. 

Mesocosm experiment. The experiment was begun 
by taking multiple net tows in Castle Lake to collect 
Diacyclops thomasi that were then hand-picked into 5 
aliquots of -150 copepods each. At the time of collec- 
tion most D. thomasi were late stage copepodites (W+) 
and adults (D. Dobberfuhl pers. obs.). Late stage cope- 
podites of D. thomasi were considered to be carnivo- 
rous (Carter 1974) although later studies indicated 
cyclopoids can be omnivorous (Adrian 1991, Santer 
1993). Aliquots were kept cool and dark overnight. A 
volume of l00 1 of epilimnetic water from Cliff Lake 
was screened through 83 pm Nitex mesh to remove 
metazoans and transported to Castle Lake. Triplicate 
samples for chl analysis (using GF/F filters), ciliate, 
rotifer, and phytoplankton enumeration (preserved 
with Lugol's solution) and duplicate samples for bacte- 
rial enumeration (preserved with filtered formalde- 
hyde to a final concentration of 2%)  were taken. 
Rotifers were virtually absent in water collected from 
cubitainers after the 10 d incubation (<0.02 I-'); there- 
fore, no data will be presented. Phytoplankton and cili- 
a t e ~  were enumerated by settling and counting a 50 m1 
sample using an inverted microscope. A dilution gradi- 
ent experiment to assess initial microconsumer her- 
bivory and bacterivory rates was also initiated (see 
design below). 

Eight 10 1 translucent cubitainers were then filled 
with screened Cliff Lake water. Diacyclops thomasi 
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were rinsed and 1 aliquot with 150 individuals was 
added to each of 4 cubitainers while the other 4 re- 
mained as controls. The fifth aliquot was preserved 
with Lugol's for later verification of stage. A density of 
15 ind. 1.' represents avera.ge ambient density of adu1.t 
D. thomasi in the epilimnion of Castle Lake during 
summer stratification (Brett et al. 1994, Elser et al. 
1995). Cubitainers were placed on an incubation rack 
and incubated in Castle Lake at 2.5 m and 14'C for 
10 d,  a period that we felt was long enough to observe 
both direct and ~ndirect effects of D, thomasi on algal 
and microbial community structure. The rack was 
shaken twice daily. 

Following the 10 d incubation, water from each 
cubitainer was screened through 83 pm Nitex to collect 
macrozooplankton for immediate assessment of Diacy- 
clops thomasisurvivorship and for later enumeration of 
all macrozooplankton. Duplicate chl filters, a 500 m1 
ciliate and rotifer sample preserved with Lugol's solu- 
tion, and a phytoplankton sample preserved with 
Lugol's solution were prepared from each cubitainer 
Phytoplankton samples were enumerated and used to 
calculate total biovolume as well as a biovolume- 
weighted average phytoplankter volume (PV, pm3 
cell-') to assess mean phytoplankton community size. 
PV is calculated using the equation 

where bi is the biovolume of species i, m, is the average 
cell biovolume of species i, and B is the total phyto- 
plankton biovolume. Finally, nutrient-enriched dilu- 
tion gradient experiments were initiated for assess- 
ment of microconsumer herbivory and bacterivory 
rates in each cubitainer (see below). 

Dilution gradient experiments. To determine rates 
of microconsumer herbivory and bacterivory prior to 
and after Diacyclops thomasi additions, we used dilu- 
tion gradient experiments (Landry & Hassett 1982, as 
modified by Elser & Frees 1995). Initial Cliff Lake 
water and water from each cubitainer at the end of the 
incubation was used to make a series of dilutions 
(0.05x, 0.2x, 0.4x, and 0.8x, where X is the fraction of 
whole-lake water) of 83 pm screened sample water 
with 0.2 pm filtered water according to the approach of 
Landry & Hassett (1982). To saturate bacterial and 
algal growth rates during incubation, N (as NH,Cl) and 
P (as NaH2P04) were added to raise concentrations to 
30 and 3 pM, respectively. Water from each dilution 
level was placed into triplicate 250 m1 clear PVC bot- 
tles and incubated in Castle Lake at the depth of 50 % 
light penetration. After 24 h,  bacterial samples were 
taken from each bottle, preserved as before, and the 
bottles were returned to the lake. After an additional 
24 h, the remaining water in the bottles was filtered 
through GF/F filters for chl a analysis. Chl a was ana- 

lyzed using the fluorometric technique (Parsons et  al. 
1984) after methanol extraction (Marker et  al. 1980). 
Bacteria were enumerated using epifluorescence 
microscopy (Hobbie et al. 1977). 

For the initial sample and for each enclosure, we 
attempted to calculate microconsumer herbivory and 
bacterivory rates, as well as maximum growth poten- 
tial of phytoplankton and bacteria, by regressing spe- 
cific growth rates (p) of chl a or bacteria against 
degree of dilution with the y-intercept an estimate of 
p,,, and the slope an estimate of specific grazing rate 
(Landry & Hassett 1982). However, the Landry-Has- 
sett analysis assumes that prey densities are below 
the incipient limiting concentration (ILC). When prey 
densities are greater than the ILC, non-linearities in 
the p versus X relationship occur and results must be 
analyzed taking predators' functional response into 
account (Elser & Frees 1995). Our results commonly 
indicated non-linearities and so we estimated maxi- 
mum growth capacities of phytoplankton and bacteria 
using growth rate data from the 2 lowest dilutions 
( 0 . 0 5 ~  and 0 . 2 ~ )  and extrapolating the y-intercept. 
The grazing rate in the initial sample and in each 
cubitainer was then estimated as the difference 
between estimated maximum growth capacity (y- 
intercept) and observed net growth rate in the least 
diluted sample ( 0 . 8 ~ ) .  Data from Diacyclops thomasi 
and control treatments were compared using Stu- 
dent's t-test of means. 

RESULTS 

Mean (*l SE) recovery of living Diacyclops thomasi 
was 92.3 * 2.4, which represents a mean survivorship 
of -70% (based on 129 copepods added, estimated 
from the preserved aliquot). Most dead D, thornasi 
did not appear to be extensively decomposed, sug- 
gesting that most mortality occurred at  the end of the 
experiment or that mortality was caused by sample 
handling in terminating the incubation. Since han- 
dling produced minimal mortality when the experi- 
ment was started, age or food limitation may have 
been responsible for mortality late in the experiment. 
This degree of mortality is similar to other studies 
that have used D. thomasi (Brett et  al. 1994, Wiack- 
owski et  al. 1994). 

Total ciliate abundances were strongly reduced 
(50%) in Diacyclops thornasi treatments relative to 
controls (p  = 0.03; Table 1). Abundances of 7 of the 9 
ciliate species were lower in D. thomasi treatments 
relative to controls, suggesting that most ciliate taxa 
present were affected by D, thomasi (Table 1). Four 
species in particular were affected by D, thomasi: 
Mesodinium sp. and Strobilidium sp. were signifi- 
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Tab1.e 1 Ind~v~dual  ciliate biovolume and abundances before and after incubation with (W/) and without (w/o) Djacyclops 
thornasi. Asterisks lndicate the results of student's t-test between treatments with and without D, thornasi ( ' p  < 0.05). Where zeros 

appear for abundances, specles were not detected 

Species Biovolume Abundance ml-' (+ 1 SE) 
(pm3 cell-') Initlal Final w/o Final W/ 

Cyclidium sp. 4 04 0.54 (0.15) 0.80 (0.30) 0.61 (0.09) 
Cyrtolophosis sp. 1300 0.00 (0.00) 0.12 (0.04) 0.05 (0.05) 
Pelagostrombidium sp. 3424 0.00 (0.00) 0.03 (0.03) 0.01 (0.01) 
Mesodjnjum sp 5000 0.11 (0.11) 1.45 (0.17) 0.42 (0.08)' 
Urotricha farcta 5060 0.36 (0.07) 5.89 (1.23) 3.45 (0.60) 
Halteria sp. 5270 0.01 (0.01) 0.00 (0.00) 0.05 (0.05) 
Askenasia sp. 11500 0.00 (0.00) 0.04 (0.01) 0.06 (0.02) 
Strom bidium viridae 17700 0.00 (0.00) 0.39 (0.10) 0.19 (0.04) 
Strobilidium sp. 22500 1.33 (0.29) 0.93 (0.23) 0.36 (0.12)' 
Total 2.37 (0.42) 9.64 (1.85) 5.23 (0.68)' 

cantly reduced in abundance in the D. thomasi treat- Differences in total phytoplankton biovolume re- 
ments ( p  i 0.001 and p = 0.03, respectively) while flected changes in taxon-specifi.~ biovolume between. 
reductions in Urotricha farcta and Strombidium viridae the treatments. In particular, biovolume of the large 
were marginally significant (p  = 0.06). While not statis- species Peridinium willei was reduced in the presence 
tically significant, Cyclidium sp., Cyrtolophosis sp., of D. thomasi while biovolume of smaller species like 
and Pelagostrombidium sp. were also reduced by 25 to Cryptomonas ovata, Oocystis lacustris, and flagellates 
60% (Table 1). These results demonstrate that increased. Calculating biovolume-weighted average 
cyclopoid predation can decrease cilia.te abundances phytoplankter volume (PV, pm3 cell-') for each treat- 
in an unconditioned plankton community. Further- ment indicated that additions of D, thornasi caused 
more, all ciliates affected by addition of D. thomasi phytoplankter mean cell volume to decrease signifi- 
have been shown to ingest bacteria as well as larger cantly relative to control treatments (Table 2). Flagel- 
particles (i.e. algae or other protozoans; K. Wiackowski lates were quantified without regard to trophic strat- 
pers. comm.). So, changes in abundances of ciliate egy in this experiment; therefore, MMFs (mixed 
prey items would also be expected. microflagellates) are likely to represent a mix of auto- 

Dilution gradient experiments indicated that micro- trophic, heterotrophic, and mixotrophic flagellates. 
consumer herbivory rates were slightly higher In We assume that flagellates with different trophic stra- 
treatments with Diacyclops thomasi, but this differ- tegies serve equally well as prey items for ciliates. We 
ence was not statistically significant (Table 2; p = assume also that these 3 trophic strategies maintain 
0.09). However, chl a was nearly 50% lower in the relatively stable proportions in the flagellate category 
absence than in the presence of D. thomasi (p  = 0.05; in the 2 treatments. 
Table 2). Phytoplankton biomass, as estimated by Increases in phytoplankton biomass in the Diacyclops 
phytoplankton biovolume, was significantly higher in thomasi treatment were probably due to decreased cil- 
treatments with D. thomasi than in controls (Table 3).  iate abundances since phytoplankton biovolume was 

strongly and negatively related to ciliate 

Table 2 Mean ( + l  SE) comrnumty parameters at the end of the 10 d incu- abundance (p c 0.005, r2 = 0.81; Fig. 1). Thus, 

bation with (W/) and without ( ~ / o )  Diacyclops thomasr. Grazing and indirect effects of D. thOrnasi cascaded the 
growth rates were generated from the Landry-Hassett experimental level of the phytoplankton. These increases 
component. Chl a, bacterial abundance, and PV (phytoplankter volume) in phytoplankton biomass, as indicated by 

were directly measured. 'p < 0.05 using a Student's L-test of means chl a concentrations and biovolume, are con- 

w/o D. thomasi W/ D. thomasi 

Crazing rate on phytoplankton (&l)  0.24 (0.03) 0.32 (0.04) 
Graz~ng rate on bacteria ( d ' )  2.24 (0.12) 2 36 (0.16) 
Chl a (pg I- ' )  2.24 (0.23) 4.30 (1.04)' 
Phytoplankton growth rate (d-') 0.33 (0.02) 0.51 (0.04)' 
Bacterial abundance (X 10' m l ' )  3.05 (0.06) 4.42 (0.00)' 
Bacterial growth rate (d-') 2.50 (0.22) 2.40 (0.16) 
PV (pm3 cell-') 16978 (3019) 8032 (493) ' 

sistent with our prediction that D. thomasi 
predation would result in increased phyto- 
plankton biomass as suggested by the ob- 
servations of Elser et al. (3.995). However, as 
noted above, overall rates of microconsumer 
grazing at the end of the experiment did not 
differ between treatments. 

Maximum growth capacity of the phyto- 
plankton was significantly higher in treat- 
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Table 3. Phytoplankton taxa present in treatments with ( \v/ )  and without (w/o) added Diacyclops thomasl. Values shown are 
mean biovolume (pm3 ml-') and standard error for both treatments. Also shown is the contribution each species makes to the total 

phytoplankton biovolume ( ' p  c 0.05) 

Species Biovolume w/o ' K ,  of total Biovolume W/ %, of total I 
Aphanocapsa delicatlssima 
Aphanocapsa elachista 
Chroococcus limneticus 
Cosmarium bioculaturn 
Cryptornonas ovata 
Cyclotella stelligera 
Dinobryon bavarlcuni 
Elakothrix gelatinosa 
Gleocystis sp.  
Oocystis lacustris 
Pendinium willei 
Quadn'g~~la lacustns 
Rhodomonas minuta 
Closterium sp. 
Flagellates 
Total 

ments with Diacyclops thomasi (p = 0.009; Table 2), 
suggesting a shift in the algal assemblage towards taxa 
with high growth potential. This observation is consis- 
tent with the decrease in mean algal size (PV; Table 2) 
and increases in the relative contribution of microfla- 
gellates (Table 3) that we observed in the presence of 
D. thomasi. 

Indirect effects of Diacyclops thomasi also appeared 
to propagate to the bacterioplankton. While dilution 
gradient experiments revealed no effect of D, thomasi 
on microconsumer grazing rates on bacteria or bacter- 
ial p,,, (Table 2; p = 0.28 and p = 0.36, respectively), 
bacterial abundance was significantly higher in treat- 
ments with D. thomasi relative to controls (p  < 0.01; 
Table 2). 

2 - 

1 - 
0 with DiaCYCloDS 

w~lhoul 

Ciliate Abundance (cells rnl ")  

Fig. 1. Relationship between ciliate abundance and phyto- 
plankton biovolume across all experimental treatments. The 

line was fit using least squares regression 

DISCUSSION 

In this experiment we exposed microplankton to a 
cyclopoid predator, Diacyclops thomasj, to test hypo- 
theses regarding the causes of increased PPr and 
reduced water transparency in Castle Lake following a 
whole-lake food web manipulation that produced 
major increases in D, thomasi abundance (Elser et al. 
1995). We predicted that D. thomasi would lower 
microconsumer grazing rates on phytoplankton and 
bacteria, leading to increases in algal and bacterial 
biomass in an unconditioned plankton community. Our 
data show that effects of predation by D. thomasi 
cascaded down through ciliates, phytoplankton, and 
possibly to bacteria. Ciliate abundances, especially 
oligotrichs and haptorids, were greatly reduced by 
cyclopoid predation. These results are consistent with 
other experiments in this system (Brett et al. 1994, 
Wiackowski et al. 1994). This reduction in microcon- 
sumers apparently altered the grazing regime on phy- 
toplankton and altered primary producer community 
structure in favor of smaller, faster-growing species. 
Bactelial abundances were also affected by D. tho- 
rnasi. Overall our data support the hypothesis that D. 
thomasi substantively alters microconsumer impacts 
on phytoplankton and microbial food webs in a way 
consistent with observed changes in Castle Lake fol- 
lowing a food web manipulation that produced a sub- 
stantial increase in D. thomasi. Thus, the mechanisms 
proposed by Elser et  al. (1995) to explain changes in 
food web stiucture, PPr, and water transparency in 
Castle Lake appear valid. 

In our experiment, increases in Diacyclops thomasi 
significantly reduced abundances in 2 species and 
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marginally in 5 species of the 9 ciliate species present, 
resulting in a 50% decrease in total abundance. The 
large effects of D. thomasi on ciliate abundance found 
in this study agree with the results of other studies 
examining effects of cyclopoid predation on ciliates 
(Archbold & Berger 1985, Wiackowski et al. 1994, Brett 
e t  al. 1995, Wickham 1995a). However, our data must 
be interpreted with caution for several reasons. 
Screening the initial water to remove smaller metazoo- 
plankton also removed nearly all of the rotifers. 
Removing rotifers thus also removed alternative prey 
for D. thomasi, which would tend to magnify the effects 
of D. thomasi on ciliates. Removing rotifers also 
reduces a potential source of predation on ciliates 
(Gilbert & Jack 1993). Finally, many rotifers compete 
with ciliates for nanoplankton and removing rotifers 
may release ciliates from this competitive pressure. In 
short, it is difficult to say how these results would have 
changed with the inclusion of rotifers. Screening of ini- 
tial water from Castle Lake in Brett et al.'s (1994) study 
failed to remove the rotifer Polyarthra vulgaris. Despite 
the inclusion of this alternative prey, there were still 
significant reductions in ciliate abundances in their 
experiments. Thus the exclusion of rotifers in our study 
does not appreciably detract from our conclusion that 
D. thomasi significantly reduces ciliate abundances. 
Additionally, we do not feel that screening our initial 
water compromised our results since rotifers were rare 
in Cliff Lake at the time of our experiments (D. Dob- 
berfuhl pers. obs.). 

Copepod preferences for large ciliates observed in 
other studies (Burns & Gilbert 1993, Nielsen & Kinrboe 
1994) were not clearly evident in our study, as  Diacy- 
clops thomasi had pronounced effects on ciliates 
>l7000 pm3 in cell size (Strobilidium sp. and Strobilid- 
ium viridae) as well as ciliates -5000 pm3 (Urotricha 
fal-cta and Mesodinium sp.;  Table 1 ) .  In contrast, an 
earlier study performed in Castle Lake found that D. 
thomasi had the greatest effect on the large oligotrichs 
Strobilidium sp. and S. viridae and a somewhat 
reduced effect on the smaller U, Earcta and Meso- 
dinium sp. (Wlackowski et al. 1994). This size-specific 
effect agrees with earlier studies that have found pre- 
dation rate to be positively correlated with ciliate size 
(Stoecker & Egloff 1987, Burns & Gilbert 1993). Lack of 
size-preference in our study may be related to low 
densities of larger ciliate species in the initial commu- 
nity. 

Given the large direct effects of Diacyclops thomasi 
on ciliates, large indirect changes in lower trophic lev- 
els would also be expected. Our data indicate that indi- 
rect effects of D. thomasi on phytoplankton did occur 
(Tables 2 & 3), consistent with previous evidence 
demonstrating that ciliates can efficiently graze phyto- 
plankton (Goulder 1972, Heinbokel & Beers 1979), 

nanoplanktonic chlorophytes (Beaver & Crisman 1990), 
and heterotrophic nanoflagellates (Weisse 1991, San- 
ders et al. 1994). In our study, there was a strong nega- 
tive relationship between ciliate dbundance and algal 
biomass (Fig. 1).  

While it is likely that ciliate herbivory caused much 
of the reduction in phytoplankton biomass that we 
observed in the no-Diacyclops treatment, the effects of 
nutrient recycling and rotifer exclusion must also be 
considered. For example, it is possible that recycling 
by D. thomasi may have contributed to greater phyto- 
plankton biomass in the Diacyclops treatment. If nutri- 
ent recycling by D. thomasi had a large effect on 
phytoplankton then chl a in the D. thomasi treatments 
should have been even higher than in the initial olig- 
otrophic water However, chl a concentrations in the 
initial Cliff Lake water (5 pg 1-l) were higher than in 
either the experimental or control containers at the end 
of the experiment and thus this possibility seems 
unlikely. Rotifer exclusion may also have affected 
phytoplankton biomass. If we had included rotifers, 
which efficiently prey on nanoplankton (Sanders & 
Wickharn 1993, Sanders et al. 1994), we might have 
actually seen a greater difference in phytoplankton 
biomass between the treatments, depending on the 
relative grazing rates of D, thomasi on a mixed assem- 
blage of rotifers and ciliates. Therefore, our data may 
underestimate the indirect effects of D. thomasi on 
phytoplankton in situations where rotifers are com- 
mon. 

Indirect effects of Diacyclops thomasi on bacterio- 
plankton appeared to increase bacterial abundance, as 
with phytoplankton (Table 2). This could be due to 
either decreased bacterial grazing or increased sub- 
strate availability in the Diacyclops treatments. The 
grazing rate on bacteria was not significantly different 
between the 2 treatments, arguing against top-down 
changes (Table 2). However, ciliate abundances and 
flagellate abundances appeared to be negatively and 
positively related to bacterial abundance, although not 
significantly (Fig. 2A and B, respectively). It is more 
likely that increased bacterial densities changed in 
response to changes in resource availability. In our 
experiment, bacterial density was significantly corre- 
lated with chl a concentration (Fig. 3) as in other stud- 
ies (Bird & Kalff 1984, Scavia et al. 1986, Shortreed & 
Stockner 1986, Lubnow 1992). Bacteria in oligotrophic 
systems like Cliff and Castle Lakes may be controlled 
by the availability of resources rather than by grazing 
(Pace & Funke 1991, Pace 1993). Additionally, dead D. 
thomasi may have contributed to bacterial resources, 
although decomposition of dead individuals appeared 
negligible. Finally, recycling or sloppy feeding may 
have released nutrients to enhance bacterial produc- 
tion. However, bacterial abundances in both D. 
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Fig. 2. Bacterial abundance versus (A) ciliate abundance and 
(B) flagellate abundance in enclosures with and without Dia- 
cyclops thomasi at the end of the 10 d incubation. Bars repre- 

sent il SE 

thomasi and control treatments were lower than in 
initial Cliff Lake water, an observation that argues 
against an increase in substrate availability in the 
experimental enclosures. 

Originally, we predicted that the addilion of Diacy- 
clops thomasi would decrease n~icroconsumer grazing 
rates on phytoplankton and bacteria. However, we did 
not see the predicted changes in microconsumer graz- 
ing rates (Table 2). Nonetheless, there were significant 
changes in both phytoplankton and bacterial biomass. 
It may be possible that even small changes in micro- 
consumer grazing rates on individual taxa, undetected 
by the Landry-Hassett method, caused these changes 
in the phytoplankton and bacterial biomass. Altering 
community composition of microconsumers may not 
appreciably change integrated grazing rates on phyto- 
plankton or bacteria, but it may result in community 
shifts in phytoplankton and bacteria leading to 
increased biomass (i.e. increases in microflagellates). It 
is not clear how rotifers would have affected our esti- 
mates of microconsumer grazing rates. Nonetheless, it 

P 
Q: 

0 1 2 3 4 5 6 7 6  

Chlorophyll a ( ~ g  liter-') 

Fig. 3. Relationship between final bacterial abundance and  
chl a concentration across all experimental treatments. The 

line was fit using least squares regression 

is still clear that D. thomasi can have large direct 
effects on ciliates and substantial indirect effects on 
lower trophic levels. 

Introductions of predators, such as cyclopoids, may 
elicit indirect effects where the result of that indirect 
effect may depend on the state of the system. Prey 
communities that have been exposed to a predator for 
several generations would not respond as strongly to 
increased exposure of that predator as would a com- 
munity that had not been exposed before. This may be 
why many of our results diverge from those of Brett et 
al. (1994), whose experiments closely matched ours in 
design. During the summer of 1991, Brett et  al. (1994) 
added several dominant species of Castle Lake macro- 
zooplankton, including Diacyclops thomasi, to enclo- 
sures containing screened Castle Lake water and in- 
cubated them for 8 d.  At the conclusion of their 
experiment they found no change in phytoplankton 
biovolume or bacterial abundance in response to 
manipulation of D. thomasi, in contrast to our results. 
However, they did find that D. thomasi significantly 
reduced ciliates, which agrees with our results. The 
important difference between the studies is that we 
began with a plankton community (from Cliff Lake) 
that had been exposed to very low levels of cyclopoid 
predation, whereas Brett et al. (1994) began with a 
plankton community that had already been exposed to 
cyclopoid predation for several years (Castle Lake). We 
would not expect substantial community changes in 
such a conditioned community. Our experiment was 
designed to examine the effect of D. thomasi introduc- 
tion on a community unconditioned by cyclopoid pre- 
dation. The contrasting results indicate that the intro- 
duction of D. thomasi into an unconditioned plankton 
community can cause changes in lower trophic levels 
where it might not in a conditioned community. Differ- 
ent processes may be responsible for the establishment 
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versus the maintenance of community structure, as 
argued by Thorp (1986) Once D. thonlasi acted to 
establish a new plankton community structure in Cas- 
tle Lake, D. thornasi's role in short-term maintenance 
of that community structure may have been less impor- 
tant. In other words, Diacyclops predation may have 
acted to move the plankton community to a different 
state while other mechanisms serve to maintain that 
new state. 

Our study indicates that introductions of Diacyclops 
thomasi into a plankton community unconditioned by 
cyclopoid predation can result in distinct changes in 
lower trophic levels. In our experiment, D. thomasi re- 
duced ciliate abundances, producing indirect effects on 
phytoplankton biomass, community composition, and 
growth capacity as well as increased bacterial abun- 
dance. Increased abundances of small phytoplankton 
taxa and increased phytoplankton community growth 
capacity with addition of D. thomasi are consistent with 
observed increases in primary productivity and de- 
creased water clarity in Castle Lake following the 
whole-lake food web manipulation. Thus our data 
support the hypothesis of Elser et al. (1995) that 
cyclopoid predation affected phytoplankton and bacte- 
ria in Castle Lake by altering the abundance and spe- 
cies composition of microconsumers, especially ciliates. 
In oligotrophic lakes such as Castle Lake, alterations at 
the top of the food web may be propagated to compo- 
nents at  the bottom of the food web by a more complex 
set of mechanisms than originally incorporated within 
the framework of Cascading Trophic Interactions. 
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