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The Species Composition, Density, and Distribution of the Littoral
Zooplankton Assemblage in Crater Lake, OR

Introduction

Zooplankton assemblages are important and diverse components of lake
ecosystems (Wetzel 1983). They influence water quality through their feeding activities
and nutrient recycling, and they are a key link in the lentic food web between

microorganisms and vertebrate predators (Carpenter et al. 1985). Zooplankton taxa
exhibit diverse food habits, morphology, and behavior. These factors influence where
zooplankton live in a lake. Zooplankton taxa are usually associated with either littoral or
pelagic zones of lakes, but some taxa are common in both zones (Pennak 1966).
The littoral zone has been commonly defined as the area from shore to the
maximum depth that rooted vascular macrophytes grow (Wetzel 1983, Goldman and

Horne 1983). Vascular macrophyte growth has been limited by water pressure to a
maximum depth of 10 meters (Sculthorpe 1967), but can be limited at a lessor depth in

turbid waters with limited light penetration (Goldman and Horne 1983). In the absence
of vascular macrophytes, researchers have defined the littoral zone based on other factors
including the presence of non-vascular macrophytes (Lindegaard 1992), presence of
different substrate and the depth range of fish associated with the shore (Beauchamp et al.
1994), and the depth of potential growth for aquatic vascular macrophytes (Sollberger

and Paulson 1992). Nearshore zones have been defined as areas lakeward from the
littoral zone, but still associated with the perimeter of the lake and influenced by shore
processes to selected depths or distances from shore (Wurtsbaugh and Li 1985,
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Johannsson et al. 1991). The pelagic zone has been defined as the area beyond the
influences of shore and lake bottom processes (Goldman and Horne 1983).
Littoral and pelagic zones typically provide very different habitats for

zooplankton. Littoral zones are more heterogeneous habitats (Lair et al. 1993, Havens
1991), are generally warmer, and experience more physical disturbance than do pelagic

zones (Johannsson et al. 1991). The presence of substrate (Lindegaard 1992, Beauchamp
et al. 1994) and different nutrient cycles (Kairesalo and Seppala 1987) in the littoral zone

can also contribute to the differences between the two zones. Macrophytic vegetation in
the littoral zone can influence abiotic factors such as water movement, temperature,
concentrations of nutrients, and quality and quantity of light (Kairesalo 1980, Pokorny et

al. 1984, Carpenter et al. 1985). Gradients in zooplankton distribution are common
between the littoral and pelagic zones (Lewis 1980, Gliwicz and Rykowska 1992,
Johannsson et al. 1991, Carter et al. 1995).

Littoral and nearshore zooplankton assemblages have not received as much
scientific attention as their pelagic counterparts (Wetzel 1983). One major factor that has
limited zooplankton studies in the littoral zone has been the difficulty of effectively
sampling zooplankton in shallow water, particularly among aquatic vegetation (Lemly

and Dimmick 1982). In fact, there have been no universally accepted sampling
techniques for littoral zooplankton because of the various sampling problems associated

with the littoral zone. Many of the studies on littoral zooplankton have been conducted in
ponds (Havens 1991, De Stasio 1993) and reservoirs (Pennak 1966, Lemly and Dimmick

1982, Sollberger and Paulson 1992, Selin and Hakkari 1982). The distribution of
zooplankton in these systems could be quite different from the distribution of
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zooplankton in larger or natural lake ecosystems because of differences in lake
morphology, ontogeny, and other physical, chemical, and biological processes.
Zooplankton taxa in the littoral zone are often different morphologically and

behaviorally from zooplankton taxa in the pelagic zone. Littoral taxa are generally poor
swimmers and are less resistant to sinking than are pelagic taxa (Havens 1991). For
species inhabiting both the littoral and pelagic zones, those in the littoral population use

less energy for swimming, consume a smaller percentage of their biomass in food per

day, and weigh more for a given length than do pelagic individuals (Vuille 1991). Size
selective predation in the littoral zone can result in smaller bodied zooplankton taxa
(Johannsson et al. 1991) or an increase in body size within taxa as distance from shore
increases (Gliwicz and Rykowska 1992).

Zooplankton densities are often higher in the littoral zone than in the pelagic zone
(Vuille 1991, De Stasio 1993, Havens 1991, Cryer and Townsend 1988, Lehtovaara and

Sarvala 1984). Higher zooplankton densities in the littoral zone could result from the
availability of food resources of high quantity and quality in the littoral zone (De Stasio
1993, Gliwicz and Rykowska 1992, Sollberger and Paulson 1992). Other possible
explanations for the high littoral zooplankton densities in some systems include reduced
exposure to predation pressure (Havens 1991, Cryer and Townsend 1988), and increased
mating success (Byron et al. 1983).

Littoral and pelagic zooplankton assemblages usually have different species

compositions (Johannsson et al. 1991, Cryer and Townsend 1988, Havens 1991). For
example, rotifers have been shown to dominate the zooplankton assemblages in the
pelagic zone of lakes with high pelagic predation pressure, whereas cladocerans and
copepods dominated zooplankton assemblages in the littoral zones of these lakes (Cryer
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and Townsend 1988, Havens 1991). Species richness has generally been found to be
greater in the littoral zone than in the pelagic zone (Lehtovaara and Sarvala 1984, Havens
1991, Se lin and Hakkari 1982, Lair et al. 1993), which has often been due to the presence

of benthic and epiphytic species (Vuille 1991).

Predation can be one of the most influential factors affecting species composition
(Havens 1991, Lair et al. 1993, Cryer and Townsend 1988), density (Kairesalo and
Seppala 1987), and morphology (Johannsson et al. 1991, Gliwicz and Rykowska 1992) of

littoral zooplankton assemblages. For example, young fish of some species depend on
littoral zooplankton as a food source for survival and growth (Whiteside et al. 1985,
Kairesalo and Seppala 1987) and, in turn, can be the primary factor controlling littoral
zooplankton abundance (Kairesalo and Seppala 1987, Whiteside 1988, Vuille 1991).
High predation risk in the littoral zone of some lakes has resulted in zooplankton

behaviors that minimize the risk of predation. Faced with high littoral predation,
zooplankton often avoid the littoral zone (Gliwicz and Rykowska 1992, Wurtsbaugh and

Li 1985). Some zooplankton taxa have the ability to orient themselves horizontally and
actively avoid shore areas (Gliwicz and Rykowska 1992, Siebeck 1980). In other cases,
diel horizontal and vertical migrations (DHM and DVM, respectively) by zooplankton
have been documented in the littoral zone (De Stasio 1993, Tsalkitzis et al. 1994,

Kairesalo 1980, Vuille 1991). These migrations minimize the risk of predation
associated with using an area of high resource availability with a coexistent high density

of predators (Gliwicz 1994). For example, swarms of Bosmina coregoni appeared at
night in the littoral zone of Lake Paajarvi and caused a decrease in algal abundance at the

shallowest sampling stations (Kairesalo 1980). In this case, Bosmina coregoni either
made small vertical migrations from the sediments or horizontal migrations from the
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pelagic zone. In Lake Biel, Sida crystallina was attached to macrophytes during day but
became free swimming at night in order to feed (Vuille 1991). Demersal zooplankton
taxa associated with coral reefs remained within the shelter of the reef during day to avoid
predation, but migrated vertically into the water column at night to feed (Alldredge and
King 1985, Alldredge and King 1977, Fancett and Kimmerer 1985).

The distribution of littoral zooplankton taxa may be associated with specific

substrates, or other environmental conditions found at certain depths. The distribution of
zoobenthos (Lindegaard 1992) and fish (Beauchamp et al. 1994, Tabor and Wurtsbaugh
1991) in the littoral zone have been shown to be associated with depth. Littoral
zooplankton taxon have been shown to associate with different bottom substrates
(Goulden 1971, Byron et al. 1983, Whiteside et al. 1985, Alldredge and King 1977, Fryer
1968, Fryer 1974), types of vegetation (Quade 1969, Quade 1971), and physical and

chemical factors (Sollberger and Paulson 1992). Zooplankton in coastal (Clutter 1967)
and fjord systems (Kaartvedt 1993) occur in zones associated with bathymetry or

environmental characteristics, such as substrate, found at specific depths. These
phenomena could apply to zooplankton in lentic systems.

Prevailing wind patterns have influenced the distribution of littoral substrates and

littoral zooplankton taxa (Goulden 1971). The distribution of pelagic taxa have also been
influenced by wind induced currents (Landgford and Jermolajev 1966, George and

Edwards 1976, Hart 1978). Wind induced surface currents have been shown to
concentrate microcrustaceans in the epilimnion of the leeward side of a lake (Landgford
and Jermolajev 1966).
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Statement of Problem
The pelagic zooplankton assemblage in Crater Lake has been studied annually
since 1985. The assemblage includes two crustacean taxa and ten rotifer taxa (Larson et

al. 1996b). These taxa partition the water column to a depth of 200 meters during the
period of thermal stratification each summer and early fall (Larson et al. 1996b).
Daphnia pulicaria is the largest zooplankter in the assemblage, but the abundance of the
species has been cyclic (Larson et al. 1996b).

The littoral zooplankton assemblage of Crater Lake has not been studied
extensively. There were, however, indications that the littoral zooplankton assemblage
could be different from the pelagic assemblage in Crater Lake and could play a

significant role in the lake ecosystem. A preliminary littoral survey (Karnaugh 1988)
revealed that the zooplankton assemblage in the littoral and nearshore zone of Crater
Lake included chydorid, cyclopoid and rotifer taxa, which have been absent or extremely

rare in pelagic samples (Larson et al. 1993, Larson et al. 1996b). The presence of
cyclopoid copepod taxa in the littoral zone of the lake has also been reported in early

studies (Evermann 1897, Brode 1938). Common pelagic taxa, including Bosmina
longirostris and Kellicottia longispina, were also were collected in the littoral and
nearshore tows (Karnaugh 1988).

Karnaugh (1988) found the zooplankton assemblage at the 10 meter depth contour
was patchy and contained several littoral species, whereas the zooplankton assemblage at
the 100 meter depth contour was highly consistent in terms of species composition and
density and virtually identical to the pelagic assemblage at stations 13 and 23 in the

middle of the lake (Figure 1). The zooplankton assemblage at the 60 and 30 meter depth

7

Figure 1: Bathymetric map of Crater Lake showing location of littoral sampling sites.
Depth contours are in 100 meter increments. Pelagic samples were collected above
the closest 200 meter depth contour lakeward of the littoral sampling locations. The
pelagic samples for sites 3 and 10 were collected north of Wizard Island while the
pelagic samples for site 11 were collected south of the island. Station 13 is located at
the deepest point in the lake, station 23 is located at the deepest point south of the
Central Platform (after Larson et al. 1993a).
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contours were similar to each other but dissimilar to the assemblages at the 100 and 10

meter contours. The results of these studies suggest that some zooplankton taxa inhabited
the pelagic and littoral zones of the lake, whereas other taxa inhabited only the littoral and

nearshore zones. Karnaugh's (1988) results also suggest there may be a zone of transition
in the zooplankton assemblage between the littoral and pelagic zones.

Analyses of the food habits of kokanee salmon (Oncorhynchus nerka), an
introduced species to Crater Lake, demonstrated that the fish were feeding on chydorid
zooplankton (Buktenica and Larson 1996, Mark Buktenica 1998 [unpublished data]).
The fish were collected with gill nets along the littoral zone of the lake. Furthermore,
several chydorid and other crustacean taxa recently discovered in the lake were associated

with deepwater moss (Robert Truitt 1995 [unpublished data]). The results of these
studies provided additional evidence that unique zooplankton assemblages were
associated with the littoral and nearshore zones of the lake.

Research Objectives
(1) Compare the species composition and density of the zooplankton assemblage
in the littoral zone with the zooplankton assemblage in the pelagic zone.
a. Document the species composition and density of the littoral
zooplankton assemblage in the predominant littoral habitat class in Crater
Lake, which was a steep-rocky slope with sparse macrophytic vegetation.

b. Describe the distribution of zooplankton in the littoral and pelagic
zones.
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(2) Assess physical and chemical characteristics of the lake that could influence
the composition and density of the littoral and pelagic zooplankton assemblages.
a. Evaluate the temperature, conductivity, pH, alkalinity, dissolved
oxygen, percentage light transmission, and nutrient levels in both the
littoral and pelagic zone of each site sampled.

b. Document the type of substrate and slope of the littoral zone at each
sampling site.

c. Describe the wind patterns of the lake and their potential effect on the
distribution of zooplankton.

Study Site
This project was conducted at Crater Lake, an ultraoligotrophic lake located
within Crater Lake National Park in the southern Oregon Cascade Mountains (Figure 1).
The lake covers the floor of the Mount Mazama caldera, which formed about 6900 years
ago (Bacon and Lanphere 1990). At a benchmark elevation of 1,882 m, Crater Lake has a
surface area of 53.2 km2 and a maximum depth of 589 m (Byrne 1965, Phillips and Van

Denburgh 1968). Several small streams empty into the lake, but there was no surface
outlet. The lake has been well known for its deep-blue color and extreme water clarity.
Secchi disk readings have typically been between 28 and 33 m and the depth of 1 percent
of the incident surface solar radiation generally has been greater than 80 m (Larson et al.
1996a).

For the purposes of this study, the littoral zone was defined as the area of the lake

between the shoreline and the 10 meter depth contour. This portion of the lake bottom
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was typically in contact with the epilimnion during summer thermal stratification, and
was affected by wave action and surface currents. The typical substrate of the littoral zone
in Crater Lake was steep and composed of rocky cobble and boulder substrates

(Wisseman et al. 1993). Wave action in the littoral zone flushed sediment from the rocky
substrate to a depth of two meters. Below the littoral zone, the Euphotic Ooze Zone
extended from 10 meters below the lake surface to the beginning of a moss zone at 30

meters deep. The interstitial spaces between rocks and boulders in this zone contained
fine substrate (ooze) rich with organic detritus. Deep-water moss (Drepanocladus
aduncus) occurred in dense beds at depths between 30 m and 120 m (McIntire et al.
1994).

There were several differences between the littoral zone on the west and east sides

of the lake. The lake bottom on the west side of Crater Lake was less steep than the
bottom on the east side resulting in a larger littoral zone on the west side of the lake.
Consequently, most of the shallow water habitat in Crater Lake was located on the west
side of the lake around Wizard Island. The west side of the lake was more protected from
the prevailing south west summer winds than the east side resulting in denser algal
growth on the benthos of the west side.

The virtual absence of vascular macrophytes and the presence of macrophytic
moss to a depth of 120 meters contribute to the uniqueness of the littoral and nearshore

zones of Crater Lake. Vascular macrophytes occur in sparse "patches" in a few locations
along the littoral zone in Crater Lake. Dense "mats" of the algae Mougeotia sp. occur in
Skell Channel near Wizard Island (C. David McIntire 1995 [personal communication]).
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Methods and Materials

Experimental Design
The zooplankton assemblages of the littoral and pelagic zones were sampled at
twelve sites around the perimeter of Crater Lake and Wizard Island, and at Station 13
which was located at the deepest part of the lake (Figure 1). The littoral and pelagic zone
sampling sites were paired and adjacent to each other. These sampling sites were chosen
in a stratified random process to insure that the sites were distributed among all aspects of
the lake.

Several daytime transects were sampled in the littoral and pelagic zones at each

site in order to characterize the zooplankton assemblages within each zone. A ClarkeBumpus plankton net was towed parallel to shore diagonally through the water column
for 100 meters at the 2, 6, and 10 meter bathymetric depth contours in the littoral zone
(transects 1, 2, and 3; Figure 2). These transects were sampled from one meter off the

bottom to the surface. Light traps were deployed in the littoral zone at the 5 meter depth
contour at night in conjunction with the Clarke-Bumpus sampling.
The pelagic zone also was sampled with three transects sampled diagonally

through the water column for 100 meters at each site. These transects partitioned the
water column from the surface to 120 meters below the surface at the 200 meter depth
contour at depths of 0 to 10 m, 10 to 60 m, and 60 to 120 m (Transects 5, 6, and 7; Figure

2). Station 13 was also sampled with these transects. An additional transect was sampled
in the epilimnion of the pelagic zone (0 to 10 m) concurrently with the littoral samples
(transect 4; Figure 2). Transect 4 was collected over 100 meters from shore, and the
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Figure 2: Diagram of net transects (T1 T7) and location of light trap within each paired
sampling site. Note change in depth scale between T3 and T4.
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depth contour where transect 4 was collected was less than 200 m. However, the exact

depth and distance from shore of the transect 4 samples was unknown. This was a total
of seven Clarke-Bumpus transects plus one light trap sample collected at each paired site
in August and again in September.

Physical and chemical characteristics of the littoral and pelagic zones at the study
sites were sampled in conjunction with the collection of zooplankton samples.
Conductivity, temperature, and depth were measured through the water column with a
Seabird profiler (CTD). A Seatech beam transmissometer was attached to the CTD and

measured the percent of light transmission (turbidity) during the CTD casts. Water
samples were collected in the epilimnion of the pelagic zone and littoral zone of each

sampling site in August and September. These samples were analyzed for pH, dissolved
oxygen, conductivity, and alkalinity at the Crater Lake National Park laboratory. Water
samples (unfiltered) were collected at the same sampling sites during the September

sampling period for nutrient analysis. Concentrations of total phosphorus, orthophosphate, ammonia-N, nitrate-N, and total Kjeldahl nitrogen of the water samples were

determined by the Cooperative Chemical Analytical Laboratory (CCAL). A
meteorological station on a buoy at Station 13 recorded wind direction and speed hourly.

Field Methods
Site Selection

The sampling sites were randomly selected with the aid of the geographic

information system (GIS) Arc / Cad. The lake was divided into 12 sections based on
shoreline topography. There were 9 sections, roughly equal in size, around the perimeter
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of the lake and 3 sections on Wizard Island. These sections were overlaid on a GIS map
of Crater Lake. The length of the shoreline for each section was calculated by the GIS in

meters. A random number was then generated between 1 and the number of meters
representing the length of the section. This number was then used to determine a location
on the shoreline within each section corresponding to the distance clockwise from the

beginning of each section. These locations were plotted on the GIS map of Crater Lake,
and the Universal Transverse Mercator (UTM) coordinates of these points were
determined using the GIS.

The UTM coordinates were entered into a Global Positioning System (GPS) field

unit. The sampling sites were then located on the shoreline by finding the point on the
shoreline, which most closely matched the UTM coordinates. This point was marked as

the beginning of the littoral zone sampling transect. The end of the transect was
determined by measuring 100 meters along the shoreline clockwise around the perimeter
of the lake and counterclockwise around the perimeter of Wizard Island. The sites were
marked on the shoreline with white rocks.

Cliffs and sandy beaches make up a minor portion of the littoral zone (< 5%) and

were excluded from the selection process in order to simplify the analysis. In one case
(site 7), the UTM coordinates indicated a vertical cliff face. The sampling site was
shifted 30 meters clockwise of the original location to place it within an area of rocky

cobble and boulder substrate. At site 11 the sampling transect was also modified. The
original transect ran underneath several wires strung across the shoreward end of a small

bay on Wizard Island. Part of the transect was relocated to run parallel to the wires
instead of underneath them.
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The pelagic zone sampling transects for each paired site were taken in the closest
location to the littoral transects with a lake depth of 200 meters. The bathymetry of the
lake was unconducive to locating the pelagic transects directly lakeward of the littoral
transects for the sites in Skell Channel, west of Wizard Island (sites 3, 10, and 11;

Figurel). The pelagic transects for sites 3 and 10 were sampled north of Wizard Island.
The site 11 pelagic transects were taken southeast of Wizard Island (Figurel). For the rest
of the sites (sites 1, 2, 4

9, and 12), the location of the pelagic transects was directly

lakeward of the littoral sites.

Collection of Zooplankton Samples

A Clarke-Bumpus plankton net was the primary sampling device used to collect

zooplankton for this study. Clarke-Bumpus nets have been generally towed horizontally
through the water from a boat (De Bernardi 1984, Tonolli 1971, Cryer and Townsend
1988). Two boats were used to collect the Clarke-Bumpus samples for this study; a 9.1
meter research vessel named the Nueston, and a 5.2 meter Boston Whaler. There were

several advantages to the Clarke-Bumpus sampling technique. The sampler had a
mechanism for remotely opening and closing the net, insuring that only the desired depth
or area was sampled. The amount of water filtered was measured by a flow meter making

zooplankton density estimates possible. The Clarke-Bumpus had the ability to sample a
large volume of water (approximately 1.27 m3 for a 100 meter tow with a 12.7 cm
diameter net) in order to insure capturing a sufficient number of individuals to

characterize the assemblage of the sampled area. The net used for this study had a mesh
size of 64 tim.
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Light traps were used in addition to the Clarke-Bumpus tows to sample the littoral

zone. The use of light traps has been well documented in the literature for sampling
aquatic invertebrates (Beehler and Webb 1992, Service et al. 1983, Barr 1979), fish,
(Thorrold 1993, Doherty 1987, Hammer 1983, Faber 1981) and incidentally zooplankton
(Doherty 1987, Hammer 1983, Faber 1981, Service et al. 1983, Barr 1979). Light traps
were used to target zooplankton associated with the Great Barrier Reef (Sale et al. 1976).

Light traps could sample a large volume of water in clear lakes. The main disadvantages
of light traps were that they were selective for photopositive species and the volume of

water sampled was difficult to quantify. However, they were useful for qualitatively
sampling at night, which would have been difficult with the Clarke-Bumpus. The light
traps used for this study were made by Bioquip Products (Gardena, CA) and chemical
light sticks (Cyalume) were used as light sources.

The first step in collecting the zooplankton samples was to calibrate the meter on
the Clarke-Bumpus. The flow meter readings were used to calculate the distance the
Clarke-Bumpus was towed for the subsequent zooplankton tows. Ten 100 meter tows
approximately 1 meter below the surface were taken with the Clarke-Bumpus assembly

both with and without the net. The flow meter readings for the tows without the net were
averaged, as were the meter readings for the tows with the net. A net efficiency of 93.7%
was calculated by dividing the average flow meter reading with the net by the average

flow meter reading without the net. In order to determine the distance the ClarkeBumpus was towed per unit (revolution) of the meter, the length of the calibration tows
(100 meters) was divided by the average meter reading of tows taken with net. This
resulted in a length per unit value that was then multiplied by the meter reading for each

tow to yield the length of each tow. The amount of water sampled for each tow was
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calculated by multiplying the area of the net opening by the length of the tow and the net
efficiency.

Before sampling the littoral zone of each site, the 10 meter depth contour of the
site was marked with a buoy, which was used to guide the placement of the three
transects at different depth contours within each site. The three transects were sampled
sequentially, moving shoreward from the 10 meter depth contour to the 6 meter and 2

meter contours, respectively. All three transects within each site were sampled in the
same direction; clockwise around the perimeter of the lake, and counter clockwise around
Wizard Island.

Littoral and transect 4 samples were taken from a 5.2 m boat (a Boston Whaler).

The Clarke-Bumpus was attached to a cable from a hand cranked reel. The cable ran
through a meter wheel suspended from a davit hanging over the side of the boat.
Approximately 40 pounds of weights and a cable depressor were attached to the end of
the cable to prevent cable drag from raising the Clarke-Bumpus in the water column.

Before each tow was begun the Clarke-Bumpus was lowered in the closed position and
enough cable was let out to position the Clarke-Bumpus at the deepest depth sampled by

the tow. The boat was brought up to the target tow speed of 1 meter per second, and
maneuvered toward the beginning of the transect. When the boat had brought the ClarkeBumpus into position at the beginning of the transect the Clarke-Bumpus was opened

remotely with a messenger. As the Clarke-Bumpus was towed along the transect it was
brought slowly to the surface. The Clarke-Bumpus was closed just below the surface at

the end of the transect. After each tow the Clarke-Bumpus was brought out of the water
and washed down from the outside with lake water. Zooplankton were concentrated in
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the net cup and rinsed into a sample container. Alka-seltzer was used to anesthetize the
zooplankton, which were then preserved in 50% Ethyl Alcohol (ETOH).

The procedure for collecting the pelagic zooplankton samples was similar to the

procedure for collecting the littoral samples. The pelagic zooplankton samples were
collected from a 9.1 m research vessel (the Neuston). The 200 meter depth contour for
each site was located using the depth sounder on the boat. The Clarke-Bumpus was
raised and lowered by a hydraulic winch. The deepest transect was collected first
followed by the mid-water and surface transects. As with the littoral tows, the Clarke-

Bumpus was lowered in the closed position to the deepest part of the tow. When the boat
had brought the Clarke-Bumpus into position at the beginning of the transect the Clarke-

Bumpus was opened remotely with a messenger. The Clarke-Bumpus was brought to the
top of the transect at a constant rate by the hydraulic winch. The Clarke-Bumpus was
closed at the end of the transect by timing the release of the messenger so that it closed
the Clarke-Bumpus as it arrived at the top of the area sampled.
The drag of the water on the cable became a significant factor for the deeper tows.

The cable extended towards the stern of the boat at a 45 degree angle because of the

increased drag on the cable for the two deepest tows. For Transect 7 (60 120 m) 169
meters of cable was let out to put the Clarke-Bumpus at 120 meters below the surface for

the start of the tow. The Clarke Rumpus was positioned at 60 meters deep with 85
meters of cable extended for the end of transect 7 and the beginning of transect 6. The
Clarke-Bumpus was reeled in to 10.5 meters of cable (at an angle of 15 degrees) to bring
the Clarke-Bumpus to 10 meters below the surface for the end of transect 6 and for the

beginning of transect 5. Transect 5 was sampled from 10 meters below the surface, with
10.5 meters of cable extended, to just below the lake surface.
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In August, the littoral samples were collected on two consecutive days. In
September, the littoral samples were collected in two days of sampling which were one
day apart, except for site 3 which was collected a week earlier than the other samples. All
Clarke-Bumpus littoral zooplankton samples were collected between 10:00 a.m. and

18:15 p.m. Most of the pelagic samples were collected on two consecutive days during
each sampling period. In August, the pelagic samples for site 12 were collected during

the week preceding the main sampling effort. All pelagic samples were collected
between 9:15 a.m. and 17:00 p.m. (Table 1).
Light traps were set overnight at each littoral site during the August and

September sampling periods. In August these traps were set in the evening between
18:42 and 20:24 and retrieved the next morning between 8:40 and 10:02. In September
the traps were set between 18:23 and 19:15 and retrieved between 7:38 and 9:41 in the
morning. The traps were located at the beginning of the net transects at each littoral site 1
meter off the bottom at the 5 meter depth contour (Figure 2). The traps were modified by
putting window screen (mesh size 1 x 1.5 mm) over the openings to prevent invertebrate

predators from entering the trap and preying on the zooplankton. The traps were
retrieved by pulling them slowly to just below the surface of the lake, where a bucket

with a plankton net attached was placed under the trap. The trap and bucket were brought
out of the water together. The trap was then rinsed with lake water into the bucket with
the plankton net. The samples were preserved in the same manner as the net samples.
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Table 1: Sampling schedule

Date
08/21
08/22
08/23
08/24
08/25
08/29
08/30
08/31

09/04
09/05
09/16
09/18

09/19
09/21
09/22
09/23

09/24
09/25

Sampling Activity
Sites Sampled
Set light traps
2, 3, 4, 10, 11, 12
Set light traps
5, 6, 7, 8, 9
Set light traps
1
Littoral zone net tows
1, 2, 3, 4, 9, 10, 11, 12
Littoral zone net tows
5, 6, 7, 8,
Pelagic zone net tows
12
Pelagic zone net tows
1, 2, 3, 4, 10, 11,
Chemistry samples and CTD casts
1, 2, 3, 4, 10, 11, 12
Pelagic zone net tows
5, 6, 7, 8, 9, Sta. 13
Chemistry samples and CTD casts
5, 6, 7, 8, 9, Sta. 13
Chemistry analysis: DO, Conductivity and pH
all
Chemistry analysis: alkalinity
1, 2, 3,
Chemistry analysis: alkalinity
4, 5, 6, 7, 8, 9, 10, 11, 12
Set light traps
1, 2, 3, 8, 9, 10
Littoral zone net tows
3
Pelagic zone net tows
1, 2, 3, 8, 9, 10
Chemistry samples and CTD casts
1, 2, 3, 8, 9, 10
Pelagic zone net tows
4, 5, 6, 7, 11, 12, Sta. 13
Chemistry samples and CTD casts
4, 5, 6, 7, 11, 12, Sta. 13
Chemistry analysis: Conductivity, pH, Alkalinity
all
Littoral zone net tows
4, 5, 6, 7, 11, 12
Set light traps
4, 5, 6, 7, 11, 12
Littoral zone net tows
1, 2, 8, 9, 10
Chemistry analysis: DO
all

Collection of Environmental Information

Water samples were collected and measurements were made in both the littoral
and pelagic zones of each site in conjunction with the pelagic zooplankton sampling for

those sites. Water samples were collected at 5 meters below the surface, at the 10 meter
depth contour in the littoral zone, and the 200 meter depth contour in the pelagic zone of

each site. The water samples were collected with a Van Dorn bottle from the research
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vessel Neuston. A one liter polyethylene bottle was filled from the Van Dorn bottle for
the alkalinity, conductivity and pH analyses. In September an additional one liter acid

washed polyethylene bottle was filled for nutrient analysis. These sample bottles were
stored in coolers on ice for transport to the lab and refrigerated until analyzed. A separate

bottle was filled with water for the Dissolved Oxygen (DO) Analysis. The DO was fixed
in the sample bottle immediately by adding 1 ml each of the reagents manganous sulfate
(MnSO4) and alkali-iodide-azide. The DO samples were allowed to settle and then the
precipitate was dissolved with 1 ml of sulfuric acid (H2SO4).

Deployments of the CTD and transmissometer were made to measure the
temperature, conductivity, and percentage light transmission (turbidity) in the littoral and

pelagic zone of each site. The CTD and transmissometer are calibrated periodically
(Larson et al. 1996a). The instruments were lowered and retrieved at a rate of 1 meter per
second and took readings every 0.5 seconds. In the littoral zone, the casts were made at

the 10 meter depth contour from the surface to 9 meters deep. In the pelagic zone, the
casts were made at the 200 meter depth contour from the surface to 150 meters deep.

Lab Methods
Zooplankton Samples

Zooplankton samples were stained with the histological stain Eosin Y to make the
zooplankton easier to see and identify. The samples were then diluted with a Folsom

plankton splitter to a density conducive for enumeration. The sample was split into a
diluted subsample, termed the 'count' subsample, and the rest of the sample was

considered the 'pick' subsample. Zooplankton in the count portion of the sample were
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enumerated using a Wild inverted microscope. Dissections and identifications were made
from the pick subsample and the pick subsample was archived. The samples were
preserved in a 4% sucrose-formaldehyde solution after splitting.

A Whipple grid was used in the eye-piece of the microscope to aid in counting the

zooplankton samples. The Whipple grid was used to measure the diameter of the
counting chamber. The diameter of the counting chamber in Whipple grids corresponded
to the number of rows the height of the Whipple grid from the top to bottom of the slide.
The percentage of the counting chamber within each row was calculated. These figures

were used to calculate the portion of the slide counted if the less than the whole slide was

counted. I aimed to count between 200 and 400 individuals per sample, and more than 4
rows of the slide (23.14%). The average number of individuals counted per slide was

261.2. The percentage of each sample enumerated depended on sample density. An
average of 40.2% of each littoral sample and 14.6% of each pelagic sample were
enumerated.

The count portion of the sample was rinsed into a settling tower on a counting

chamber. The samples were allowed to settle overnight. After the samples had settled
the settling tower was replaced with a cover sealing the counting chamber. Zooplankton
were then counted at a magnification of 56X. The counting chamber was moved across
the field of view from side to side moving from the top of the slide towards the bottom,

the width of one Whipple grid at a time. Only individuals within the row delineated by
the Whipple grid were counted on each pass. These counts were transformed to densities
by multiplying the number of individuals by the calculated volume of water the sample
represented. The densities reported were number of zooplankton per m3.
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Chemistry and Nutrient Samples

The chemistry samples were analyzed as quickly as possible after they were

collected. Samples were kept cold until analyzed. In August samples were analyzed for
DO, conductivity, and pH the day after the second set of samples was taken. Alkalinity
was analyzed within the week after collection. In September conductivity, pH, and
alkalinity were analyzed two days after the second set of samples had been collected and
DO was analyzed within the week after collection (Table 1).

Alkalinity was determined using a Gran titration (Larson and Henley 1955, Gran
1952). The pH of the sample was lowered to 4.2 using a 0.16 N concentration of H2SO4

in a Hach digital titrator. The pH was then lowered incrementally 10 times by adding 15
digits of H2SO4 each time and the pH was recorded after each addition. The Alkalinity

was then extrapolated by regression from the relationship between the amount of titrant in
each addition and the resulting pH.

The pH of the samples was determined with a Beckman model 30 pH meter
equipped with an automatic temperature compensator. The pH meter was calibrated with

two standard buffer solutions with pHs of 4.10 and 6.97 respectively. The conductivity
of the samples was determined with a YSI model 31 conductivity meter. The
conductivity meter was calibrated with a 0.01 N Potassium Chloride (KC1) solution. The
resistance of the KC1 solution was determined at 25 degrees Celsius. This value was used
to calculate the cell constant, which was part of the equation for determining conductivity
from the resistance measured for each sample (Salinas 1987).

The DO of the samples was determined with the Azide Modification of the

Iodometric Method or Winkler Method. In August, 100 ml of sample were titrated with
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phenyl arsenic oxide (PAO). In September, a Hach digital titrator was used to titrate 200
ml of sample with sodium thiosulfate. Both of these titrants were standardized on July
12, 1995 (John Salinas 1996 [personal communication]).

The nutrient samples were analyzed by the Cooperative Chemical Analytical

Laboratory (CCAL) in Corvallis, Oregon (Table 2). Samples were kept cold and
transported to (CCAL) the day after the second set of samples was collected.

Table 2: Nutrient variables analyzed by CCAL. Analytical methods with detection
limits and level of precision. (after Larson et al. 1996a)

Nutrient Variable
Kjeldahl-N

Method

Nessler's Reagent finish

Total Phosphorus Persulfate digestion, ascorbic acid
finish
Dissolved PO4
Reactive phosphate, ascorbic acid
finish
Technicon Autoanalyzer,
NO3 + NO2
automated cadmium reduction
NH3
Technicon Autoanalyzer,
colormetric automated phenate

Detection
Limit (mg/1)
0.010

Precision

0.001

0.002

0.001

0.001

0.001

0.001

0.010

0.002

(-I- mg/1)

0.006

Data Analysis
Univariate Analysis

Several diversity measures were calculated for the zooplankton assemblages of
the littoral and pelagic zone as well as for the combined assemblages (Whittaker 1972).
Gamma diversity was the total number of taxa that occurred in each assemblage. The
average alpha diversity was the average number of species that occurred in each sample.

25

Beta diversity was calculated by dividing the gamma diversity by the average alpha

diversity for each subset of samples. Beta diversity was an indication of the amount of
difference in the species composition of the samples over the range of samples analyzed,
or heterogeneity of the samples in each subset.

Summary Statistics were calculated for the samples from each transect including

both density and diversity measures. Sample density was simply the density/m3 of
zooplankton in each sample. The density of littoral species was the density/m3 of littoral
species in each sample. The zooplankton density/m3 of the samples was log transformed
before comparison. Species richness was the number of species that occurred in each
sample. Species evenness measures how uniformly the species that occur in a sample

were distributed in that sample. The Shannon diversity measure weights both species
evenness and species richness equally in the calculation of species diversity (Shannon and
Weaver 1949).

Multiple comparisons among the transect averages were made with paired two
tailed t-tests for sample density, littoral density, and species richness and with signed rank

tests for species evenness and Shannon diversity. A Bonferroni adjustment was used to
account for the multiple comparisons. The significance level was adjusted to 0.0024
(0.05 / 21, for 21 comparisons).

The chemistry, physical, and nutrient measures between the pelagic and littoral
zones of each site were compared with paired 2 tailed t-tests to determine if there were
significant differences between the variables measured in the different zones. The
difference in these variables between months, and among depths in the pelagic zone, were
also compared with paired t-tests.
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The zooplankton assemblages of the littoral zone sites on different sides of the
lake and between months were also compared with summary measures. To simplify this
comparison, the zooplankton numbers from the samples of the 3 littoral transects within a
site were integrated to yield a single depiction of each site. The samples from each

transect were weighted according to the amount of the water column represented, or

depth range sampled. Transect 1, which sampled the water column from 1 meter below
the surface to the surface, was given a weighting of 1 while transects 2 and 3 were given a
weightings of 5 and 9 respectively to account for the greater portion of the water column
sampled by these transects. The numbers of zooplankton of each species from the three
transects within each site were totaled and divided by 15 to yield an average zooplankton
density per m3 for all species which occurred at that site. Summary measures for the eastside sites were compared with two tailed t-tests to those from the west-side sites within
each month.

Multivariate Analysis

I used the program PC-ORD (McCune and Mefford 1995) to perform the

multivariate analysis. The initial data matrix analyzed was 174 samples high by 39
species wide and consisted of the species data from the Clarke-Bumpus samples of the

paired pelagic and littoral sites. Several data matrices were derived from subsets of
samples from the initial data matrix and were analyzed in order to reveal the patterns of
zooplankton distribution within the data set (Table 3).

Several modifications were made to each data matrix prior to multivariate
analysis. Species with occurrences in less than 5 % of the sites within each data matrix
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Table 3: Description of matrices used for analysis. All samples were collected with
Clarke-Bumpus sampler. Rare species with less than 5% occurrence within each matrix
and samples classified as outliers within each matrix were eliminated.

Matrix Size after Outliers and
Rare Species Eliminated
# Samples in # Samples
# Species
Initial Matrix

Zone
Represented

Samples Included

Whole Data Set

All net samples

174

164

17

August

All samples from
August

87

83

15

September

All samples from
September

87

85

17

Epilimnion
(Fig. 7)

Transects 3, 4, and 5

74

72

15

Transect 4 Eliminated from all Subsequent Sample Subsets
Pelagic and
Littoral (Fig. 8)

All pelagic and
littoral samples

150

140

18

Pelagic

Pelagic samples from
both months

78

78

11

Littoral
(Fig. 11)

Littoral samples from
both months

72

61

16

Littoral in
August

Littoral samples from
August

36

33

18

Littoral in
September

Littoral samples from
September

36

35
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were deleted from the analysis to eliminate the noise introduced by rare species in

multivariate analysis. The data were then log transformed because the zooplankton
densities between sites differed by orders of magnitude. Each species in the data matrix
was relativized by species maximum. This sets the abundance of each species equal to
one at the site with the highest abundance of that species. The abundance of that species
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at all other sites was determined (between one and zero) relative to the site of its highest

abundance. Relativizing by species maximum equalizes the importance of common and
uncommon species in structuring the data. The final preparation for analysis was to
eliminate the samples in each data set with species compositions so unusual that they

were multivariate outliers. All of the outliers eliminated from the matrices analyzed had
low sample densities (average 21.41 m-3 with a range of 0.0 to 80.47 m-3) and low species

richness (average of 2 species per sample with a range of 0 to 5 species per sample).

Three multivariate statistical tools were used to describe the structure (pattern) of
the species data and the correlation between the structure of the data and environmental
measures. The ordination technique Nonmetric Multidimensional Scaling (NMS) (Mather
1976, Kruskal 1964) was used to explore the structure of the sampling sites in terms of
their species composition. Multiple Response Permutation Procedure (MRPP) (Mielke
1984) tests whether groups were different from each other. In this analysis, MRPP was
used to determine if groups of sites revealed by NMS were significantly different in terms

of their species compositions. In other words, to determine if groups of sites occupied
different areas of species space. The final technique, INDVAL (Dufrene and Legendre
1997), assigns values to species based on their performance as indicators for groups of

sites. INDVAL was used to describe which species were influential constituents of the
groups found to be significantly different by MRPP.

NMS is a non-parametric ordination technique that reduces the dimensionality of

a data matrix to a predetermined interpretable number of axes. In this analysis,
zooplankton samples from sites in the pelagic and littoral zone of Crater Lake were

compared based on species composition. The first step in the NMS procedure was the
creation of a distance matrix. This matrix was created by calculating the distance
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between each site and every other site in the original matrix based on the dissimilarity of

the species composition between the sites. These distances were then ranked. NMS
represents the ranked distances calculated from the original data matrix as distances

between points (sites) in the ordination (species space). This was accomplished through
an iterative procedure in which the points were shifted in the ordination until the
relationship between the original distance and the ordination distance among sites was
monotonic. At this point, the stress (a measure of monotonicity) between the original
distance and the ordination distance was minimized, and the ordination represents the
structure of the original data matrix as closely as possible.

NMS had several significant advantages for the analysis of the zooplankton data

from this study. The ordination produced by NMS was unconstrained by environmental
data. This allows the ordination to represent patterns within the community that may not
be influenced by the environmental factors measured. Environmental measures can then
be overlaid on the ordination to determine if they were correlated with the structure of the

community. Because NMS uses ranked data to construct the ordination, it was less
sensitive than other ordination techniques to problems representing the actual distances in
the environment between samples (environmental distance) as distances structured by the

species composition (social distance) in the ordination. NMS has been shown to work
well empirically with both simulated ecological data and real data (Minchin 1987).
There were a couple of minor disadvantages to NMS, which have been mitigated
in this analysis. NMS was less capable of detecting discontinuities between groups than

other ordination techniques because it uses ranked data. Therefore, NMS may blur the
separation between two distinct groups. NMS has the potential to yield an ordination in
which the stress between the original distance and the ordination distance was at a local
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minimum instead of the true minimum. An ordination at a local stress minimum was not
the best representation of the data. This result can be avoided by running NMS several
times to insure that the true minimum stress has been reached. Another way to avoid
local minima was to use another ordination (produced by a different technique) as a

starting point for the NMS procedure. This gives NMS a "head start" and increases the
chance of reaching a true minimum stress.

I used 6 dimensional NMS ordinations of each data set to determine how many

axes in the ordination would best represent the data. All of the ordinations I used in the
final analysis were 2 dimensional NMS ordinations, which captured most of the variation
in the data and yielded clear interpretable ordinations. I used the Sorenson distance

measure for all of the NMS ordinations I performed. At least 100 iterations were
performed for each NMS ordination to insure a stable solution. I used a Bray Curtis (BC)
or 6 dimensional NMS ordination for the starting point of the final 2 dimensional NMS

ordinations. The final ordinations were rotated to maximize the correlation of the
environmental factor `% littoral species' with axis 1 in order to facilitate comparison.
Categorical variables representing sample locations were overlaid on the final
ordinations to determine how species composition was related to sample location.
Categorical groupings were created for zone (pelagic vs. littoral), month (August vs.
September), tow relating to specific position in the water column, site, and side of the
lake (East vs. West). Each overlay was examined for patterns in the structure of the data
to determine if differences in species composition were explained by the differences
between the locations of the groups of samples.

Environmental and summary measures were overlaid on the NMS ordinations to
determine whether any of these factors were correlated with the structure of the species
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data. Average depth of the sample, percentage and density of littoral species, percentage

and density of pelagic species, sample density, species richness, and rare species density
were overlaid on all ordinations. The levels, or concentrations, of the chemical, physical,
and nutrient measures at each sample location were overlaid on the ordinations of
zooplankton samples collected where those measurements were taken.

MRPP is a non-parametric technique that compares two groups based on
characteristics of group members and determines the probability that the groups were the

same in terms of those characters. The MRPP statistic represents the probability of the
assignment of samples to the groups tested based on the sample's species composition

relative to all possible assignments of samples to groups. Average distance within each
group was determined, which was a measure of how different samples were within a

group. The actual within group variation was compared to the mean within group
variation based on all possible divisions of the data into groups. The statistic yielded by
this test was the probability of getting a within group distance as small or smaller as the
difference between tested groups.

MRPP was used to determine if the differences in the species composition of
samples from different months, zones, or areas of the lake detected in the NMS

ordinations were statistically significant. I also used MRPP to determine whether the
environmental measures for the different groups were significantly different. I used the

Euclidean distance measure in all of the MRPP tests performed. The group weighting
used in all MRPP tests in this analysis was a natural weighting where the number of
samples in a group was divided by the number of samples in all groups.
The INDVAL program, a new technique for finding indicator species, was used
determine which species were the best indicators for the various sample groups (Dufrene
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and Legendre 1997). INDVAL considers each species individually. INDVAL uses both
species abundance and species frequency to calculate a symmetrical indicator value based

on both habitat specificity and species distribution within the habitat. The percentage of
perfect indication is maximized at 100 % when all sites within a group contain the species

and all individuals of a species occur within that group. The indicator value of a species
for a group was calculated by first dividing the mean abundance of the species within a
group by the mean abundance of the species in all groups. Then the number of sites
within a group containing the species was divided by the total number of sites within the

group. These two values were then multiplied and the result was multiplied by 100 to
yield a % of perfect indication. The significance of the indicator values was determined
by a Monte Carlo simulation, which compares the indicator value to indicator values

from randomized allocations of sites to groups. The statistic produced by this simulation
was the proportion of randomized allocations that produces an indicator value greater
than the observed indicator value.

I ran INDVAL and MRPP on the data matrices of the sample subsets both before

and after they were modified for multivariate analysis. The results from analyses of the
modified data set were similar to the results from the analysis of the raw data for both

techniques. The results from the analysis of the modified data matrices are reported for
consistency.
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Results

Taxonomy and Assemblage Diversity
Forty-two taxa were recorded from 198 samples (including taxa not identified to
species; Table 4). Twenty-four of the taxa recorded were classified as littoral, most of
which have not been found historically in the pelagic zone of Crater Lake (Larson et al.

1996b). Many of these littoral taxa (11 of 21) occurred in less than 5 % of the net
samples (Figure 3). Three species of cyclopoid copepods were collected only in the light-

trap samples. Both the littoral and pelagic zooplankton assemblages were dominated by a
few abundant taxa, although the relative abundance of these taxa differed between the
two assemblages (Table 5).

Table 5: The relative abundance of dominant taxa in the littoral and pelagic
zooplankton assemblages. The abundance reported is the percentage, by number,
of the assemblage contributed by each taxa.

Littoral

Pelagic

Percentage of
Percentage of
Species
Assemblage
Assemblage
Bosmina longirostris
71.6%
Kellicottia longispina
49.2%
Polyarthra dolichoptera
15.8%
Bosmina longirostris
26.5%
Asplanchna sp.
5.9%
Polyarthra dolichoptera
22.5%
Kellicottia longispina
2.5%
Lecane sp.
1.4%
Total
97.2%
Total
98.2%
Species
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Table 4: List of taxa found in both the net and light trap samples of this study.
Zone of occurrence is the zone where taxa was found in this study. Species
marked with: * were only found in light trap samples, $ were only found in T 4.

Taxon
Daphnia pulicaria
Daphnia longiremis
Bosmina longirostris
Kellicottia longispina
Polyarthra dolichoptera
Filinia terminalis
Asplanchna sp.
Synchaeta sp.
Philodina acuticornis
Keratella cochlearis
Keratella quadrata
Conochilus unicornis
Collotheca pelag ca
Hexarthra species
Lecane sp.
Unidentified Rotifer #1
Unidentified Bdelloid Rotifer
Bdelloid Rotifer #1
Bdelloid Rotifer #2
Bdelloid Rotifer #3
Trichotria pocillum
Trichocerca cylindrica
Macrothrix montana
$ Unidentified Chydorid
Chydorus sphaericus
Alona costata
Alona guttata
Leydigia quadrangularis
* Macrocyclops albidus
* Eucyclops prionophorus
* Paracyclops fimbriatus (poppei)
$ Unidentified Cyclopoid
Unidentified Calanoid
Unidentified Nauplii
Unidentified Copepodid
Unidentified Harpacticoid
Unidentified Ostracod
Unidentified Chironomid
Unidentified mite
Unidentified rotifer
Hyalella azteca
Unidentified Aquatic Insect

Phylum, Class,

or Order
Cladocera
Cladocera
Cladocera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Rotifera
Cladocera
Cladocera
Cladocera
Cladocera
Cladocera
Cladocera
Copepoda
Copepoda
Copepoda
Copepoda
Copepoda
Copepoda
Copepoda
Copepoda
Ostracoda
Insecta
Arachnida
Rotifera
Amphipoda
Insecta

Zone of
Occurrence
Pelagic
Pelagic
Cosmopolitan
Cosmopolitan
Cosmopolitan
Pelagic
Cosmopolitan
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Pelagic
Littoral
Littoral
Littoral
Littoral
Littoral
Littoral
Cosmopolitan
Littoral
Littoral

Literature
Classification
Pelagic
Pelagic
Limnetic Invader
Pelagic (L. I. ?)
Pelagic (L. I. ?)
Pelagic
Limnetic Invader
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Pelagic
Facultative Zooplankter
?

Benthic / Epiphytic
Benthic / Epiphytic
Benthic / Epiphytic
Benthic / Epiphytic
Littoral
Facultative Zooplankter
Benthic / Epiphytic
Benthic / Epiphytic
Benthic I Epiphytic
Benthic / Epiphytic
Benthic / Epiphytic
Benthic I Epiphytic
Facultative Zooplankter
Facultative Zooplankter
Facultative Zooplankter
Facultative Zooplankter
Pelagic
Facultative Zooplankter
Facultative Zooplankter
Benthic / Epiphytic
Benthic / Epiphytic
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Figure 3: Taxa frequency in percent occurrence of taxa in zooplankton net samples from the littoral zone and pelagic zone (excluding
samples from transect 4).
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Several functional classification systems have been proposed for littoral zooplankton.

These classifications have been based on association with substrate in terms of food

habits and fidelity to substrate (Pennak 1966) and the ability for locomotion (Meyers
1980). Based on these classification systems and other ecological information from the
literature (Brooks 1959, Edmondson 1959, Wilson and Yeatman 1959, Stemberger 1979,
Fryer 1968, Fryer 1974, Fryer 1957), the littoral zooplankton of Crater Lake were divided
into three categories.

Most of the littoral taxa collected in the current study would be considered
strongly associated with substrate or the benthos. This category includes Macrothrix
montana, Alona costata, A. guttata, Leydigia quadrangularis, Lecane sp., Trichotria
pocillum, the unidentified bdelloid rotifers and the unidentified harpacticoids. These taxa
were adapted for life in or on the benthos (Fryer 1968, Fryer 1974, Pennak 1966) and
were primarily adapted for crawling or burrowing locomotion (Fryer 1968, Fryer 1974).
All of these species can swim if they have to but most were weak swimmers and do not
swim by choice (Meyers 1980, Fryer 1968, Fryer 1974). The second category consists of
facultative zooplankters and would include the cyclopoid copepods, Trichocerca
cylindrica, and Chydorus sphaericus. Limnetic invaders, constitute the third category.
Bosmina longirostris, Polyarthra dolichoptera, Asplanchna sp., and Kellicottia longispina

fall into this category. These taxa were primarily pelagic, but were also found in the
littoral zone. For the purposes of this study, only taxa restricted to the littoral zone were
classified as littoral; cosmopolitan taxa (limnetic invaders) were grouped with the pelagic
taxa.

The overall species richness of the net samples (gamma diversity) was higher in
the littoral zone than in the pelagic zone, while the average sample richness (alpha
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diversity) was similar between the two zones (Table 6). Samples from the littoral zone
were more heterogeneous (higher beta diversity) than were the pelagic samples. The
samples from transect 4 contained several littoral species in addition to the more common

pelagic species. If the tows from transect 4 were included with the pelagic samples
(transects 5, 6, and 7), the gamma diversity for the pelagic zone would have increased
from 19 to 25 species because of the inclusion of littoral species from the transect 4
samples.

Table 6: Diversity measures of the zooplankton net samples of this study. Diversity
measures are summarized for the littoral zone (transects 1, 2, and 3) and pelagic zone
(transects 5, 6, and 7) as well as for all tows (except transect 4).

Diversity Measures
Average
Alpha

Beta

Gamma

All Tows

5.7

6.8

39

Littoral Tows

5.8

5.2

30

3.2

19

Pelagic Tows
(No Transect 4)

Net Transect Summary Measures
Species Composition

There was no significant difference among the species compositions of the three
littoral transects (Table 7). The pelagic transects (transects 5, 6, and 7) were significantly

different from the littoral transects (transects 1, 2, and 3), and from each other. The
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samples from transect 4 were significantly different from transect 5 samples despite the
fact that both of these transects were designed to sample the epilimnion of the pelagic
zone. The species composition of transect 4 was also clearly different from the species
composition of all pelagic tows when considered together (transects 5, 6, and 7) (p <
.0001, MRPP test), as well as being different from the grouped littoral tows (transects 1,
2, and 3) (p < .0001, MRPP test).

Table 7: Comparison of transect species composition. Table reports P values from
MRPP tests on the significance of the difference between the species composition of
the samples from the different transects. Significant differences highlighted in bold.

Tow

1

2

3

4

5

6

1

2

0.58

4

< 0.0001 < 0.0001 < 0.0001

5

<0.0001 <0.0001 <0.0001 <0.0001

6
7

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Density

The densities of zooplankton in the tows of the middle and deep water pelagic
transects (6 and 7) were significantly different from the tows in the epilimnion of the

pelagic zone (4 and 5) and littoral (1, 2, and 3) transects (p < 0.0024, paired t-tests with
Bonferroni adjustment) (Figure 4, A). The average zooplankton density of the mid-water
tows (transect 6) was 154 times (95 % CI: 83 to 285 times) greater than the average
densities of the littoral tows and 68 times (95 % CI: 37 to 126 times) greater than the
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Figure 4: Summary measures for zooplankton samples from net transects. The box plots
25th,
show the 10th,
75th, and 90th percentiles of the samples within each transect.
Outliers are represented by dots. The median of the samples is shown by the thin line
within each box while the transect average is represented by the thick line.
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average density of the transect 5 tows. The deep water pelagic tows (transect 7) were 46
times (95 % CI: 25 to 85 times) denser than the littoral samples and 19.84 times (95 %

CI: 11 to 37 times) denser than transect 5 on average. The average densities of the
transect 4 and 5 samples were significantly different (p = 2.03E-7, paired t-test).
Transect 5 was on average 6 times (95 % CI: 3 to 11 times) denser than transect 4.

Although the zooplankton samples from transect 4 were on average the sparsest samples
collected, the difference between the average density of transect 4 and that of the littoral

transects was not statistically significant. The average zooplankton densities of the three
littoral transects (1, 2, and 3) were similar to each other (p > 0.0024, paired t-tests with

Bonferroni adjustment). While the average density of zooplankton seemed to increased
in the littoral zone in September and decrease in the pelagic zone, this difference was
only statistically significant for transects 4 and 7 (p < 0.0071, paired t-test with
Bonferroni adjustment).

The zooplankton densities of the pelagic samples from the current study were
slightly less than the densities of zooplankton in the lake monitoring program trend

samples from station 13 (Figure 1). For example, the average density of zooplankton in
the trend samples, integrated for the upper 120 m of the water column, was 66835.89 M-3
and 38546.01 M-3 in August and September respectively, compared to 41366.74 m-3 and
18777.06 M-3 calculated from the station 13 samples of this study (transects 5, 6, and 7

were integrated to yield an average density for the water column to 120 m). The average
densities of the pelagic samples from the paired sites were 27743.50 m-3 (S. D. 11589.51,
n = 12) in August and 13804.31 M-3 (S. D. 3896.92, n = 12) in September.

The average density of littoral species in the samples within the epilimnion

(transects 1, 2, 3, 4, and 5) decreased with distance from shore (Figure 4, B). The
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difference in the average density of littoral species, however, was not significant among
littoral transects (1, 2, and 3), or between transect 4 and 5 (p > 0.0005, paired t-tests with

Bonferroni adjustment). The average density of littoral species in the samples from each
of the littoral transects were significantly different from the average density of littoral
species in transects 4 and 5 (p < 0.0005, paired t-tests with Bonferroni adjustment).

Diversity

There was no significant difference between the average species richness of
littoral transects versus pelagic transects (p > 0.0024 paired t-tests with Bonferroni
adjustment) (Figure 4, C). However, species richness had a slightly greater range in the
littoral zone, varying from 1 to 12 species in littoral samples, compared to 3 to 10 species
in pelagic samples. The only significant difference between the average species richness
of the transects occurred in the pelagic zone. The species richness of transect 7 was
significantly different than both transects 4 and 5 (p < 0.0024, paired t-tests with

Bonferroni adjustment). Transect 7 was 1.92 (95 % CI: 3.06 to 0.78) species richer than
transect 5 and 2.13 (95 % CI: 3.27 to 0.98) species richer than transect 4 on average. The
samples from transect 4 had the highest median species evenness of all the transects
(Figure 4, D). However, the only significant differences in median species evenness were
between transect 4 and transects 2, 3, and 5 (p < 0.0024, signed rank test with Bonferroni
adjustment).

The samples from transect 7 had a significantly higher species diversity than the
samples from transect 5 and 6 (p < 0.0024, signed rank test with Bonferroni adjustment).
The samples from transect 7 had the highest median species diversity among the transects

42

followed closely by transect 4 but there were no other significant differences among
transects (Figure 4, E). The high species diversity of the transect 7 samples was due to
the relatively high species richness of those samples (Figure 4, C) while the high diversity
of the samples from transect 4 was due to the high species evenness of the transect 4

samples (Figure 4, D). The species diversity of the littoral zooplankton samples was
more variable than that of the pelagic samples.

Environmental Measures
None of the chemical, physical or nutrient variables measured were significantly
different between the epilimnion of the pelagic zone and the littoral zone (p > 0.05, 2

tailed paired t-tests; Table 8). There were statistically significant differences between
months for several of the chemical and physical measures. Average pH was higher in
September than in August in both the littoral and pelagic zones (p = 1.48 E-6, and

0.00028, respectively 2 tailed paired t-tests). Average conductivity (determined from
water samples) in the pelagic zone was higher, and more variable, in August than in
September (p = 0.017, 2 tailed paired t-test).

Temperature and conductivity (measured by CTD) decreased with depth in the

pelagic zone (Figure 5, A & B). The average temperature and conductivity (CTD) of the
water column where the zooplankton samples were collected was higher in September
than in August in the littoral zone (transect 3) and in the pelagic zone in transects 5 and 6

(p < 0.05, 2 tailed paired t-tests; Table 8 and Figure 5, A & B). There were no significant
differences between temperature and conductivity (CTD) of the water column within
transect 7 between months (p > 0.05, 2 tail paired t-tests).
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Table 8: Average chemical and physical measurements with
standard deviation in parenthesis for the pelagic (epilimnion) and
littoral zone in August and September. CTD values are average
instrument readings from the water column, the rest of the values
were determined from water samples. *Including outlier, Site 3
had a NH3 value of 0.51 mg/l.

Dissolved Oxygen
(% Saturation)

August
Pelagic
Littoral
99.1
99.9

September
Pelagic Littoral
98.0
99.4

(T- 1.78)

(-T 1.23)

(T- 5.27)

(T- 2.34)

112.92

112.17

112.00

(-T 8.02)

(-T 0.58)

(-T 0.43)

7.68

7.65

7.81

7.83

(-T 0.06)

(T- 0.02)

(-T 0.02)

28.13

(T 0.13)
27.64

(---F- 1.56)

(T- 0.24)

27.27
(T 0.22)

27.40
(T 0.49)

13.53

13.60

14.65

14.54

(T- 0.31)

(T- 0.19)

(-T 0.4)

(-T 0.25)

90.1

93.0

92.6

(T- 0.50)

(T- 1.00)

(-T 0.70)

86.79

84.47

86.95

(-T 2.26)

(T- 3.69)

(T- 2.02)

0.033

0.030

Conductivity (11S/cm) 115.92
@25 c
(T- 4.58)

pH

Alkalinity
(CaCO3 mg/1)
Temperature (c)
(CTD)

90.0
Conductivity ([1S/cm)
(CTD)
(T- 0.70)
% Light Transmission 86.22
(CTD)
(-T 3.31)

Unfiltered total N
(mg/1)

Unfiltered total P
(mg/1)

Dissolved PO4

(T- 0.006) (-T 0.007)

0.023

0.023

(-T 0.003) (-T 0.004)

0.010

0.010

(mg/1)

(T- 0.001) (T- 0.001)

NO3 + NO2
(mg/1)

Below level of
detection

NH3

0.005
0.008*
(T 0.003) (T- 0.014)

(mg/1)
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Figure 5: Composite measurements of temperature, conductivity, and % transmission for
the water column in the pelagic zone to a depth of 120 meters. Averages and standard
deviations at each depth were calculated from measurements taken with CTD and
transmissometer casts (n = 13 in each month).
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The average percent light transmission (clarity) of the water column increased

with depth in the pelagic zone in both months (Figure 5, C). However, this general trend
of increasing percent transmission with depth was not monotonic through the water
column. For example, there was a peak in percent transmission in August from 26 to 32
meters deep, and in September percent transmission was low at 22 to 24 and at 44 to 48

meters deep. There was no significant difference between percent transmission in the
epilimnion between months. The average percent transmission of the water column in
transect 6 was significantly higher in August than in September (P= 0.0026, 2 tail paired
t-test) while the average percent transmission of the water column in transect 7 was
higher in September than in August (P= 4.67 E-5, 2 tail paired t-test).
Ordinations (not shown) of the zooplankton samples from transects 3 and 5,
where chemical and physical measures were taken, were explored for associations
between environmental measures and the species composition of the zooplankton
samples. Nutrient (total N, total P, dissolved PO4, NO3 + NO2, NH3), chemical

(conductivity, alkalinity, dissolved oxygen, and pH) physical (temperature and percent
light transmission) measures were overlaid on these ordinations. None of these measures
were associated with the difference in species composition between the littoral and

pelagic zones. Some of the environmental measures were, however, correlated with the
difference in species composition between months and with increasing depth (see below).

Wind

Prior to sampling in August the predominant wind direction followed the typical
summer pattern and ranged from south south west (SSW) to west south west (WSW)
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Figure 6: Direction wind from in percent frequency during the two weeks
preceding sampling in each month.
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(Robert Collier and Greg Crawford 1996 [unpublished data]; Figure 6), and average wind

speed from these directions was 4.47 m/s (Standard Deviation 1.94 m/s, n = 180). Prior
to sampling in September the predominant wind direction shifted (See Figure 6) and
ranged from north north east (NNE) to east south east (ESE), and average wind speed
from these directions was 3.15 m/s (Standard Deviation 2.61 m/s, n = 184). Surface
currents can be roughly estimated as 2% of wind speed (Wetzel 1983). The average wind
speeds prior to sampling in each month would have resulted in average surface currents

of 8.94 cm/s in August and 6.3 cm/s in September. Surface currents would also be
shaped by previously initiated wind currents, the Coriolis effect, seiches, air and water
temperature differences, and boat effects (Haines and Bryson 1961, Wetzel 1983). The
maximum surface current recorded at Crater Lake in a previous study was 10.3 cm/s
(Kibby et al. 1968).

Species Composition
Patterns in the Epilimnion
The relationship between the species composition of the surface of the pelagic
zone, and the littoral zone was illustrated in the ordination of transects 3, 4, and 5 (Figure

7). Each of the transects in this ordination was sampled from the surface to between 9
and 10 meters depth (Figure 2). Although the lake depth of transect 4 was unknown, it
was intended to represent the surface of the pelagic zone and was collected over 100 m
from shore, somewhere between transects 3 and 5.

The samples from the littoral zone (transect 3) and the pelagic zone (transect 5)
occupy distinctly separate areas of ordination space indicating a clear difference in
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Transect
3: Littoral

4:?
5: Pelagic

N
cf
....I

X

Axis 1
Figure 7: NMS ordination of transects 3, 4, and 5. Each point in the ordination
represents a zooplankton sample. The distance between points in ordination space
represents the difference in species composition between the samples. Lines radiating
from center of point cloud represent the correlation of those measures (above 0.3 R2)
with ordination axes. Axis 1 explains 44.8% of the variation in the original distance
matrix while 34.9% of this variation was explained on axis 2.
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species composition. The samples from transect 4 slightly overlap the ordination space
of both the littoral and pelagic zone samples (transects 3 and 5) indicating some similarity

in species composition between transect 4 and both zones. The relative position of the
samples from the different transects in ordination space suggests that the species
composition of the samples from transect 4 was intermediate between the samples of

transect 3 and transect 5. The samples from transect 5 formed a tighter cluster in
ordination space than did the samples from transects 4 or 3, which indicates less variation
in species composition in the samples from transect 5.

The percentage of littoral species in the samples was positively correlated with

axis 1 a result indicating an association with transects 3 and 4. However, the density of
littoral species was more strongly correlated with axis 2, indicating a stronger association

with transect 3. Species richness was also positively correlated with axis 2. Pelagic
species were negatively correlated with axis 1; a result that indicates an association with

transect 5. Typical littoral species were positively correlated with axis 1 indicating an
association with transects 3 and 4. These littoral species were also positively correlated

with axis 2 showing a stronger association with transect 3 than with transect 4. Most of
these littoral species had a stronger positive correlation with axis 2 than axis 1.

Transect 4

If we assume that both transects 4 and 5 represented the surface of the pelagic

zone, interpreting the data becomes more complicated, and the patterns observed in the

data become less clear. Eliminating transect 4 from the analysis of the species
composition of the littoral and pelagic zones clarified the interpretation of the data,
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apparently because the transect 4 samples were collected in a zone of transition between

the littoral and pelagic zones. For example, after recalculating the ordination of net
samples without transect 4 (Figure 8), the amount of variation on axis 1 explained by the
density of littoral species in the samples increased from r2 =.336 to r2 = .506.

Pelagic versus Littoral

The pelagic (transects 5, 6, and 7) and littoral (transects 1, 2, and 3) zooplankton
assemblages were significantly different in terms of their species composition (p < 1.0 E

9, MRPP test). This difference can be seen graphically in ordination space (Figure 8).
The pelagic and littoral tows were split into two distinct groups at either end of axis 1.
This orientation within the ordination would be expected since the ordination was rotated
to maximize the correlation of the percentage of littoral species in the samples with axis
1. Consequently, the pelagic species were negatively correlated with axis 1 showing a

strong association with the pelagic samples. The littoral species, on the other hand, were
positively correlated with axis 1, a result that indicates an association with the littoral
samples (Table 9).

These differences in species composition between the pelagic and littoral zones

were also supported by the results of INDVAL analysis (Figure 9). There were several
ubiquitous species, such as Bosmina longirostris, Kellicottia longispina, Polyarthra
dolichoptera, and Asplanchna sp. (Figure 3), that have high occurrences in the

zooplankton assemblages of both the pelagic and littoral zones. These species reach their
maximum indicator value for the whole set of samples. However, these ubiquitous
species were still stronger indicators of the pelagic zone than the littoral zone, because
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August
All Net Tows

Unid. Nauplii (21)

Bosmina longirostris (100)

Kellicottia longispina (91)
Polyarthra dolichoptera (91)
Asplanchna sp. (67)
Filinia terminalis (44)
Divided By Zone

a.

September
Asplanchna sp. (67)
Chydorus sphaericus (13)

August

Pelagic

None Significant

Kellicottia longispina (81)

Lecane sp. (66)

Filinia terminalis (76)

Unid. Nauplii (51)
Unid. Chironomid (44)
Chydorus sphaericus (24)
Divided by Date

September
Asplanchna sp. (55)

Polyarthra dolichoptera (62)
Bosmina longirostris (59)
Asplanchna sp. (45)
Synchaeta sp. (41)
Philodina acuticomis (27)

A-

Littoral

East
None Significant

V

A.

West
Lecane sp. (55)
Chydorus sphaericus (40)

Keratella cochlearis (27)

Keratella cochlearis (26)

Bdelloid rotifer #1 (36)

Daphnia longiremis (15)

Divided by Depth

Trichocerca cylindrica (31)

Deep
Polyarthra dolichoptera (76)

Surface
None Significant

Filinia terminalis (72)

August
Unid. Naup ii (52)

September
Asplanchna sp. (94)

Divided by Side

Kellicottia longispina (70)

Kellicottia longispina (65)

Chydorus sphaericus (27)

Bosmina longirostris (61)

Divided by Side

Synchaeta sp. (50)

Philodina acuticomis (40)
Divided by De th

West
Bdelloid rotifer #1 (40)

East
Polyarthra dolichoptera (63)

Unid. Mite (39)

Bosmina longirostris (58)

West
Kellicottia longispina (57)
Lecane sp. (50)

Chydorus sphaericus (49)

Mid-Water
Kellicottia longispina (55)

Deep-Water
Philodina acuticomis (73)

Bosmina longirostris (54)

Synchaeta sp. (55)

Asplanchna sp. (52)

Filinia terminalis (54)

Trichocerca cylindrica (41)
Bdelloid rotifer #1 (26)
East

None Significant

Figure 9: Indicator species for dendrogram of sample group hierarchy. Only
significant indicator species for a hierarchical division of the zooplankton data into
sub-groups are presented. The numbers for each species represent the percentage of
perfect indication of that species for the group represented after each division in the
data.
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their densities were higher in the pelagic zone. The more common littoral species were
the strongest indicators of the littoral zone (Figure 9).

Table 9: Correlation of species distributions with axes of ordination of net samples
(Figure 8). Reported values are R-values from Pearson Correlations with axes.

Correlation with Axis
1

0
(-)

a.

(/'

a.

.c.)
C.)

K

c'ct

'

Daphnia pulicaria
Bosmina longirostris
Kellicottia longispina
Polyarthra dolichoptera
Filinia terminalis
Asplanchna sp.
Synchaeta sp.
Philodina acuticornis
Keratella cochlearis
Lecane sp.
unidentified rotifer #1
Bdelloid rotifer #1
Trichocerca cylindrica
Macrothrix montana
Chydorus sphaericus
nauplii
chironomid
copepodid

-.290
-.693
-.845
-.650
-.706
-.321

-.512
-.405
-.373
.760
.197
.448
.304
.273
.351
.628

.540
.256

2

.168
.590
.589
.733
.618
.449
.483
.447
.073
-.152
-.037
.129
.301
.190
.247
-.162
-.102
.033

Several other characteristics of the littoral and pelagic zooplankton assemblages

were apparent from the ordination of net tows (Figure 8). The zooplankton samples from
the littoral transects seemed to be randomly distributed within the littoral portion of the
ordination, supporting the MRPP results of no significant difference between the species
composition of the littoral transects (Table 7). The samples from the pelagic transects
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(transects 5, 6, 7), particularly the deeper samples, form a tight cluster in ordination space
indicating that they were more similar to each other in terms of species composition than

were the samples from the littoral zone (transects 1, 2, and 3). The littoral tows were not
only clearly different from the pelagic tows in species composition, they were also more
variable.

The samples from the pelagic transects were grouped along axis 2 by increasing
depth (Figure 8). The pelagic taxa were positively correlated with axis 2 (Table 9),
suggesting these taxa are strongly associated with the deep water samples (transects 6 and

7), likely due to the overall higher densities of zooplankton in the middle and deep water

tows. The association of most pelagic species with the deeper pelagic transects was
supported by the results of the INDVAL analysis (Figure 9). Philodina acuticornis,
Synchaeta sp., and Filinia terminalis were all stronger indicators for the deepest transect,
while Kellicottia longispina, Bosmina longirostris, and Asplanchna sp. were stronger

indicators for the mid-depth transect. When the pelagic transects were considered
separately from the littoral transects in the INDVAL analysis, no species was a significant
indicator for the epilimnion (transect 5).

Correlation with Environmental Factors

Both temperature and conductivity were positively correlated with axis 1 and
negatively correlated with axis 2 (Table 10) in the ordination of net tows (Figure 8).
Temperature and conductivity decrease with depth in Crater Lake during summer thermal
stratification (Figure 5) and appear to be covariates of depth, which was negatively

correlated with axis 1 and positively correlated with axis 2. Several summary statistics
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for each tow were also explored for patterns and significance in the ordination of net
tows. Species richness and species diversity both had a weak positive correlation with

axis 2 (Table 10). Zooplankton density was negatively correlated with axis 1 and
positively correlated with axis 2, reflecting the higher zooplankton densities of the deep
pelagic tows.

Table 10: Correlation of environmental measures and summary statistics with axes of
ordination of net samples (Figure 8). Reported values are R-values from Pearson
Correlations with axes.

Correlation with Axis
% Pelagic Species
% Littoral Species
Density of Littoral Sp.
Sample Density
Density of Pelagic Sp.
Density of Rare Sp.
Species Diversity
Species Richness

u,

2

j

(4
E

1

2

-.711
.711
.708
-.470
-.470
-.166
-.031
.110

.222
-.222
-.020
.418
.418
.031
.341
.497

1

Tzi

z6

Average Depth
Temperature (CTD)
z V)
° .) Conductivity (CTD)
.4 % Transmission
w
C.:1

!_--..

-.632
.670
.665
-.482

.587
-.608
-.596
.250

There was no pattern related to the time of day zooplankton samples were

collected in the ordinations examined. The species composition of the samples from the
sites around the lake was not significantly different when all net samples were considered

together (p = 0.29, MRPP test). When the pelagic samples were considered separately,
there was also no significant difference in species composition (p = 1.00, MRPP test).
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However, when the littoral samples were considered separately there was a significant
difference between the species composition of the sites (p < 1.0 E-8, MRPP test).

Other Patterns in Zooplankton Distribution
Month

The species composition of both the littoral and pelagic zooplankton assemblages
were significantly different in August than they were in September (p < .0001, MRPP

test). Asplanchna sp., a significant indicator for September, was the only significant
indicator for the difference between months when pelagic and littoral samples were

pooled (Figure 9). However, considering the pelagic and littoral samples separately
yields a clearer picture of the difference in species composition between the months

(Figure 9 and Figure 10, A & B). For the littoral samples, nauplii was a significant
indicator taxa for August and Asplanchna sp., Kellicottia longispina, and Chydorus
sphaericus had a higher frequency occurrence (Figure 10, A) and were significant

indicators for September (Figure 9). In the pelagic zone, the difference in species
composition was greater among the different depths sampled than between the samples

from different months. However, both Asplanchna sp. and Keratella cochlearis had
higher frequency occurrences (Figure 10, B) and were significant indicators for
September in the pelagic zone (Figure 9).

The relative abundance of rotifers and cladocerans in the zooplankton
assemblages of both the littoral and pelagic zones changed between months, but in
different ways. The percentage (by number) of cladocerans in the pelagic assemblage

more than doubled from 18.4% in August to 43.9% in September. In the littoral zone the
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converse trend occurred, the percentage of rotifers in the assemblage increased from
21.0% to 34.5% between August and September.

The difference between months in the species composition of the littoral
zooplankton assemblage can be seen in the ordination of littoral tows (Figure 11). In this
ordination, the August and September samples were clustered on opposite ends of axis 1

with the August sites primarily on the right side. Three of the August samples were
atypical and ended up on the left side of axis 1 due to the lack of nauplii and the higher

densities of pelagic species, especially Polyarthra dolichoptera in these samples. The
September samples were associated with high zooplankton densities (R value -.427 axis
1) while the August samples were associated with high percentages of littoral species (R

value .680 axis 1). Most of the pelagic species were associated with the September
samples, or negatively correlated with axis 1, whereas the more common littoral species
were positively correlated with axis 1 and associated with the August samples.

East & West

The other pattern that emerges from the littoral ordination (Figure 11) was the
difference in species composition between the sites on the east and west sides of the lake.
The west-side sites were clustered on the top end of axis 2 in the ordination whereas the

east-side sites were clustered at the bottom of the axis (Figure 11). Species richness (R =
.684) and the density of rare species (R = .525) were positively correlated with axis 2, and
were therefore associated with the west-side sites.

Another pattern emerged when the littoral sites were ordinated separately by

month (ordinations not shown). In August, the pelagic species were associated with the
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Figure 11: NMS Ordination of littoral samples. Each point in the ordination
represents a zooplankton sample in the littoral zone. The
lines radiating from the center of the point cloud represent the
correlation of those measures (above 0.25 R) with the ordination
axes.
Axis 1 explains 42.2% of the variation in the original distance
matrix while 25.3 % of this variation was explained on axis 2.
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east-side sites, while in September, the pelagic species were predominately associated

with the west-side sites. The results of the INDVAL analysis supported this pattern.
Two pelagic species, Polyarthra dolichoptera and Bosmina longirostris, were significant
indicator species for the east-side samples in August, while Kellicottia longispina,
another pelagic species, was a significant indicator species for the west-side samples in
September (Figure 9). Littoral species were indicators for the west-side samples in both

months. In August, Bdelloid #1 and an unidentified mite were indicator species for the
west-side samples, whereas in September, Lecane sue., Chydorus sphaericus, Trichocerca

cylindrica, and Bdelloid #1 were indicator species for the west-side samples (Figure 9).

The zooplankton assemblage of west-side littoral sites in August was the most

unique assemblage in the study (Table 11). The zooplankton assemblage of the west-side
littoral sites was significantly less dense than that of the east-side sites (p = 0.0013, 2
tailed t-test) in August due primarily to the paucity of pelagic taxa in these samples.
Concurrent with winds from the northeast (Figure 6), there was an influx of pelagic taxa
into the west-side sites in September resulting in no significant difference between the
densities of the zooplankton assemblages of the two sides (p = 0.94, 2 tailed t-test).
Species evenness and diversity were significantly higher for the west-side sites in August
(p = 0.0052 and 0.030, 2 tailed t-test), while there were no significant differences between
either species evenness or diversity of the two sides in September (p = 0.062, 2 tailed t-

test). The density of littoral species was higher in the zooplankton assemblages of the
west-side sites in September (p = 0.017, 2 tailed t-test), while there was no significant
difference between the two sides in August. However, the percentage of littoral species,
particularly copepod taxa, in the zooplankton samples was much higher for west-side
than east-side sites in August or for both sides of the lake in September.
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Table 11: Summary measures for the comparison of the zooplankton assemblage of
the east and west-side littoral sites for both months. Littoral samples within each site
were combined (integrated) for this comparison. Averages reported with standard
deviation in parenthesis. Significant differences highlighted in bold.

August
East
West

Density (M3)

September
East
West
430.36
70.21
532.26
546.87
(T- 192.16) (-T- 55.71) (T 301.30) (T 334.84)
(-T 1.51)

8.17
(T 3.76)

8.83
(T 2.23)

(-T 2.14)

( +0.08)

(T0.15)

(T0.18)

(-T 0.10)

0.61

0.91

1.00

(T 0.17)

1.14
(T 0.48)

(T 0.35)

(T 0.28)

10.22
Density of
Littoral Species (T 10.18)

13.82
(T 9.89)

5.73
(T 2.96)

23.28
(T 14.68)

23.48

1.79

4.87

7.33

Species
Richness
Species
Diversity

Percentage of
Littoral Species

2.44

11.17

Light Trap Samples
The light traps were effective for collecting Bosmina longirostris. The light trap
samples contained an average of 67037 zooplankton (standard deviation 103049).

Bosmina made up 95.2 % of the light trap samples on average. Three species of
cyclopoid copepods were discovered in the light trap samples, but these species were rare,
occurring sparsely in three of the samples.

There were no strong patterns in the distribution of zooplankton taxa in these
samples. The species composition of the light trap samples was not significantly different
between months (p = 0.29, MRPP test) or between the east and west sides of the lake (p =
0.099, MRPP test).

62

Three light traps were set in the moss zone in 1996 at approximately 70 meters deep.
These light traps collected Bosmina longirostris and Daphnia sp. in about equal numbers.
There were 425 zooplankton in each trap on average.
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Discussion

Study Objectives
The results of this study support my main working hypothesis that the
zooplankton assemblage in the littoral zone of Crater Lake was different, in terms of both
density and species composition, from the zooplankton assemblage of the pelagic zone.

The density of the littoral zooplankton assemblage was lower than that of the pelagic

assemblage. Several typical littoral species had a patchy distribution in the littoral
zooplankton assemblage and were not present in the pelagic assemblage. Littoral taxa
dominated the species composition of some littoral sites, although the average percentage

of littoral taxa in the littoral sampling sites was relatively low. Several cosmopolitan
species dominated both the littoral and pelagic zooplankton assemblages although the
relative abundance of these species differed between the two assemblages. The pelagic
assemblage was dominated by rotifers (68.9%) and the littoral assemblage was dominated
by cladocerans (67.9%), primarily Bosmina longirostris.

The higher overall species richness and patchy distribution of the littoral
zooplankton assemblage in Crater Lake suggests that the habitat in the littoral zone was

more heterogeneous than that of the pelagic zone. These results were consistent with
observations in other lakes (Lehtovaara and Sarvala 1984, Havens 1991, Selin and

Hakkari 1982, Lair et al. 1993). For example, all three littoral habitats measured in
oligotrophic Lake Inarijarvi, including vegetated, sandy, and stony shores, had higher
species diversities than did the pelagic area of the lake (Selin and Hakkari 1982).

Although, the littoral zooplankton samples from Crater Lake were highly variable in
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species richness, density, diversity, and species composition, the samples from different
bathymetric contours within the littoral zone did not differ significantly in any

recognizable pattern. These results suggest that zooplankton taxa in the water column
within the littoral zone were not associated with different bathymetric zones and any
associated changes in substrate.

The difference in density and species composition between the surface pelagic and
littoral zooplankton assemblages cannot be explained by the chemical and physical
factors measured. None of the environmental variables measured were significantly
different between the surface of the pelagic zone and the littoral zone of Crater Lake.

These results supported the hypothesis that water between the two zones was readily

mixed. The combination of high winds, low shoreline development, and absence of
vascular macrophytes facilitated mixing between the two zones (Sollberger and Paulson
1992).

Other Patterns in the Distribution of Zooplankton
The August west-side sites had the most unique species composition and lowest
zooplankton densities of the littoral samples. The species richness, percentage of littoral
species, and percentage of rare species, in the littoral zooplankton assemblage was greater

in west-side sites than in east-side sites in both months. Littoral species were indicators
for the west-side sites both months (Figure 9). The dominant pelagic taxa were more
strongly associated with the east side of the lake in August and the west side of the lake

in September (Figure 9). The intrusion of pelagic taxa into the west-side sites in
September increased the density of the zooplankton assemblage in these sites to densities
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similar to the east-side littoral sites while the percentage of littoral taxa within the
zooplankton assemblage of the west-side sites decreased.

It has been common for the species composition of both pelagic and littoral
zooplankton assemblages to undergo seasonal succession (Wetzel 1983, Pennak 1966,

and Straskraba 1964). In the current study, the littoral zooplankton assemblage showed
the greatest change in species composition between months followed by the surface

pelagic assemblage. The deep water assemblage (transects 6 and 7) appeared to change
the least in terms of species composition. The difference in species composition in the
littoral and surface pelagic zone sites was correlated with higher temperatures in the

epilimnion in September. Both temperature and conductivity were relatively constant in
the metalimnion and hypolimnion suggesting a relatively stable physical environment,
which may be related to the smaller change in species composition between months in
these zones.

One of the most obvious changes in species composition in the littoral
zooplankton assemblage between August and September was the tremendous increase in

the abundance and frequency of Asplanchna sp. in September. Other rotifers including
Kellicottia longispina and Polyarthra dolichoptera were also more common in the littoral

zone in September. The increase of rotifers in the littoral assemblage in September may
have resulted from less predation pressure. As juvenile fish in the littoral zone grew in
size, they may have fed less heavily on rotifers in September than in August (Lair et al.
1993). Invertebrate predation could also have decreased in September (Havens 1991).
Another possibility is that habitat conditions could have been better (i.e. warmer) for the

rotifers in September. The rapid reproductive abilities of rotifers would allow them to
respond quickly to these changes.
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Copepod nauplii were less common in September in the water column of the

littoral zone than in August. There was no consequent increase in adult or copepodid
copepods in September. Nauplii have been found to be more common in the water
column than copepodids or adult copepods (Wetzel 1983, Hart 1978). The cohort of
nauplii collected in August probably molted to adult or advanced copepodid stages by
September and left the water column.

The change in species composition and density in the pelagic zooplankton
assemblage with increasing depth in Crater Lake has been well documented in previous
studies (Larson et al. 1993, Larson et. al. 1996b, Karnaugh 1988). The decrease in
temperature with depth in Crater lake during summer thermal stratification probably
influenced species composition. However, other factors associated with depth such as the
availability of food resources and level of UVB radiation may have been more influential
in shaping species composition.

The maximum zooplankton densities for the samples from this study were in the
metalimnion at a depth of 10 to 60 meters below the surface in both August and
September, while the maximum densities of the trend samples from these months
occurred between 20 to 40 meters deep. These results differ from the trend results from
1985 to 1990. The maximum density of zooplankton in the water column during these
years was generally from 80 to 120 m deep (Larson et al 1993, Larson et al. 1996) which
corresponded to the zone of maximum primary production, chlorophyll concentration and
phytoplankton cell biovolume in the lake (McIntire et al. 1993, McIntire et al. 1996).
In 1995 the maximum chlorophyll concentrations in the water column occurred at
100 m deep in both August and September (Larson 1997). Although the relationship
between chlorophyll concentration and phytoplankton cell biovolume in Crater Lake were

67

not completely clear (McIntire et al. 1996), the high chlorophyll levels at 100 m could

indicate high concentrations of phytoplankton food resources there. High concentrations
of food resources at 100 m, however, would not explain why the maximum density of

zooplankton in my study was in the 10 to 60 m depth range. An increase in water clarity
(% light transmission) of the water column from 60 to 120 meters in September was
associated with a decrease in chlorophyll concentration in this depth range (Larson 1997)
indicating a possible decrease in phytoplankton food resources for zooplankton in these
depths or a possible increase in herbivory.

The conditions in epilimnion of Crater Lake are very different from the deeper

waters of the pelagic zone during the summer. The low density of the epilimnetic
zooplankton assemblage is probably due to limited food resources and the impacts of

UVB radiation. Although the harsh environment likely reduces zooplankton survival in
the epilimnion, the assemblage is probably replenished as pelagic zooplankton from the
dense metalimnion assemblage are entrained into the epilimnion by wind induced surface
currents.

Gradients in Zooplankton Distribution
Transect 4
The zooplankton tows from transect 4 may have turned out differently from the
zooplankton tows from transect 5 due to sampling problems or because of genuine

differences in the distribution of zooplankton in the epilimnion of the pelagic zone. The
transect 4 tows were collected with a 5.2 m Boston Whaler concurrently with the littoral

zone tows (transects 1, 2, and 3) for each site sampled that day. The transect 5 tows were
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collected with the 9.1 m research vessel Nueston on the same day as the deeper pelagic

tows for each site (transects 6 and 7). The pelagic and littoral zone tows were collected
several days apart.

It was possible that the difference between transects 4 and 5 was due to a boat

effect. For example, if the net was towed faster by the Nueston, the length of the tow
would be longer for the set tow time. However, the meter readings between the two sets
of tows were similar (p = 0.51, paired 2 tail t-test), and the densities were standardized by

the amount of water sampled. Although net contamination was a possible source of the
difference between the surface pelagic tows this was unlikely because the net was rinsed
carefully after each tow.

Because transects 4 and 5 were collected several days apart, it was possible that
the zooplankton assemblage in the surface pelagic zone changed either through

demographic or physical factors (wind). However, it was unlikely that the species
composition and density of the tows from the two transects varied in the same way on all
sampling dates. In fact, the transect 4 samples from the different months were more
similar to each other than they were to the transect 5 samples from the same month.
Likewise, the transect 5 samples from the two months were also more similar to each

other than to the transect 4 samples from the same month. Given the difference in wind
patterns between the two months it seems unlikely that wind accounted for a similar
difference between the species composition of transects 4 and 5 for both months. Since
the transect 4 tows were indeed on average closer to shore than transect 5 tows it could
indicate some interesting patterns in the density and species composition of zooplankton
in Crater Lake.
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Gradient Between Pelagic and Littoral Zone

The presence of littoral taxa in transect 4 tows suggested that littoral taxa occurred

off shore, outside of the littoral zone. However, the absence of these littoral taxa in the
samples from transect 5 (at the 200 meter depth contour) suggested that these taxa either
sank, were preyed upon, or were diluted to the point that there was a low chance of

collecting them in the pelagic assemblage. The zooplankton density of the area sampled
by the transect 4 tows was lower than either the littoral or pelagic zone tows. The lower
density and intermediate species composition of the transect 4 tows could indicate an
inshore-offshore gradient in zooplankton distribution.

Karnaugh (1988) found a zone of change in zooplankton species composition
between the littoral and pelagic zones of Crater Lake, a similar result to that found in this

study in the epilimnion. There was, however, a problem with using Karnaugh's data to
support this hypothesis because the entire water column was sampled with each tow in
that study. The higher density of zooplankton in the metalimnion of Crater Lake would
minimize the influence of differences in the zooplankton assemblage of the epilimnion

(Johannsson et al. 1991). Karnaugh's samples more likely reflect a gradient or change in
the species composition of the deeper strata.

Gradients in zooplankton density (Lewis 1980, Gliwicz and Rykowska 1992,
Johannsson et al. 1991) and species composition (Carter et al. 1995, Johannsson et al.
1991) have been commonly reported with increasing depth and distance from shore.

Depth has been found a universal gradient in lakes, which can result in horizontal

variation in the distribution of zooplankton through several factors. The gradient in
Crater Lake could have been maintained by changes in invertebrate (Lewis 1980) and
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vertebrate (Gliwicz and Rykowska 1992, Johannsson et al. 1991) predation, and
differences in food resources and nutrients (Carter et al. 1995) with increasing depth.

Changes in the zooplankton assemblage of large lakes with distance from shore typically

occur over a distance of several kilometers with an increase in depth of 10's of meters
(Lewis 1980, Gliwicz and Rykowska 1992, Johannsson et al. 1991, Carter et al. 1995). In
Crater Lake, a similar increase in depth occurs less than 100 meters from shore.

Physical Influences and the Littoral Zooplankton Assemblage
Wind

The prevailing southwest winds at Crater Lake during summer (Kibby et al. 1968,
Robert Collier and Greg Crawford 1996 [unpublished data], Brode 1938) could have
influenced the distribution of littoral zooplankton (Goulden 1971). Winds inside the
caldera can be quite variable, particularly close to the walls of the caldera (Kibby et al.

1968). Nevertheless, a meteorological buoy in the middle of the lake at station 13
recorded relatively steadfast winds from the southwest for the majority of the summer of
1995 (Robert Collier and Greg Crawford 1996 [unpublished data]). The littoral zone on
the west side of the lake was less subject to direct wind and wave action during the
summer of 1995 than was the east side. Wave action can be severe on the east side of the
lake and waves a meter high have been common on the northeast shore during summer

(Brode 1938). The density of attached algae and macroinvertebrates appear to be
inversely proportional to the severity of wave action at Crater Lake (Wisseman et al.
1993). Under typical summer wind conditions, the west-side littoral zone could provide a
less stressful environment for littoral species than the east side of the lake.
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The results of this study suggested that wind played a significant role in the

distribution of pelagic taxa in the littoral zone. Pelagic taxa have typically exhibited
shore avoidance in other systems, which may be a response to predation (Gliwicz and
Rykowska 1992, De Stasio 1993, Wurtsbaugh and Li 1985) or a byproduct of the

behavior that insures vertical orientation in the pelagic zone (Siebeck 1980). Wind
induced currents may counteract the ability of pelagic taxa to avoid shore in Crater Lake.

The shift in wind direction from the predominant summer pattern of winds from
the southwest to winds from the northeast in September (Figure 6) likely influenced the
distribution of pelagic zooplankton taxa in the littoral zone. Winds recorded prior to
sampling in both months were capable of inducing surface currents toward the leeward
shore and reverse currents away from the leeward shore at 5 to 10 m below the surface
(Hart 1978). Positively phototactic microcrustaceans could have accumulated in the
epilimnion of the leeward shore by swimming against downwelling currents (Landgford

and Jermolajev 1966, George and Edwards 1976). In an experimental setting, Bosmina
maintained their position under a light source at the surface in an area of down-welling in
currents up to 2 cm/s, and were carried away in currents greater than 2.5 cm/s (Kairesalo

and Penttila 1990). Alternatively, benthic (Hart 1978) and negatively phototactic species
(George and Edwards 1976) could have maintained themselves on the windward side of
the lake in a zone of upwelling.

During the period prior to August sampling, wind induced currents could have

transported pelagic zooplankton into the littoral zone on the east side of the lake. A
reversal of wind direction and the resulting currents in September likely transported

pelagic taxa into the west-side littoral zone. Pelagic taxa could have accumulated in the
littoral zone when shoreward currents were strong enough to counteract shore avoidance
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behavior and down-welling associated with subsurface return currents was weak enough
not to overwhelm the ability of zooplankton to maintain their position.

Morphometry

Lake morphometry probably contributed to the dominance of pelagic taxa in the

littoral zone. The littoral zone of Crater Lake was steep. The average slope of the bottom
within the littoral zone sampling sites was 23.78 degrees (S. D. 6.15 degrees, n = 12).
The littoral zone was therefore relatively narrow and was in close proximity to the pelagic

zone. The proximity of the pelagic zone provided an opportunity for pelagic taxa to
become incorporated into the littoral zooplankton assemblage. The small aerial extent of
the littoral zone, and lack of barriers between zones, would allow pelagic taxa to
penetrate the entire littoral zone rather than being limited to a transitional area between
the two zones.

Morphometry could also play a role in explaining the higher occurrence of littoral

and rare species on the west side of the lake. Secondary volcanism, including the
creation of Wizard Island, has resulted in a higher percentage of littoral zone and shallow

habitat on the west side of the lake. The average width of the littoral zone in the westside sites was 36.82 m (S. D. 13.50 m, n = 6) compared to 24.28 m (S. D. 7.34 m, n = 6)

in the east-side sites. Decreasing the slope of the benthos increases the area of the
benthos within the littoral zone and consequently increases the relative contribution of the

periphyton to primary production within the littoral zone (Loeb et al. 1983). Littoral
periphyton contributed greater than 90% of the total primary production of the littoral
zone lakeward to the 8 m depth contour at Crater Lake in 1981 (Loeb et al. 1983).
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Greater availability of food resources for benthic and littoral zooplankton on the west side
of the lake could have resulted in higher densities of littoral species.

There were other differences between the west and east sides of the lake. The
northeast side of the lake receives about half as much precipitation as the southwest side
(Redmond 1993). The precipitation gradient results in a higher frequency of avalanches
on the west side of the caldera and differences between the terrestrial vegetation on either
side of the caldera. It was not clear, however, whether the precipitation gradient and
associated differences would influence the littoral zooplankton assemblage.

Macrophytes

The sparseness of aquatic macrophytes in Crater Lake (Wisseman et al. 1993,
Brode 1938) was probably at least partially responsible for the dominance of pelagic
zooplankton taxa and relative scarcity of littoral taxa in the littoral zooplankton

assemblage (Pennak 1966, Sollberger and Paulson 1992). The relatively low species
richness of the littoral zooplankton assemblage could have been a result of the lower
habitat heterogeneity in the littoral zone of Crater Lake compared to a more typical
vegetated littoral zone (Selin and Hakkari 1982, Pennak 1966, Straskraba 1964,
Lehtovaara and Sarvala 1984, Lemly and Dimmick 1982, Sollberger and Paulson 1992)..

Vegetated littoral zones typically have higher zooplankton densities than the pelagic
zone (Selin and Hakkari 1982, Whiteside et al. 1978, Lehtovaara and Sarvala 1984) and
the low density of the littoral zooplankton assemblage in Crater Lake may also be related

to the sparseness of macrophytes. Aquatic macrophytes not only increase the amount of
substrate available to epiphytic species, they extend the substrate into the water column
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and consequently can extend the range of some littoral species higher in the water column
(Paterson 1993, Fairchild 1981). The unvegetated littoral zone of Crater Lake presented
no barrier to the mixing of littoral and pelagic waters (Lehtovaara and Sarvala 1984,
Carpenter and Lodge 1986) and therefore the waters were likely well mixed reducing the
separation between zones. However, in spite of the lack of macrophytes there was a
littoral influence on the distribution of zooplankton (Cryer and Townsend 1988).

Association with the Benthos

The littoral zone of Crater Lake supported several species not found in the pelagic
zone of the lake despite the absence of barriers to mixing and similar water chemistry,

nutrient levels, and temperature between the littoral and pelagic zones. Most of the
littoral species in Crater Lake would be considered strongly associated with the benthos, a

result typical of other systems (Vuille 1991, Paterson 1993, Whiteside et al. 1978). For
example, the relative contribution of benthic species to the production of
microcrustaceans in the littoral zone of Lake Biel was 39% and 54% respectively during

two successive years of study (Vuille 1991). Microcrustaceans were twice as common in
the sediments as they were in the water column in the vegetated littoral zone of a small
acidic lake (Paterson 1993).

I found no evidence that zooplankton distribution in the littoral zone of Crater
Lake was associated with bathymetry or environmental characteristics, such as substrate,
found at the specific depth contours of the transects sampled. However, I was unable to
sample the water column within one meter of the bottom in the littoral zone due to time

and sampling constraints. Many oceanic zooplankton species have been classified as
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hypopelagic (Clutter 1967), or suprabenthic (Wildish et al. 1992) and inhabit the area of

the water column within one meter of the bottom. Demersal zooplankton in the Gulf of
California generally remained within 30 cm of the bottom during their diel migrations

(Alldredge and King 1985). There have also been indications that copepod taxa in
freshwater ponds may be closely associated with the bottom (De Stasio 1993). It was
possible that zooplankton assemblage within one meter of the bottom in the littoral zone
of Crater Lake would show more of an association with bathymetric zones.
It was also possible that zooplankton would be associated with bathymetric zones

outside of the littoral zone as defined by the current study. The substrate of the benthos
changes with depth below the limit of the eulittoral zone at the 10 m depth contour. The
benthos between 10 and 30 meters deep has been characterized as the sublittoral euphotic
ooze zone and consists primarily of mud and fine particulate organic matter (Wisseman et

al. 1993). Below that, a band of macrophytic moss grows on the caldera slope between
30 and 120 meters in depth (McIntire et al. 1994). As the substrate changes with depth on
the caldera wall the zooplankton assemblage affiliated with the bottom could undergo
associated changes. The presence of littoral crustaceans in the deep water moss (Robert

Truitt 1995 [unpublished data]) supports this hypothesis. However, many of these
species were found in the littoral zone of the current study.

Littoral taxa were extremely rare in the pelagic samples of the current study and
there were few records of littoral taxa in the pelagic zone of Crater Lake from previous
studies (Larson et al. 1993, Larson et al. 1996b). Since the water between the littoral and
pelagic zones was well mixed and pelagic species were present in the littoral zone it was
reasonable to expect that littoral taxa would be washed into the pelagic zone and
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incorporated into the pelagic zooplankton assemblage. There were several possible
reasons why littoral species were uncommon in the pelagic zone.

Littoral crustacean zooplankton have been shown to optically orient and migrate

towards the littoral zone (Siebeck 1980). However, the swimming ability of the
crustaceans inhabiting the littoral zone of Crater lake was poor. Chydorus sphaericus was

the strongest swimmer of the littoral cladocerans in the current study. Chydorus
sphaericus has been clocked at a maximum swimming speed of 0.56 cm/s for a distance

of 4.5 cm (Fryer 1968). Alona guttata, on the other end of the spectrum, has exhibited a
maximum swimming speed of only 2.5 mm/s. Macrothricids were even less powerful
swimmers than the chydorids and were apparently incapable of prolonged directional

swimming (Fryer 1974). The swimming ability of these species was likely not great
enough to counteract wind induced offshore currents of up to several cm/s.

Littoral taxa swept into the pelagic zone may not be able to maintain their position
in the water column and they may sink out of the photic zone. Littoral species have
generally been found to be poor swimmers and less resistant to sinking than pelagic
species (Havens 1991, Fryer 1968, Fryer 1974). Littoral species show less tendency to

orient to light and upward movement than pelagic taxa (Siebeck 1980, Meyers 1980) and
may swim toward the bottom if swept into the pelagic zone. Littoral species may be less
able to escape predation in a pelagic environment than pelagic species because of their

poor swimming ability. Littoral species could therefore be differentially eliminated from
the pelagic zone by predation.

Dilution of littoral taxa in the pelagic zone almost certainly plays a role in

explaining the rarity of littoral taxa in the pelagic zone samples. The pelagic zone of
Crater Lake was roughly 55 times larger than the littoral zone in terms of surface area and

77

1400 times larger than the littoral zone in terms of volume (to a depth of 120 m). The
average density of the pelagic zooplankton assemblage integrated to 120 m was 78 times
greater (95% C.I. 40 to 151 times) than the average integrated density of the littoral

zooplankton assemblage. Its possible that littoral taxa become incorporated into the
pelagic zone zooplankton assemblage, but their density was so low that the chances of
enumerating littoral taxa in a pelagic count were extremely small.

Lake Level

Zooplankton density and species composition can be affected by yearly water

level fluctuations (Martin et al. 1981). Crater Lake's water level has varied over a range
of 4.62 meters over the last century and has been strongly correlated with precipitation
levels (Redmond 1993). The average recorded lake level on September 30th from 1862 to
1997 was 88.62 cm below the bench mark elevation of 1,882.14 m, with a range of 371

cm below to 92 cm above the benchmark. The surface elevation of the lake on September

t1995
h,

(at the end of this study) was 1879.94 m, 2.2 m below the benchmark

elevation, the result of several years of drought. The last time lake levels were this low
was 1948. Crater Lake's water level typically varies approximately 0.5 meters seasonally.
Lake level could influence the littoral zooplankton community in several ways.
As a result of the lowered lake level in the summer of 1995, a bench approximately 10 to
20 meters wide and 1 to 2 meters above the lake level ringed the west side of the lake.

De-watering of this bench undoubtedly altered the littoral habitat available to
zooplankton because substrates along the shoreline dried out while deeper substrates near

the lakeward limit of the littoral zone became incorporated into the littoral zone. As the
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substrates within the littoral zone of the lake shift with lake level some littoral species

may be favored over others (Fryer 1968, Fryer 1974). Fish survival may also be affected
by fluctuating water levels (Martin et al. 1981) and may consequently effect littoral

zooplankton. For example, lake level fluctuation may affect spawning and rearing habitat
for fish. If fish habitat was improved by a change in lake level, then increased fish
populations could negatively impact zooplankton populations through predation.

Trophic Interactions
Adult Kokanee and Daphnia

The "cyclic" nature of the abundance of Daphnia pulicaria (Larson et al. 1996b)
and kokanee salmon, Oncorhynchus nerka, (Buktenica and Larson 1996) and the trophic
relationship between these species could have implications for the littoral zooplankton
assemblage. Daphnia was relatively rare in the pelagic zooplankton assemblage in 1985
and 1986 (Karnaugh 1988). The Daphnia population began increasing in density in 1987

and reached a peak in abundance in 1988 (Figure 12, A). Periodic upwelling of nutrients
from the relatively nutrient rich water deep in the lake may have resulted in a bottom-up

trophic cascade (Larson et al. 1993). The influx of nutrients into the photic zone would
increase phytoplankton levels and consequently the populations of zooplankton and
ultimately of fish.

The kokanee population was also relatively sparse in 1986, but grew through the
late 1980's and peaked in 1990 (Buktenica 1989, Buktenica and Larson 1993, Buktenica
and Larson 1996, Mark Buktenica 1998 [unpublished data]; Figure 12, C). The increase
in the abundance of kokanee lagged behind that of Daphnia by two years. Given that lag
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Figure 12: The relationship between the abundance and food habits of kokanee
and the abundance of Daphnia. Daphnia abundance is LOG density per m2
integrated for upper 200 m of the water column. Food habits data is percentage
occurrence in stomachs of fish sampled. CPUE is number of fish per m2 of net x
100 per net. WPUE is grams per m2 of net per net.

80

times have typical been found between the transfer of energy between trophic levels and
the subsequent increases in the populations of higher trophic levels (Carpenter et al.
1985), it appears that the increase in kokanee population was facilitated by the
availability of Daphnia as a food resource.
Data on the food habits of kokanee support this hypothesis (See Figure 12, 13).

When Daphnia were abundant, they were the primary food item of kokanee. In fact, in
1989, Daphnia made up 68.0 % of the kokanee diet by weight (Mark Buktenica 1998

[unpublished data]). In January of 1988, kokanee in spawning condition fed on Daphnia
almost exclusively (98% of the diet by weight) (Mark Buktenica 1998 [unpublished

data]). When the Daphnia population crashed in 1990, other zooplankton species were
preyed on by adult kokanee (Mark Buktenica 1998 [unpublished data]). Bosmina, which
was primarily pelagic but also found in the littoral zone, was the primary zooplankton

prey of kokanee when Daphnia were sparse. Littoral zooplankton taxa, including
chydorids and copepods (mostly cyclopoid and harpacticoid), also became a part of
kokanee diet. As the population of Daphnia increased in Crater Lake in 1996 and 1997
the percentage occurrence of Daphnia increased in kokanee diet while the percentage

occurrence of littoral species and Bosmina decreased. The increased predation of adult
kokanee on littoral species from 1990 to 1995 could have had implications for nutrient
cycling in the lake, in addition to consequences for the littoral zooplankton assemblage
(See Figure 13).

The condition of kokanee was relatively high in 1989 and seemed to be correlated
with high Daphnia abundance (Buktenica and Larson 1996; Figure 12, C). When the
Daphnia population crashed in 1990 the condition of kokanee began to decrease
(Buktenica and Larson 1996, Mark Buktenica 1998 [unpublished data]) and the fish were

Daphnia Abundant

Figure 13: Conceptual model of trophic interactions between kokanee and zooplankton. The size of the arrows represents
magnitude of the trophic relationship. The size of the boxes represents the abundance of group.
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probably undernourished. As the occurrence of littoral species increased in the diet of
kokanee during the period while Daphnia were sparse, fish predation could have severely

impacted the littoral zooplankton population. Fish predation has been shown to change
the species composition (Lair et al. 1993, Johannsson et al. 1991), abundance (Lehtovaara
and Sarvala 1984, Johannsson et al. 1991, Gliwicz and Rykowska 1992, Martin et al.
1981, Wurtsbaugh and Li 1985, Kairesalo and Seppala 1987), distribution, (Cryer and

Townsend 1988, Jakobsen and Johnson 1987, Gliwicz and Rykowska 1992) and behavior
(De Stasio 1993, Meyers 1980, Koksvik 1995) of littoral zooplankton assemblages.
Most of the littoral zooplankton species recorded for the current study were small

in size. This could have resulted from size selective predation by kokanee (Brooks and
Dodson 1965, Gliwicz and Rykowska 1992). The frequency occurrence of chydorids and
copepods in the diet of kokanee dropped after 1994 (Mark Buktenica 1998 [unpublished

data]). It was possible that kokanee predation reduced the population of littoral
zooplankton to low levels where they were less available or profitable as prey. Kokanee
predation could also have induced more secretive behavior from littoral zooplankton.
Littoral zooplankton would be less likely to enter the water column voluntarily where
they would be easier prey for a visual feeder like kokanee (Meyers 1980, Koksvik 1995,
De Stasio 1993).

Adult kokanee predation on littoral zooplankton could have provided a way for
nutrients and carbon to flow from the littoral zone into the pelagic zone of the lake
(Figure 13). However, the trophic relationship between adult kokanee and littoral

zooplankton was probably not an important nutrient pathway in Crater Lake. During the
period when Daphnia were sparse, littoral zooplankton never made up a significant part

of the adult kokanee diet (Mark Buktenica 1998 [unpublished data]). The average
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contribution of chydorids and copepods to the diet of adult kokanee from 1990 to 1995
was only 1.2% by weight and 6.5 % by number. Benthic and terrestrial
macroinvertebrates made up the bulk of the diet of adult kokanee between 1990 and 1995

when Daphnia were sparse (Mark Buktenica 1998 [unpublished data]). The trophic
relationships between adult kokanee and these macroinvertebrates would have been a
more significant nutrient pathway than the relationship between adult kokanee and littoral
zooplankton during this period at Crater Lake.

Juvenile Fish

Despite the minor contribution of littoral zooplankton to the diet of adult kokanee
at Crater Lake, they were probably a significant food resource for juvenile fish. Juvenile
fish, both kokanee and rainbow trout (Oncorhynchus mykiss) inhabit the littoral zone of

Crater Lake. Juvenile fish typically depend on littoral zooplankton as a food source for
survival and growth (Lair et al. 1993, Whiteside et al. 1985, Kairesalo and Seppala 1987,

Lemly and Dimmick 1982) and, in turn, can be the primary controlling factor in littoral
zooplankton abundance (Kairesalo and Seppala 1987, Whiteside 1988, Vuille 1991,

Lehtovaara and Sarvala 1984). In a eutrophic lake in France, fish preyed on
progressively larger zooplankton as they grew in size (Lair et al. 1993). In April, 0+ fish
fed on rotifers, whereas by June the fish became 1+ and fed mostly on cladocerans.

Predation by fish may be the most important factor controlling Bosmina abundance in a
littoral zone (Kairesalo and Seppala 1987). Bosmina seemed to be the preferred food of

young fish of several species. Experiments showed that Bosmina were capable of
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reaching high population densities in the littoral zone within 1 to 2 weeks without fish
predation (Kairesalo and Seppala 1987).

The implications of the relationship between juvenile fish and littoral zooplankton
extend beyond the organisms involved and can affect the nutrient cycle of the lake system
(Kairesalo and Seppala 1987). The nutrient cycles of the pelagic and littoral zones are
typically disconnected (France 1995) but can be linked through the storage and transport

of nutrients by fish. Young fish can affect the littoral phosphorus cycle indirectly by
feeding on cladocerans and reducing the grazing pressure on phytoplankton, and directly

by recycling phosphorus through excretion and defecation. Fish may act as reservoirs of
phosphorus, conserving nutrients over a period of years. Fish can also transport nutrients
from the littoral to pelagic waters and affect the nutrient cycle in the pelagic area through
excretion and defecation.

Other Predators of Littoral Zooplankton

Larva of two amphibian species, the Long-toed Salamander (Ambystoma
macrodactylum) and Mazama Newt (Taricha granulosa mazamae), inhabit Crater Lake
(Kezer and Farner 1955, Buktenica and Larson 1996) and were potential predators of
littoral zooplankton. Larvae of A. macrodactylum typically inhabit the lake for two years
before metamorphosis into terrestrial adults (Kezer and Farner 1955). Cladocerans,
copepods and ostracods can be important components of the diet of larval Long-toed
Salamanders (Tyler et al. 1998, Anderson 1968). Microcrustaceans were more important
in the diet of smaller larva (Anderson 1968, Dodson 1970).
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Several potential invertebrate predators of zooplankton inhabit the littoral zone of
Crater Lake and could have impacted the littoral zooplankton assemblage. Invertebrates

have been shown to be important predators of littoral zooplankton in other systems. For
example, in Triangle Lake, littoral zone cladocerans peaked in biomass in mid-July and in
late September which was negatively correlated with the maximum biomass of the

predatory copepod Tropocyclops prasinus in late August (Havens 1991). In an
experimental setting mimicking a littoral zone, the damselfly nymph Enallangma
carunculata was shown to be a significant predator on the rotifer Euchlanis dilatata

(Walsh 1995). However, experimental and observational data from Jack lake suggested
that invertebrate predation on littoral microcrustaceans was not significant in that system
despite the presence of several invertebrate predators (Paterson 1994).

Implications
Crater Lake is unusual in many ways. The great depth (589 m) and
ultraoligotrophic status are the most exceptional characters of the lake. The origin of the
basin, its morphometry, and position at the crest of the Oregon Cascade range also
contribute to its uniqueness. The depth, surface area, and elevation of Crater Lake exceed

the averages of these characteristics for caldera lakes (Larson 1989). The lack of major
surface inlets and an outlet, and low shoreline development are features of many caldera
lakes (Larson 1989), but are relatively unusual within the full spectrum of lakes. Crater
Lake is not considered a large lake based on its surface area (53.15 km2), but the fact that

the lake occupies 78% of its watershed and is the 8th deepest lake in the world
(Herdendorf 1990) are characteristics of large lakes.
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Despite these unique characteristics, the study of Crater Lake will yield more
insight into lake ecology if we consider Crater Lake as part of a spectrum of lakes rather

than as a unique entity. Crater Lake can be viewed as an endpoint on a continuum of
lakes based primarily on its depth and trophic status. The littoral zone of Crater Lake
would be expected to make a relatively minor contribution to lake productivity and

ecology based on several lake characteristics (Table 12). Crater Lake exhibits the
characteristics of a lake in which the littoral zone would be expected to make a minor
contribution to lake ecology for every category described in the table.

Table 12: Factors that affect the relative contribution of the littoral zone to lake
productivity and ecology.

Factor

Littoral zone more
influential in lakes with:

Littoral zone less
influential in lakes with:

Surface area of lake

Small

Large

Shoreline development

High (greater than 1)

Low (approaching 1)

Slope of lake bottom
(benthos)

Gradual

Steep

Depth of lake

Shallow

Deep

Amount of
macrophytic vegetation

D
Dense

Sparse or absent

Trophic status

Mesotrophic

Oligotrophic

The littoral zone of Crater Lake is a relative small portion of the lake which is a
typical characteristic of large lakes (Tilzer 1990) and the relative contribution of the
littoral zone to lake productivity is likely less than for smaller and shallower lakes
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(Wetzel 1983). The pelagic zone of Crater Lake probably contributes more to lake
production than the pelagic zone of shallow lakes because the plankton to benthos
biomass ratio increases dramatically with increasing depth (Jeppesen et al. 1997, Tilzer
1990). At Lake Tahoe, which is similar to Crater Lake in terms of trophic status and
morphometry, the contribution of the pelagic zone to lake productivity was an order of
magnitude greater than the contribution of the littoral zone (defined to 100m depth

contour) (Goldman and de Amezaga 1975). Fish are less liable to function as a link
between the littoral and pelagic zones in Crater Lake than they would be in smaller lakes
or lakes with a large shoreline development (Lodge et al. 1988). A vegetated littoral zone
is apt to make a relatively greater contribution to lake productivity than the sparsely
vegetated littoral zone of Crater Lake because macrophytes can make significant
contributions to lake production (Prentki et al. 1979, Carpenter 1980, Smith and Adams
1986). The contribution of the littoral zone to lake productivity is generally maximized
for mesotrophic systems (Wetzel 1983) because the contribution of littoral vegetation is
limited in oligotrophic systems and is typically reduced in eutrophic systems by shading

from phytoplankton. Lake morphometry not only affects the relative contribution of the
littoral zone to lake productivity; it can also influence the importance of the littoral zone

in a lakes ecology. For example, a vegetated littoral zone can serve as refuge from
predation for pelagic zooplankton in lakes too shallow for zooplankton to seek refuge
through diel vertical migration (DVM) (Lauridsen and Buenk 1996, Lauridsen et al.
1996).

The contribution of the littoral zone of the lake to overall lake productivity was

small, as predicted by these theoretical arguments. The littoral zone (as defined by the
current study to the 10 m depth contour) was relatively productive (Loeb et al. 1983), but
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because it was so small relative to the pelagic zone of the lake its contribution to overall

lake productivity was minor. However, if we include the moss zone in the definition of
littoral zone, the relative contribution of the littoral zone would become more significant.
Despite the minor contribution of the littoral zone to lake productivity there was
evidence to suggest that the littoral zone did play a role in the ecology of Crater Lake.
Fish have been dependant on littoral resources in Crater Lake and the presence of fish has
had far reaching impacts on the flow of nutrients and ecology of the Lake.
Macroinvertebrates provided an important alternate food source for adult kokanee when
Daphnia were sparse (Mark Buktenica

1998

[unpublished data]). Littoral zooplankton

could have been an important link between algae and macroinvertebrates and indirectly

provided a nutrient pathway to adult kokanee. Zooplankton were also probably an
important food resource for juvenile fish in the littoral zone. The populations of kokanee
and rainbow trout in Crater Lake probably would have been greatly reduced or eliminated
without the zooplankton and macroinvertebrate food resources in the littoral zone.
The definition of littoral zone has been troubling from the start of the current
study and has been ambiguous at Crater Lake for several reasons. Littoral zones have
typically been defined by the depth
Goldman and Horne

1983).

of vascular

macrophyte growth (Wetzel 1983,

In most systems, this provided a clear, interpretable

boundary. Since vascular macrophytes were so sparse at Crater Lake, another definition
was warranted. The definition chosen for the current study, lakeward from shore to the
10 m depth contour, was somewhat arbitrary, and based on the depth limitation of
vascular macrophytes (Sculthorpe

1967,

Wetzel

1983).

The zone of shore influence has

also been cited as a basis for defining littoral zones. The differences in species
composition and density of the zooplankton samples from the nearshore zone (transect 4)
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and the results of Karnaugh's 1988 study suggest that the influence of shore on the
zooplankton assemblage extends lakeward beyond the 10 m depth contour.
The littoral zone at Crater Lake could be defined based on the range of all
macrophytic vegetation. Macrophytic moss grows in a band around the lake between 30
and 120 meters in depth (McIntire et al. 1994). The moss, while not vascular, was clearly
macrophytic and in many ways could fulfill the same functions as vascular macrophytes
in more typical littoral zones. The moss provides substrate for fauna and epiphytic algae
and could provide a refuge from predation for zooplankton and other invertebrates. The
moss band makes a significant contribution to the primary production of the lake and
potentially influenced nutrient flows in Crater Lake (McIntire et al. 1994).
If we based the definition of the littoral zone at Crater Lake on the presence of

moss, it would extend to the 120 m depth contour. This would be counter-intuitive
because the majority of the water column above the moss zone was primarily pelagic in

character. However, the moss likely influences the lower portion of the water column or
the layer of water directly above the moss. Although there were subsurface currents in
Crater Lake, wave action would not be a factor at these depths. Fauna within the moss
would not be subject to the buffeting and dislodgment as those taxa associated with the

benthos in contact with the epilimnion. Due to the limited swimming ability of most
littoral species, it was unlikely that they would venture far from the moss. Littoral
zooplankton associated with the moss could provide a pathway for nutrient flow between
the flora of the moss zone and the pelagic food web.

The moss could provide a refuge for pelagic species from kokanee predation. In
1989 and 1990, Daphnia traveled on average 40 meters per day in DVM (Larson et al.

1996b). In 1990, concurrent with an overall decline in Daphnia abundance, the relative
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abundance of Daphnia increased in the 120 to 200 m depth range (Larson et al. 1996b).
This shift was likely a result of heavy kokanee predation.

Under these conditions at Crater Lake, DVM may allow Daphnia to persist
beyond the individual starvation level but not beyond the population threshold of
starvation (DeMott 1989). The indirect effects of predation in terms of increased energy
(Gliwicz 1994) and metabolic (Dawidowicz and Loose 1992) costs due to DVM can be

just as important as the direct effects of predator induced mortality. The Daphnia
population may not be able to maintain itself because of the high costs of DVM in these
circumstances. Daphnia could have taken refuge in the moss layer and maintained the
population at low levels (Schriver et al. 1995, Lauridsen and Buenk 1996, Lauridsen and

Lodge 1996). When conditions either improved through increased food supply, or
reduced predation pressure from kokanee, or both, Daphnia in the moss could have acted
as a seed population for a recolonization of the pelagic zone.

Conclusions
Based on the characteristics of the littoral zone in Crater Lake the littoral
zooplankton assemblage would be expected to be similar to the pelagic assemblage.
Without the habitat, substrate, or barrier to mixing that macrophytes provide in the littoral
zone little difference in the species composition or density would be predicted between of
the zooplankton assemblage of the littoral and pelagic zone. Despite the lack of vascular
macrophytes, almost identical water quality between the pelagic and littoral zones, and
well-mixed epilimnion the littoral zooplankton assemblage differed from the pelagic
assemblage in both species composition and density.
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The littoral zooplankton assemblage was probably shaped primarily by 2 physical

factors, wind and the association with the benthos. Wind was responsible for the influx
and dominance of pelagic taxa in the littoral zone. The density of these dominant
ubiquitous species was much lower in the littoral zone than the pelagic zone and the

relative abundance of these taxa differed between zones. This difference was likely a
result of shore avoidance behavior of pelagic species and different predation pressures

between the littoral and pelagic zones. The dominant zooplankton taxa in Crater Lake
reach their highest abundances in the metalimnion and the metalimnetic assemblage was

probably the source population of these taxa in the epilimnion and littoral zone. Wind
induced currents entrained zooplankton from the metalimnion into the epilimnion and
eventually transported them into the littoral zone.

The benthos was the source of the relatively rare littoral species in the water

column of the littoral zone. Most of the littoral species recorded for this study were
primarily adapted for life in or on the benthos. It is likely that other littoral species would
be discovered in the sediments of the littoral zone. The ecology of the benthic
microcrustacean and rotifer assemblage are not clear from this study of the zooplankton

assemblage in the water column of the littoral zone. Quantifying the microcrustacean and
rotifer assemblage of the benthos in the littoral zone and farther down the caldera slope in
the deep water moss is the next logical research priority for the investigation of littoral

zooplankton ecology of Crater Lake. The effects of predation by invertebrates and
juvenile fish on littoral zooplankton would also be productive future research topics.
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