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Abstract 

Morphometric measurements of Daphnia carinata from both a pond and. a lake in 

Canterbury, New Zealand, showed seasonal changes in tail spine length occurred in both 

populations of Daphnia. In the pond form, a marked dorso-anterior extension of the carapace 

(crest development) also occurred. Morphological changes in pond Daphnia were associated 

with an increase in both density and size of the predatory backswimmer Anisops wakefieldi, 

while the increase in tail spine length of lake Daphnia was associated with increases in both 

temperature and mite (Piona exigua) density. Laboratory and field enclosure experiments 

showed that Anisops presence can cause the observed morphological changes in pond Daphnia. 

Pond Daphnia that had developed crests and long tail spines in the presence of Anisops showed 

either an increase or else no difference in fecundity compared with uncrested individuals with 

short tail spines that occurred in the absence of Anisops. There was no evidence of a life history 

cost associated with the morphological change. 
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Chapter 1 .. Introduction 

Several species of zooplankton undergo seasonal change in their morphology 

(cyclomorphosis). In Daphnia, these changes include variation in body size, head shape, neck 

teeth, tail spine and carapace spines. The extensive literature on cyclomorphosis extends back 

to the late nineteenth century (reviewed in Hutchinson, ~1967) but the nature and causes of this 

phenomenon are still poorly understood (Jacobs, 1980). 

Laboratory studies have shown that a variety of factors are effective in causing 

morphological change in Daphnia. Initially, physical factors including temperature (Coker 

& Addlestone, 1938; Jacobs, 1961; Hazelwood, 1962), turbulence (Brooks, 1947, 1966; 

Hazelwood, 1966) and light (Hazelwood, 1962, 1966), as well as food levels (several of 

Wo1tereck contributions, see Hutchinson, 1967) were shown to cause morphological change. 

More recently, predators have been shown to induce morphological change in Daphnia by 

release of a waterborne substance (Grant & Bayly, 1981; Krueger & Dodson, 1981). A 

considerable number of studies since have further defined the nature of the induction and have 

increased the list of predator species known to induce morphological change in Daphnia (eg. 

Havel, 1985; Hebert & Grewe, 1985; Dodson, 1988; Schwartz, 1991; Brett, 1992). 

Furthermore, factors such as temperature and food levels have been shown to affect the 

predator-induced response (Grant & Bayly, 1981; Dodson & Havel, 1988; Hanazato, 1991; 

Walls et ai., 1991). 

Dodson (1974) has proposed that these cyclomorphic changes are an adaptive response 

to predation. He suggested the development of protuberances may render a prey more 

difficult to capture or ingest by grasping raptorial invertebrate predators, while decreases in 

apparent prey size may defend against visual predators such as fish. Morphological changes 

may increase handling time by making a prey item unwieldy, or by improving the prey's 

evasion capabilities. The degree of defence provided by such morphological changes has 

been evaluated in several studies (O'Brien & Vinyard, 1978; Grant & Bayly, 1981; Krueger 

& Dodson, 1981; Dodson, 1984; Havel & Dodson, 1984; Barry and Bayly, 1985; Mort, 1986). 

The production of defensive morphologies has often been associated with changes in 

life history variables. In many studies, predator-ind.uced morphological changes have been 

accompanied by life history changes, such as delayed maturity and reduced fecundity, which 

have been interpreted as an energetic cost of growing and maintaining the defensive 

morphology (Grant & Bayly, 1981; Barry & Bayly, 1985; O'Brien & Vinyard, 1978; Havel 

Page 1 



Chapter 1 

& Dodson, 1987; Ketola & Vuorinen, 1989; Walls and Ketola, 1989; Black & Dodson, 1990; 

Riessen and Sprules, 1990). Since the intensity of predation is usually variable, it has been 

suggested that the production of defensive structures might be energetically advantageous only 

during times of high predator pressure (Havel, 1987; Alder & Harvell, 1990; Harvell, 1990). 

More recently, LUning (1992, 1994) and Stibor and LUning (1994) have questioned 

whether life history responses to predator presence are necessarily coupled with induced 

morphological changes. They suggest that, rather than being a cost associated with the 

morphological change, induced life history changes may be quite separate from any 

morphological change and could instead be a strategy for reducing the effects of predation 

on the prey population. 

Cyclomorphosis in Daphnia has been investigated in many parts of the world (eg. 

North America, Europe, Australia and India), but there have been no published studies on 

cyclomorphosis in Daphnia in New Zealand. The most common species of Daphnia in New 

Zealand is D. carinata (Chapman & Lewis, 1976). This species occurs in both ponds and 

lakes in New Zealand but its distribution is limited. When present iq ponds, Daphnia can 

often occur in high densities. There are not many species of pond predators but one or both 

of New Zealand's two species of backswimmers (Anisops wakefieldi and A. assimilis) can 

reach high densities in spring and summer and exert strong predation pressure on Daphnia. 

Given the limited predator-Daphnia combinations in New Zealand ponds, it seemed likely that 

an Anisops-Daphnia association would exist. Furthermore, New, Zealand ponds and their 

fauna have similarities to those in parts of Australia where Grant and Bayly (1981), Barry and 

Bayly (1985) and Benzie (1991) have shown that Daphnia carinata produce dorso-anterior 

crests in the presence of various Anisops species. 

Lakes in New Zealand lack many of the invertebrate predators that have been shown 

to induce morphological change in their prey in other parts of the world (eg. Chaoboms, 

Leptodora). However, the predatory mite, Piona exigua is planktonic for several months of 

each year in southern New Zealand lakes and has been shown to prey preferentially on 

Daphnia (Butler & Bums, 1991). The ability of mites to induce morphological change in 

their prey has not been reported, however. 
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There were four main aims to this study: 

1. To test for the presence of cyclomorphosis in D. cannata in two bodies of water with 

different predation pressures; in this case a pond (Bowenvale Pond) and a lake (Lake 

Denny), 

2. To relate the degree of morphological change in Daphnia to the density of predators 

in each water body. In Lake Denny I also considered the effect of changes in 

temperature and food levels on cyclomorphosis. 

3. To test whether Anisops was the cause of morphological change in pond Daphnia 

using enclosure and laboratory experiments. 

4. To detennine whether life history changes were associated with morphological changes 

and whether such life history changes could be considered as reproductive costs. 
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Chapter 2 .. Method of Measuring Daphnia 

1 Measurement Method 

Initial observations of cyclomorphic Daphnia indicated that changes occurred in the 

length of the tail spine and the head area. The changes in head area were mainly due to 

changes in the ventro-dorsal distance but also, to a lesser extent, due to changes in the 

distance between the anterior edge of the head and the base of the antenna. To quantify, these 

changes, a rapid but accurate method of measuring these morphological variables in both live 

and preserved Daphnia was required. 

A video image analysis (VIA) system was used for making measurements. The VIA 

system consisted of a JVC TK1280E video camera connected to a Wild microscope, which 

in tum was connected to a Macintosh Quadra 700 computer. A daphnid was placed on a 

depression slide which had been filled with liquid (either culture medium or alcohol). The 

liquid was reduced using a pasteur pipette until the daphnid was lying flat on the bottom of 

the depression. The slide was then place under the microscope and the image was "grabbed" 

(converted to digital information) by the computer using the softwa~e package Rasterops 

(release A3). A level of magnification was chosen so that the daphnid's body length, 

excluding the tail spine, filled at least half the width of the computer monitor's screen (320 

pixels). Distance on the screen had previously been calibrated to millimetres at each 

magnification using a stage micrometer. 

After several images had been grabbed, they were measured using the software 

package Image 1.47. The measurements made were carapace length (C), head area (HA), 

head height (H), anterior head length (A) and tail spine length (T). C was measured from the 

centre of the base of the second antenna to the posterior edge of the carapace (Figure 2.1). 

HA was the area anterior to a line perpendicular to the C line and extending from the tip of 

the rostrum to the dorsal edge of the carapace. H was the maximum distance between the 

ventral and dorsal edges of the carapace perpendicular to the C line. A was the distance from 

the centre of the second antenna to the anterior edge of the carapace. T was measured from 

the base of the tail spine to the tip. Measurements were made by drawing lines or tracing 

around the image using a mouse. 
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Figure 2.1 - Measurements made on Daphnia carinata. C = carapace length, HA = head area, 
H = height, A = anterior length, T = tail spine length. 

2 Effect of Preservation 

During the course of this investigation, some measurements were taken of live 

Daphnia and others were taken of Daphnia that had been preserved for various periods of time 

ranging from a week to several months. It is possible that the process of preservation might 

have caused shrinkage or some other alteration of the carapace. To test this possibility, the 

C length of Daphnia was measured on live individuals and again on the same individuals after 

3, 36 and 136 days of preservation. 
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Sixty-four Daphnia cannata individuals were grown in the laboratory until they were 

14 days old (see Experiment 1, Chapter 5). They were measured live using the VIA system 

outlined above and immediately placed individually in vials containing approximately 1.5 ml 

of 70% alcohol. After 3, 36 and 136 days in alcohol, each animal was measured again. 

The percentage difference in measured C length between the preserved animal and the 

live animal was calculated using Eq. 2.1: 

%diff.;: preserve;t( C) -live (C) xl00 
l~ve( C) 

Eg. 2.1 

for each animal and each preservation period. The median and range of the percentage 

differences for each preservation period are shown in Table 2.1. 

Table m Median and range for the percentage difference between C length 
measurements made on the same Daphnia individual after 3, 36 and 136 days in 70% 
alcohol and the C length measurement made on the same live individual immediately 
before preservation. Measurements were made on 64 individual 

Preservation Time (days) 

3 

36 

136 

Median 

-4.42% . 

3.22% 

-0.74% 

-8.94 - 2.89% 

-3.91 - 8.98% 

-6.80 - 5.85% 

The preserved C measurements were plotted against the live C measurements for each 

individual daphnid (Figure 2.2) and a regression line was calculated for the measurements at 

each preservation period (Table 2.2). The slopes of the regression lines did not differ 

significantly from 1 for any of the three preservation periods (t-test, P>0.05). 

This experiment shows that preservation of Daphnia in 70% alcohol for up to at least 

four months has no significant effect on C length. Since the differences between preserved 

and live measurements differed by less than 5%, and the regression slopes did not differ 

significantly from 1, no correction factor was necessary when dealing with a mixture of 

preserved and live specimens for measurement. 
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Table 2.2 - Linear regression analysis of preserved C length on live C length for 64 
Daphnia individuals. The y-intercept (a) and the slope (b) of the re~ession line 
± 95% confidence intervals, as well as the coefficient of determination (r ) are given. 
None of the slopes were significantly different from I (P>0.05). 

Preservation a b r2 
Period (days) 

3 0.04 ± 0.34 0.95 ± 0.14 0.76 

36 -0.21 ± 0.38 1.12 ± 0.15 0.77 

136 0.05 ± 0.34 0.97 ± 0.14 0.76 

3A 
3 Days 36 Days 136 Days 

..c 3.0 .... 
r::n 
I: 
<ll 
...l 

2.6 () 

'0 
<ll 
;:. 

2.2 ... 
(JJ 
(II 
(II ... 
Il. 

1.8 
1.8 2.2 2.6 3.0 3.4 ! 1.8 2.2 2.6 3.0 3A La 2.2 2.6 3.0 3A 

Live C Length (mm) Live C Length (mm) Live C Length (mm) 

Figure 2.2 - C lengths for 64 Daphnia preserved in alcohol for 3, 36 and 136 days plotted against C 
for each individual measured live. Regression lines and equations are shown. 
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Chapter 3 .. Bowenvale Pond 

1 Study Site 

Bowenvale Pond is situated next to the Bowenvale Walkway on the Port Hills, east 

of Christchurch (map reference NZMS 260 M36 821-346). It is a small pond (area = 930 

m2, longest axis = 52 m, maximum depth == 2 m) which was originally excavated for use as 

a stock pond. Since 1990 the Christchurch City Council have undertaken works to deepen 

the pond and stabilise the banks for use as a reservoir for fire-fighting purposes. Despite 

these measures, the pond virtually dried up in the summer of 1992/93. The pond can 

therefore be considered as a young, relatively temporary and frequently disturbed habitat. 

Bowenvale Pond drains open tussock grassland (Figure 3.1a) and has no rooted aquatic 

plants (Figure 3.1b). The sides and floor of the pond are composed of fine clay (0.45 jlm > 

particle diameter < 0.80 jlm) which contributes to the high suspended particle concentration 

in the water column. These fine clay particles may provide a large surface area for bacteria 

to adhere to, thus providing a source of nutrition for the dense zooplankton population that 

this pond maintains. 

2 Methods 

Bowenvale Pond was sampled on nine occasions during tile spring and summer of 

1993/94 (Table 3.1). On each sampling date, five hauls with a plankton net (diameter 

= 190 mm, NO 9 mesh, aperture = 114 11m) were made by standing at a randomly-selected 

point on the shore and throwing the net a distance of 8 m towards the centre of the pond. 

The net was allowed to sink approximately 1 m before being hauled back obliquely towards 

the shore and towards the water surface. 

A nisops was sampled by standing at a randomly-selected site on the shore, dipping a 

hand net (pole length == 1.5 m, net diameter == 220 mm, net aperture = 195 jlm) approximately 

20 cm below the water surface and rapidly sweeping it through the water along a distance of 

2 m parallel to, and 2 m out from, the shore. At the end of the sweep the net was quickly 

turned and swept back along the 2 m path to capture any Anisops that were disturbed by, but 

had avoided, the first sweep. Ten hand net sweeps were made on each sampling occasion. 

Both haul net and hand net samples were preserved in 70% alcohol. 
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(a) 

(b) 

Figure 3.1 ~ Bowenvale Pond taken (a) facing north and (b) facing north west. 
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Table 3.1 • Surface water for Bowenvale Pond 

Sampliqg Date Days Since Previous Temperature (OC) 
Sampling Date 

12 October 1993 12.5 

20 October 1993 8 14.0 

28 October 1993 8 14.1 

26 November 1993 29 19.2 

12 December 1993 16 19.2 

22 January 1994 41 20.2 

28 January 1994 6 20.3 

2 February 1994 5 23.0 

15 February 1994 13 22.5 

Water temperature was measured at a site 2 m from the shore using a thermometer 

placed 10 cm below the water surface. 

Daphnia were counted in a Bogorov chamber under a stereo microscope. In most 

cases the entire sample was counted, but for some large samples subsamples were used. 

Subsampling consisted of diluting the entire sample to 200 ml, mixing the sample thoroughly, 

and quickly pouring off 20 ml into a beaker. Three 20 ml subsamples were taken and the 

coefficient of variation was calculated. This method of subs amp ling appeared to be 

satisfactory as the maximum coefficient of variation for subsamples was 13%. Counts from 

each subsample were pooled and multiplied by 200/60 to give an estimate for the entire 

sample. The number of gravid Daphnia in the entire sample was also counted . 

. From the first net haul for each date, 40 Daphnia were randomly-selected for 

measurement. The number of gravid Daphnia in this sample of 40 was recorded and, if 

necessary, extra gravid Daphnia were randomly-selected so that there were at least 20 gravid 

individuals for measurement from each sampling date. Measurements of C, HA, H, A and 

T were made on each daphnid using the VIA system described in Chapter 2. After 

measurement of the gravid Daphnia, offspring in the brood chamber were dissected out, 

counted and measured using the VIA system. For broods with more than 20 offspring, a 

random selection of 20 offspring were measured. The stage of development of the offspring 

was also recorded according to one of the following six categories: 
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I. Opaque spherical egg. 

II. Granular spherical egg. 

m. Embryo showing demarcation of cephalic region. 

IV. Embryo showing abdominal appendages. 

V. Embryo showing two separate eyes. 

VI. Embryo showing fused eyes and curled tail spine. 

Brood volume for each daphnid with eggs in development stage I was calculated using 

Eq.3.1: 

V= relY . N 
6 

Eq. 3.1 

where V is brood volume, D is mean egg diameter for the brood and N is the number of eggs 

in the brood. 

A nisops from each hand net swipe and from each net haul were counted and total 

body length was measured under a stereo microscope at lOX magnification using an ocular 

micrometer. Other animals caught in the net samples were identified and, with the exception 

of Boeckella spp., counted. 

3 Statistical Methods 

Data were tested for nonnality using D'Agostino's test (p95, Zar, 1984, P<O.05), 

transfonned where necessary and retested. Daphnia density and brood volume data were loge 

transfonned and the percentages of gravid Daphnia were arcsine transfonned using Freeman 

and Tukey's equation (p240, Zar, 1984). Oneway ANOVAs were used to test for differences 

among sampling dates for each variable. Where a significant difference (P<O.05) was found, 

a Tukey multiple comparison of the means test was calculated using a level of significance 

of P=O.05. For each mean, pooled 95% confidence intervals were calculated using the error 

mean square from the ANOV A. Differences in A nisops densities and lengths among 

sampling dates were tested using a Kruskal-Wallis ANOVA and, where significant differences 

(P<O.05) occurred, a Tukey-style nonparametric comparison of the medians (pI99, Zar, 1984) 
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was calculated using a level of significance of P=0.05. When significant differences between 

dates are discussed, these Tukey tests should be inferred, unless specified otherwise. 

4 Results 

4.1 Temperature 

Surface water temperature generally increased during the sampling period from a 

minimum of 12.5°C on 12 October to a maximum of 23.0°C on 15 February (Table 3.1). The 

only large change in temperature occurred between 28 October (14.1 °C) and 26 November 

(19.2°C). 

4.2 Fauna Present 

A list of all macroscopic animals caught in both the tow net and the hand net samples 

from Bowenvale Pond is given in Table 3.2. The plankton consisted solely of Daphnia 

cannata and Boeckella spp., both were numerous. The beetle species (AntipolUs stngosulus, 

Liodessus spp. and Rhantus pulverosus) and Anisops wakejieZJi are likely predators of 

Daphnia but as Anisops was the only abundant taxon (Table 3.3), it could be considered the 

only significant predator. 

4.3 Anisops Density and Size Distribution 

The numbers of A nisops caught in both the hand net sweeps and tow net hauls are 

given in Table 3.3. There were no Anisops caught on the first two sampling dates (12 & 20 

October). The relatively large number of Anisops caught in the hand net samples on 26 

November was mainly due to one net sweep which contained 83 Anisops. The lengths of all 

919 A nisops are plotted in Figure 3.2. Lengths were clumped into six relatively distinct size 

classes (~2.55, >2.55 & s3.30, >3.30 & s4.35, >4.35 & s5.70, >5.70 & s7.65, and 
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Table 3.2 - Numbers of animals caught in 5 hauls with a tow net and 10 sweeps with a 
hand net at each sampling date in Bowenvale Pond. A = abundant (but not 
counted). 

Taxa 

Mollusca 

Potamopyrgus antipodamm 

Crustacea 

Daphnia carinata 

Boeckella spp. 

Insects 

Hemiptera 

Sigara spp. 

Anisops wakefieldi 

Microvelia spp. 

Coleoptera 

Antipoms strigosulus 
(adult) 

Antipoms spp. (larvae) 

Liodessus spp. (larvae) 

Rhantus pulverosus (adult) 

Diptera 

Tipulidae 

Chironomidae 

Frogs (tadpoles only) 

Litona ewingi 

Litona rani/ormis 

12 
Oct 
93 

1 

5248 

A 

3 

0 

0 

1 

7 

0 

0 

0 

o 
o 

20 
Oct 
93 

2 

3162 

A 

0 

0 

0 

6 

0 

0 

0 

3 

o 
o 

28 
Oct 
93 

0 

16759 

A 

4 

2 

1 

7 

0 

0 

0 

3 

o 
o 

26 
Nov 

93 

0 

5661 

A 

2 

104 

0 

1 

14 

0 

0 

0 

0 

2 

8 

Date 

12 
Dec 

93 

0 

9096 

A 

0 

70 

0 

8 

4 

2 

0 

2 

0 

3 

9 

22 
Jan 
94 

0 

9142 

A 

11 

282 

0 

1 

2 

0 

1 

0 

o 
1 

28 
Jan 
94 

0 

3920 

A 

13 

208 

0 

9 

1 

0 

0 

0 

o 
5 

2 
Feb 
94 

0 

3128 

A 

14 

134 

0 

2 

0 

0 

0 

0 

0 

o 
o 

15 
Feb 

94 

0 

6868 

A 

31 

117 

0 

0 

0 

0 

0 

0 

o 
o 

>7.65 rom). The size frequency distribution of these six size classes from 26 November to 

15 February is shown in Figure 3.3. Clearly a dramatic increase in both numbers and size 

of Anisops occurred between 12 December and January. The distribution on 28 January 
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and 2 February was similar to that on 22 January but actual numbers were lower. On 15 

February the distribution was clearly skewed towards large A nisops. 

The same trend could be seen more clearly when median numbers of A nisops (from 

hand net samples only) and their median lengths (from both hand net and haul net samples) 

were plotted with time (Figure 3.4). There were highly significant differences among median 

Anisops densities for each date (H=43.74, df=6, P<O.OOl). Anisops density peaked on 22 

January and was significantly greater than the density on any of the previous sampling dates. 

pifferences among A nisops median lengths for each date were also highly significant 

(Kruskal-Wallis anova, H=327.98, df=5, P<O.OOl). Median Anisops length increased with 

each successive sampling date and showed less inter-sample variation at each date than the 

density data. Median A nisops length was significantly greater from 22 January onwards than 

that on any of the previous sampling dates. 

Table - Total numbers of Anisops caught in 10 swipes of a hand net and in 5 hauls 
of a tow net in Bowenvale Pond. 

Date Hand Net Tow Net Total 

12 October 1993 0 0 0 

20 October 1993 0 0 0 

28 October 1993 4 0 4 

26 November 1993 101 3 104 

12 December 1993 49 21 70 

22 January 1994 239 43 282 

28 January 1994 . 79 129 208 

2 February 1994 93 41 134 

15 1994 98 19 117 

Total 663 256 919 

4.4 Daphnia Density and Size Distribution 

Inter-sample Daphnia density on each sampling date was highly variable with 

coefficients of variation for the data prior to transformation ranging from 24% (12 December) 

to 104% (28 January). There were no significant (P<0.05) differences in mean densities 
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2.55 3.30 4.35 5.70 7.65 rom 

123 4 5 6 

.. .. .... .. .. ,.... .. ....... .. .. .. .. .. .. .. .... .. .... .. ............. " .. " .................... .. .. .......................................... .. 
+---------+-- ------+----- -+---------+---------+--

1.5 3.0 4.5 6.0 7.5 9.0 rom 

Figure 3.2 - Dotplot of total body lengths of 919 A nisops from Bowenvale Pond. Each dot represents 
-7 length measurements. Numbers between vertical lines are size class numbers. 

among dates although Daphnia densities seem to have been higher during October to 

December than during January and February (Table 3.4). 

Histograms of C length for the random sample of 40 Daphnia measured on each date 

are shown in Figure 3.5. From 12 October to 12 December the distribution was unimodal and 

there was a slight shift from more small Daphnia on 12 October to more large Daphnia on 

12 December. On 22 January the distribution became bimodal and the separation between 

the two modes became more marked with time. There were slightly more Daphnia in the 

modal group with the larger C length on 22 January and this trend became more obvious on 
; 

28 January. During February the modal group with the smaller C length contained the most 

Daphnia. 

The bimodal size distribution pattern from January onwards could be explained by 

strong selective predation pressure by A nisops in the middle size range for Daphnia. As 

Anisops length increased with time (Figure 3.4), the preferred Daphnia size would also 

presumably increase, which could explain the increase in size of the upper modal size group 

with time. It is more likely, however, that the observed bimodal distributions and increases 

in size represent developmental sequences caused by cohorts arising from peaks in breeding. 

An increase in Dahnia size could also have been caused by an increase in temperature 

(Table 3.1) or an increase in food levels (not measured) with time. 
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Figure 3.3 - Frequency distribution (numbers) of all A nisops from Bowenvale Pond classified by size 
class (see Figure 3.2) for each date. 
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Figure 3.4 • Changes in A nisops density and length with time in Bowenvale Pt'md. Median numbers 
and 95% confidence intervals of Anisops caught in ten 2 m forwards and backwards sweeps with 
a hand net at each sampling date are plotted on the left vertical axis. Median lengths and 95% 
confidence intervals of all Anisops caught in both the ten hand net sweeps and in five 8 m hauls 
with a plankton net are plotted on the right vertical axis. Tukey-style nonparametric multiple 
comparisons of the medians for each date are shown below the graph. Dates connected by lines 
were not significantly different (P>O.05). 

4.5 Daphnia Morphology 

Because of the distinct bimodal shape of the Daphnia size distribution, it was decided 

that the Daphnia morphometric data should be split into adults and juveniles for the following 

analyses. The criterion used was that adults, for a particular sample date, had a C length 

greater than or equal to the C length of the smallest gravid individual for that sample date. 

All other Daphnia were counted as juveniles. This criterion for differentiating between adults 

and juveniles coincided approximately with the two modal groups in the size distribution. 

Since there was only one gravid daphnid from the 12 October 1993 sample, the data from this 

date were not used for analysis of adult Daphnia morphology. 
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Table 3.4 - Single factor analysis of variance results and means of Daphnia density in 
Bowenvale Pond. Anova results are in loge -transformed values but means and 
95% confidence intervals have been transformed back to numbersli. 

Analysis of Variance 

Factor Type Levels 

Date Fixed 9 

Source DF SS MS F P 

Date 8 10.202 1.275 2.00 0.080 

Error 31 19.807 0.639 

Total 39 30.009 

Means 

Date No. of Hauls Mean Density (NO II) and 95 % CI 

12 October 1993 4 5.6 (2.5 - 12.7) 

20 October 1993 3 4.3 (1.7 - 11.0) 

28 October 1993 5 12.7 (6.1 - 26.3) 

26 November 1993 5 4.9 (2.4 - 10.2) 

12 December 1993 5 7.9 (3.8 - 16.3) 

22 January 1994 4 5.2 (2.3 - 11.7) 

28 January 1994 5 2.1 (1.0 - 4.3) 

2 February 1994 4 3.3 (1.5 - 7.5) 

• 15 February 1994 5 4.0 (1.9 - 8.3) 

4.5.1 Adults 

. Changes in adult morphology between the periods October to December and January 

to February were quite obvious to the eye. Daphnia from the later period were much larger, 

had a longer tail spine and had a distinct crest extending both dorsally and anteriorly 

(Figure 3.6). 

The morphological variables C, HA, H, A and T did not change significantly between 

October and December but from January onwards the mean of each morphological variable 

increased with each sampling date and most of these increases were significant (Figure 3.7). 

Clearly a dramatic change in the morphology of the Daphnia popUlation occurred between 

December and January. 
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Figure 3.5 - Size frequency distribution of random samples of 40 Daphnia for each sampling date in 
Bowenvale Pond. 
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(a) 

(b) 

Figure 3.6 - Adult Daphnia from Bowenvale Pond on (a) 28 October 1993 and (b) 2 February 1994. 
Note the marked increase in body size, tail spine length, brood size and the dorso-anterior expansion 
of the carapace in (b) compared to (a). Scale bar represents 1 mm. 
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Figure 3.7 ~ Morphometric measurements of Daphnia with time from Bowenvale Pond. C, H, A and 
T are plotted on the left vertical axis and HA is plotted on the right vertical axis. The mean and 
95% confidence interval are shown. Dotted lines connect means that are significantly different 
.(P<O.05, Tukey multiple comparisons among means). 

From Figure 3.7 it can be seen that the increases in HA, H, A and T are correlated 

with C length. To determine the degree of relationship to C, each variable was plotted 

against C (Figure 3.8). The data were clearly separated into two distinct groups; Daphnia 

from October to December, and Daphnia from January to February. Therefore, a separate 
\ 

regression of each variable on C was calculated for each of these two groups (Table 3.5). 

From January to February, the regressions for each variable were highly significant (P<O.OOl). 

From October to December, the regressions for HA and H were highly significant but those 

for A and T were not (P>O.05). For HA, the slope of the regression line for the January to 

February period (b=4.30 ± 0.73) was significantly greater than the slope for the October to 

December period (b=0.32 ± 0.09, t-test, P<O.OOl), indicating that for a unit increase in C 

length, HA increased over 13 times (bJan-FebfbOct-Dec ::: 4.30/0.32::: 13.4) more in Daphnia 

from the later period. The same trend occurred with the regression slope for H, which was 

3 times larger in Daphnia during January to December compared to Daphnia from October 

to December (Table 3.5). Since regressions of A and Ton C were not significant, differences 

between the two date groups could not be tested. 
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Table 3.5 • Statistics for regressions of morphological variables (MV) on C length for adult 
Daphnia from Bowenvale Pond during October to December and January to February. The 
sample size (N), the y-intercept (a) and the slope (b) of the regression line ± 95% confidence 
intervals, the significance of a and b (ns::: P~.05, * ::: P<0.05, ** :::: P<O.Ol, *** ::: P<O.OOl), 
and the coefficient of determination (r2) are given. A t-test between the regression slopes for 
the two date groups (Oct-Dec and Jan-Feb) was conducted for both HA and H. 

MV. N a b ? t 

HAOet-Dec 125 -0.10 ± 0.17ns 0.32 ± 0.09*** 0.27 6.4*** 

HAlan-Feb 108 -5.91 ± 2.19*** 4.30 ± 0.73*** 0.56 

Hoet-Dec 125 0.24 ± 0.15 ** 0.45 ± 0.08*** 0.47 

Hlan-Feb 108 -0.28 ± 0.52fiS 1.34 ± 0.18*** 0.69 

AOet-Dec 125 0.37 ± 0.12*** 0.04 ± 0.07ns 0.01 

Alan-Feb 108 0.28 ± 0.25 * 0.38 ± 0.08*** 0.44 

TOet-Dec 124 1.02 ± 0.45*** -0.23 ± 0.2Sns 0.03 

Tlan-Feb 107 1.25 ± 0.4 0.26 ± 0.14*** 0.12 

Having found significant differences in the relationship of HA, A and T to C between 

the two date groups (Oct-Dec and Jan-Feb), tests were conducted to determine whether 

morphological change occurred in Daphnia between sampling dates within the period from 

January to February. Since C length clearly explained much of the variation in the other 

variables, a measure of each variable that was independent of C len~ was required. Analysis 

of covariance was not applicable because separate regressions of HA, H, A and T on C for each 

date were not significant. Instead, each morphological variable for each daphnid was adjusted 

to. the mean C length for the period from January to February (2.96 mrn) using Eq. 3.2: 

Eq. 3.2 

where, Vadj is the variable (in this case HA,H, A or T) adjusted to mean body size (C), and b is 

the slope from the regression of V on C (see Table 3.5). 

The adjusted values of each morphological variable are plotted in Figure 3.9. 

Significant increases in HA, H and A occurred between 22 January and 28 January and 

significant increases in and T occurred between 28 January and 2 February. These results 

indicate that most of the increases in HA, H, A and T during January and February (see 
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Figure 3.8 • Plots of HA, H, A and T versus C for adult Daphnia from Bowenvale Pond. The dark 
markers represent data from October to December and the light markers represent data from January 
to February. Regression lines and equations are shown where significant (P<O.05) regressions 
occurred. 

Figure 3.7) were simply isometric changes related to body length C. However, between 22 

January and 28 January crest size did increase significantly in proportion to body length. 
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Figure 3.9 • Morphometric measurements of Daphnia adjusted to a C length of 2.96 mm for the period 
from January to February in Bowenvale Pond. H, A and T are plotted on the left vertical axis and 

is plotted on the right vertical axis. The mean and 95% confidence interval are shown. Dotted 
lines connect means that are significantly different (p<O.05, Tukey multiple comparisons among 
means). 

Mort (1986) has shown that tail spines are important for stabilizing swimming 

behaviour in helmeted forms of Daphnia galeata mendotae. If the tail spine was important for , 
stabilizing swimming behaviour in crested Daphnia from Bowenvale Pond, a correlation 

between some measure of crest size and tail spine length would be expected. To test this 

possibility, regressions of T on H were calculated for each sampling date. A significant 

regression ofT on H occurred only on 22 January (Table 3.6). 

An attempt was made to correlate Daphnia size with a measure of Anisops predation 

pressure. Mean C length of Daphnia was plotted against the median number of all Anisops for 

each date (Figure 3.10a). The Spearman rank correlation coefficient for Daphnia C length and 

Anisops numbers (rs=O.60) was not significant (P>O.05). When mean Daphnia C length was 

plotted against median Anisops length (Figure 3. lOb), a highly significant correlation was found 

(rs=O.99, P<O.OOl). However, the significance of this correlation should be treated with caution 

owing to the small sample size (N=6). 
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Table 3.6 - Regressions of T on H for adult Daphnia from Bowenvale Pond at each sampling 
date. The sample size (N), the y-intercept (a) and the slope (b) of the regression line ± 
95% confidence intervals, the significance of a and b (ns = P~0.05, * = P<0.05, 
** = P<O.OI, *** = P<O.OOI), and the coefficient of determination (r2) are given. 

Date N a b r 

20 Oct 1993 14 0.26 ±0.46'" 0.23 ±0.44'" 0.092 

28 Oct 1993 31 0.41 ±0.35· 0.05 ±0.35'" 0.003 

26 Nov 1993 38 0045 ±0.75'" 0.13 ± 0.70'" 0.004 

12 Dec 1993 41 0.55 ±0.59'" 0.24 ±0.57ns 0.018 

22 Jan 1994 26 0.25 ± 0.85'" 0.55 ±0.28- 00407 

28 Jan 1994 37 1.59 ± 1.30' 0.09 ± 0.37"' 0.007 

2 Feb 1994 23 1.23 ± 1.24ns 0.24 ± 0.32'" 0.103 

15 Feb 1994 21 2.69 ± 1.86** -0.11 ± 0041"' 0.016 

HA, H, A and T were plotted against C for juvenile Daphnia and, as with the adult 

morphometric data, the juvenile data could be separated into two distinct groups; Daphnia from 

October to December, and Daphnia from January to February (Figure 3.11). For each group, 

the variables HA, H, A and T were regressed separately on C length (Table 3.7); each was 
if 

highly significant (P<O.OOI). For each variable, the slope from January to February was 

significantly (P<O.OOI) steeper than the slope from October to December. The difference in 

slopes was most obvious for T, which was over 5 times greater in juveniles from the later date 

group. Tail spine length for Daphnia during January to February was clearly significantly larger 

for any particular body size and increased more rapidly in proportion to body size than for 

Daphnia from October to December. 
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Table 3.7 - Statistics for regressions of morphological variables (MV) on C length for juvenile 
Daphnia from Bowenvale Pond during October to December and January to February. The 
sample size (N), the y-intercept (a) and the slope (b) of the regression line ± 95% confidence 
intervals, the significance of a and b (ns P~.05, * = P<0.05, ** = P<O.Ol, *** = P<O.OOl), 
and the coefficient of determination (~) are given. A t-test between the regression slopes for 
the two date groups (Oct-Dec and Jan-Feb) was conducted for each variable. 

MV N a b r2 t 

HAOet-Dec 131 -0.16 ± 0.03*** 0.34 ± 0.02*** 0.86 10.2"** 

HAlan-Feb 70 -0.48 ± 0.15*** 0.89 ± 0.13*** 0.74 

HOct-Dec 131 0.01 ± 0.03rui 0.56 ± 0.02*** 0.95 9.1*** 

Hlan-Feb 70 -0.14 ± 0.07*** 0.83 ± 0.06*** 0.91 

AOet•Dec 131 0.07 ± 0.03*** \ 0.20 ± 0.02*** 0.74 

Alan-Feb 70 -0.02 ± O.06rui 0.47 ± 0.05*** 0.82 

Toct-Dec 131 0.17 ± 0.09*** 0.18 ± 0.08*** 0.13 11.8*** 

Tlan-Feb 70 0.05 ± 0.14fis 0.98 ± 0.12*** 0.79 

4.5.3 Comparing Adults Juveniles 

Regression slopes of HA, H, A and T on C for adults and juveniles were compared 

(Table 3.8). From October to December there was no significant difference in the slope of HA 

between adults and juveniles but the slope of H was slightly (but significantly) greater for 

juveniles. From January to February, however, the slopes of both HA and H were considerably 

greater for adults. Also for the period from January to February, there was no significant 

difference in slope between juveniles and adults for A but the slope for T was nearly 4 times 

larger in juveniles. 

In summary, the changes in morphometric proportions that occurred in adult and 

juvenile Daphnia between December and January appear to be relatively complex. For both 

adults and juveniles, the proportions of all four variables (RA, H, A & T) increased in relation 

to body size. The increase in HA was much greater in adults than in juveniles but the increase 
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Table 3.8 • Comparison of regression slopes (b) of morphological variables (MY) on C 
length for adult and juvenile Daphnia from Bowenvale Pond. T -tests were conducted 
between adult and juvenile regression slopes for October to December and January to 
February for each variable. Extra information on the regression equations is given in 
tables 3.5 and 3.7. ns::: P~.05, * ::: P<0.05, **::: P<O.01, ***::: P<O.OOI. 

MV b (October to December) b (January to February) 

Juveniles Adults t-test Juveniles Adults t-test 

HA 0.34 0.32 ns 0.89 4.30 *** 

H 0.56 0.45 ** 0.83 1.34 *** 

A 0.20 ns 0.47 0.38 ns 

T 0.18 ns 0.98 0.26 *** 

in T was much greater in juveniles. The proportion of H (relative to body size) was greater in 

juveniles than in adults up till December, but became greater in adults than in juveniles from 

January onwards. 
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Figure 3.10 • Mean C Length for adult Daphnia versus (a) median number and (b) median length of 
Anisops caught in ten sweeps with a hand net in Bowenvale Pond from November to February. 
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Figure 3.11 ~ Plots of HA, H, A and T on C length for juvenile Daphnia from Bowenvale Pond. The 
dark markers represent data from October to December and the light markers represent data from 
January to February. Regression lines and equations are shown. All regressions were highly 
significant (P<O.OOl). 

Page 28 



Chapter 3 

4.6 Daphnia Life History Effects 

4.6.1 Proportion of Gravid Daphnia 

The proportion of gravid Daphnia on 26 November was significantly greater than the 

proportion on 12 October, 20 October and 12 December (Table 3.9). There were no other 

significant differences. I obtained no convincing evidence that the proportion of gravid 

Daphnia in the population was affected by the increase in size andlor density of Anisops during 

January and February. 

4.6.2 Brood Size 

Of the 62 gravid Daphnia measured from October to December, 59 had one offspring and 3 

had 2 offspring in their brood chambers. For the 76 gravid Daphnia measured from January and 

February, brood sizes (number of offspring per brood) were much more variable, ranging from 2 

to 121. Due to the low variability in brood size from October to December, statistical analysis 

was confined to data from January to February. 

A significant positive regression was obtained between brood size and C length (r2=0.79, 

P<O.OOl, Figure 3.l2a). To remove the effect of body size, brood, sizes were adjusted to the 

mean C length of 3.0 mm using Eq. 3.2. Mean adjusted brood sizes were significantly higher on 

22 January and 15 February compared to those on 28 January and 2 February (Table 3.10). The 

two dates on which the largest adjusted brood sizes occurred (22 January and 15 February) were 

also the two dates on which Anisops density was highest (Figure 3.4). 

4.6.3 Egg Diameter 

Diameter measurements of eggs in development stage I were used in the following analysis. 

(Data for offspring in the other five developmental stages were insufficient for analysis). There 

were 25 Daphnia from 6 sampling dates with eggs in this stage (Table 3.11). The mean egg 

diameter for each daphnid was calculated from a variable number of eggs, depending on brood 
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Table 3.9 m Single factor analysis of variance results and means of proportions of gravid 
Daphnia in Bowenvale Pond from January to February. ANOVA results are in arcsine
transfonned degrees but means and 95% confidence intervals have been transfonned back 
to percentages. Mean percentages with the same superscript letter are not significantly 
different (P<0.05, Tukey multiple comparison of the means). 

Analysis of Variance 

Factor Type Levels 

Date Fixed 9 

Source DF SS MS F P 

Date 8 685.5 85.7 3.52 0.006 

Error 30 730.6 24.4 

Total 38 1416.1 

Date N° of Hauls Proportion of Gravid Daphnia 
Mean and 95% CI 

12 October 1993 4 A 0.92% (0.00 3.32%) 

20 October 1993 3 A 0.73% (0.00 3.45%) 

28 October 1993 5 AB5.93% (2.78 10.17%) 

26 November 1993 5 BlO.39% (6.10 - 15.52%) 

12 December 1993 5 A1.72% (0.26 - 4.32%) 

22 January 1993 4 AB6.02% (2.13 - 11.70%) 

28 January 1993 5 AB4.54% (1.84 - 8.35%) 

2 February 1993 4 AB3.71 % (1.13 - 7.78%) 

15 February 1993 5 AB3.77% (1.36 - 7.32%) 

size. To simplify analysis, only the mean egg diameter for each daphnid was used as a variate 

and variation within a clutch was ignored. Coefficients of variation within a brood were low, 

however, ranging from 6 to 10%. 

A significant negative regression was found between egg diameter and C length (r2=0.48, 

P<O.OOl, Figure 3. 12b), Egg diameter was adjusted to the mean C length of 2.7mm using 

Eq.3.2. Adjusted egg diameter did not differ significantly among dates (Table 3.11), 
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Figure 3.12 Q Plots of (a) brood size ~ of eggs per brood), (b) egg diameter and (c) brood volume on 
C length for gravid Daphnia in Bowenvale Pond from January to February, Regression lines and 
equations are shown. All regressions were highly significant (P<O,QOl). 

4.6.4 Brood Volume 

Much of the variation in brood volume could be explained by Daphnia size as r2 0.89 for 

a highly significant (P<O.OOl) regression of the loge of brood volume on C length 

(Figure 3.12c). Brood volume was adjusted to the mean C length of 2.7 mm using Eq. 3.2. 

There were few significant differences among mean adjusted brood volumes at each date 

(Table 3.12) but mean brood volume on 28 January was significantly lower compared to that for 

the two February samples. 

4.7 Summary 

Anisops first appeared in Bowenvale Pond samples on 28 October and their density and size 

increased over the study period. A marked increase in Anisops density and size occurred 

between 12 December and 22 January. Coincident with this increase in Anisops density and 
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Table 3.10 • Single factor analysis of variance results and means of brood size (N° of eggs 
per brood) for Daphnia in Bowenvale Pond. Means and 95% confidence intervals are 
given for both the unadjusted data and the data adjusted for mean C length (explained in 
text). Means with the same superscripts are not significantly different (p>0.05, Tukey 
mUltiple comparisons). The anova results are for the adjusted data only. 

Factor 

Date 

Source DF 

Date 3 

Em,>r 72 

Total 75 

Date N 

28 October 1993 

26 November 1993 20 

12 December 1993 20 

22 January 1994 20 

28 January 1994 17 

2 February 1994 20 

15 February 1994 19 

Analysis of Variance 

Type Levels 

Fixed 4 

SS MS F P 

3819 1273 9.28 <0.001 

9882 137 

13701 

Means 

Mean ± 95% CI for Brood Size 

Unadjusted Data 

1.0 

1.1 

1.0 

AW.2 ± 5.8 

A6.1 ± 6.3 

A18.8 ± 5.8 

B72.0 ± 5.9 

Adjusted Data 

31.4 ± 5.2 

19.3 ± 5.7 

20.4± 5.2 

36.0± 5.4 

size, was a dramatic increase in Daphnia size. Daphnia and Anisops lengths were significantly 

correlated between November and February. 

Considerable changes in Daphnia morphology also occurred over the study period. 

Compared to Daphnia from October to December samples (low Anisops presence) Daphnia 

from January to February samples (high Anisops presence) showed a significant dorso-anterior 

expanslon of the carapace (crest) and had a significantly longer tail spine in proportion to body 

size. The increase in crest size was greater in adults and the increase in tail spine length was 

greater in juveniles. 
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Table 3.11 • Single factor analysis of variance results and means of egg diameter for Daphnia 
with stage I offspring in Bowenvale Pond. Means and 95% confidence intervals are given 
for both the unadjusted data and the data adjusted for mean C length (explained in text). 
Means with the same superscripts are not significantly different (P>0.05, Tukey multiple 
comparisons). The anova results are for the adjusted data only. 

Analysis of Variance 

Factor Type Levels 

Date Fixed 6 

Source DF SS MS F P 

Date 5 0.001515 0.000303 0.89 0.504 

Error 19 0.006434 0.000339 

Total 24 0.007949 

Means 

Date N Mean ± 95% CI for Egg Diameter (rom) 

Unadjusted Data Adjusted Data 

28 October 1993 5 ABO.239 ± 0.017 . 0.217 ± 0.017 

26 November 1993 3 BO.256 ± 0.022 0.235 ± 0.022 

22 January 1994 3 ABO.223 ± 0.022 0.221 ± 0.022 

28 January 1994 4 A0.209 ± 0.019 0.214 ± 0.019 

2 February 1994 5 A0.204 ± 0.017 0.213 ± 0.017 

15 February 1994 5 AO.206 ± 0.017 0.230 ± 0.017 

When comparing adult Daphnia morphology between sampling dates during January and 

February, there were few significant changes with sampling date once the effects of Daphnia 

size had been takeninto account. 

Brood size in Daphnia increased considerably between December and January, although 

much of this increase was related to increased body size. When the effects of body size were 

removed for the January and February samples, brood size was significantly greater on 22 

January and 15 February (when Anisops density was greatest) than on 28 January and 2 

February. 
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Table 3.12 w Single factor analysis of variance results and means of brood volume for 
Daphnia with stage I offspring in Bowenvale Pond. Brood volumes were lo~
transformed for the ANOV A. Means and 95% confidence intervals were transformed 
back into mm3

• Means and confidence intervals are given for both the unadjusted data and 
the data adjusted for mean C length (explained in text). Means with the same superscripts 
are not significantly different (P>0.05, Tukey mUltiple comparisons). The anova results 
are for the adjusted data only. 

Factor 

Date 

Source 

Date 

Error 

Total 

Date 

DF 

5 

19 

24 

28 October 1993 

26 November 1993 

22 January 1994 

28 January 1994 

2 February 1994 

15 February 1994 

N 

5 

3 

3 

4 

5 

5 

Analysis of Variance 

Type Levels 

Fixed 6 

SS MS F P 

2.957 0.591 3.42 0.023 

3.287 0.173 

6.244 

Means 

Mean ± 95% CI for Brood Volume (mm3
) 

Unadjusted Data 

AO.007 (0.005 - 0.010) 

AO.009 (0.006 - 0.013) 

BO.042 (0.027 0.065) 

BO.031 (0.021 - 0.045) 

CO. 122 (0.087 - 0.170) 

D0.357 (0.255 - 0.501) 

Adjusted Data 

ABO.042 (0.028 - 0.062) 

ABO.OSO (0.030 - 0.083) 

ABO.OSO (0.030 - 0.082) 

AO.021 (0.014 - 0.032) 

BO.059 (0.040 0.087) 

BO.053 (0.036 - 0.079) 

Despite the increase in potential predation pressure from January onwards, there were no 

significant differences in Daphnia density between sampling dates. Similarly, life history 

variables other than brood size (ie. proportion of gravid females, mean egg diameter and brood 

volume) did not appear to be associated with increases in Anisops numbers. 
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1 Sample Site 

Lake Denny is situated 20 Ian west of Mount Somers township, west Canterbury (map 

reference NZMS 262 13 358-725) on the property of Mount Possession Station. The lake is a 

small (area = 17.6 ha, longest axis = 620 m), shallow (maximum depth = 2.6 m) high altitude 

lake surrounded by glacial moraine and outwash gravels (Figure 4.1). The property surrounding 

Lake Denny is used for low density sheep and cattle farming. Around the shoreline are a few 

scattered clumps of willow trees (Salix spp.) and dense stands of matagouri scrub. At the 

water's edge there are several stands of raupo (Typha orienta lis) and at the northern end of the 

lake raupo forms a large swamp area (Figure 4.2). At the north-east end of the lake stock have 

access to the water and have heavily browsed and trampled this area of the shore. Almost all of 

the lake bed is covered in a thick growth of Elodea canadensis which extends up nearly 1 m 

from the bed. 

2 Methods 

Lake Denny was visited on 12 occasions between March 1993 and February 1994 

(Table 4.1). On each occasion temperature measurements, secchi disc readings, plankton 
~ 

samples and a water sample were collected from a single open water site at the deepest part of 

the lake (Figure 4.2). Temperature was measured at 0.5 m depth intervals using a U-7 Horiba 

water checker. Secchi disc measurements were made using a 20 cm diameter disc. The water 

sample was collected at the surface in a 1 I plastic container. Zooplankton' samples were 

collected from five oblique hauls with a plankton net (diameter = 190 mm, N° 9 mesh, 

aperture;:: 114 JLm) and samples were preserved in 70% alcohol. 

From July onwards predator samples were collected from the littoral zone with a hand 

net (diameter = 220 mm, pole length 1.5 m, aperture = 195 JLm). A rapid 2 m forwards and 

backwards sweep with the hand net (as described in Chapter 3) was used to collect predators 

from 10 sites around the littoral zone (Figure 4.2). These samples were also preserved in 70% 

alcohol. 
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(a) 

(b) 

Figure 4.1 - Lake Denny. (a) Taken from the launch area facing north east. (b) Taken from 
the launch area facing south east. 
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Table 4.1 • Lake Denny sampling dates. 

Date Start Time Weather and Observations 

26 March 1993 1:30pm Sunny, light NW breeze. Air temperature 19°C. 

8 May 1993 2:10pm Fine, sunny, some wind. Air temperature 15.rc 

5 June 1993 1:00pm Fine but slightly overcast. Still. 

S July 1993 1O:30am Bight, sunny and cloudless. Lake iced over except 
in the middle. Air temperature 2.5°C. 

8 August 1993 1:00pm Fine and clear (l0% cloud cover). Lake not 
frozen. 

5 September 1993 1:30pm Strong southerly. Snowing hard. 

10 October 1993 11:20am Sunny, 20% cloud cover. An extremely strong 
NW wind blowing. Lake very choppy. 

7 November 1993 12:50pm Overcast but warm. Lake very still and quiet. 

27 November 1993 1:18pm Hot, sunny and cloudless. Gentle NE breeze. 

18 December 1993 1:37pm Weather overcast and raining hard. 

13 January 1994 1O:30am Warm, sunny and cloudless. No wind. Lake a 
murky-green colour. 

5 February 1994 11:40am Weather overcast but some sun. Moderate SE 
wind. 

Water samples were analysed in the laboratory for pH, bicarbonate alkalinity, 

conductivity, turbidity, chlorophyll a concentration and organic dry weight by Dr V.M. Stout. 

Macroscopic animals from both haul net and hand net samples were identified and, if 

uncommon (less than 40 per sample), were counted. Daphnia carinata from haul net samples 

were counted in a Bogorov chamber under a stereo microscope. In some cases subsamples were 

used, as described in Chapter 3. 

From the first net haul for each date, 40 Daphnia were randomly-selected for 

measurement. The number of gravid Daphnia in this sample of 40 was recorded and, if 

necessary, extra gravid Daphnia were randomly-selected so that there were at least 20 gravid 

individuals for measurement from each sampling date. Measurements of HA, H, A and T were 

made on each daphnid using the VIA system described in Chapter 2.. After measurement, 

offspring in the brood chamber of gravid Daphnia were dissected out and counted. 
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3 Statistical Methods 

Daphnia measurements were split into two groups, adults and juveniles, based on the 

criterion that adults, for a particular sample date, had a C length greater than or equal to the C 

length of the smallest gravid individual for that sample date. All other Daphnia were counted as 

juveniles. Data were tested for normality using D'Agostino's test (Zar, 1984), transformed 

where necessary and retested. Log transformations were used in most cases (Table 4.2). The 

percentage of gravid Daphnia was arcsine transformed using Freeman and Tukey's equation 

(Zar, 1984). As mite (Pion a exigua) density approximated the poisson distribution, an 

appropriate power transformation based on the rules given by Wardlaw (1985) was used. 

Regressions of the Daphnia measurements RA, H, A and T on C were calculated and, if the 

regression was significant (Table 4.3), each datum for the variable was adjusted to the mean C 

length using Eq. 3.2 (see Table 4.2). 

A oneway ANOY A with date as a main factor was calculated for each variable and if a 

significant difference (P<O.05) was found, a Tukey multiple comparisonllof the means test was 

conducted using a level of significance of P=O.05. When significant differences between dates 

are discussed, these Tukey tests should be inferred, unless specified otherwise. For each mean, 

pooled 95% confidence intervals were calculated using the error mean square from the 

ANOYA. 

4 Results and Discussion 

4.1 Physical and Chemical Factors 

Physical and chemical measurements for Lake Denny are plotted in Figure 4.3. Surface 

temperature changed smoothly throughout the year from a minimum of 3.2°e in July (when the 

lake was iced over) to a maximum of 19.6°e in January. Thermal stratification was minimal; 

the greatest difference between top and bottom water temperatures was 2.4°e in January. 
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Table 4.2 - Transfonnations and adjustments for C length for Daphnia and mite data from 
Lake Denny. 

Variable 

Mite density (MD) 

Daphnia 

Density (DD) 

%Gravid (P=XJn) 

Brood size (BS) 

Adult measurements 

C 

A 

T 

Juvenile mesurements 

C 

HA 

H 

A 

T 

Transfonnation 

MD' = (MD+ 1 )0.0647 

DD' = lOglO(DD) 

p':::: Y2[arcsinJ (XJ(n+l» 

+arcsinJ «X+ 1)(n+ 1»] 

BS' :::: lOglO(BS) 

HA' = lOglO(HA) 

H' = lOglO(H) 

A' :::: lOglO(A) 

T' :::: lOglO(T) 

Adjustment for C 

BS'adj:::: BS'-0.91 (C-2.02) 

HA' adj HA' -O.44(C-2.00) 

adj :::: H'-0.43(C-2.00) 

A'adj :::: A'-0.18(C-2.00) 

HA'adj :::: HA'-0.76(C-1.06) 

H'adj:::: H'-0.39(C-1.06) 

A'adj :::: A'-0.35(C-1.06) 

T'adj T'-0.27(C-1.06) 

Water clarity, as measured by secchi disc, was relatively constant during most of the 

year but increased in December and February. The marked drop in water c1aIity in January was 

probably caused a stonn occurred shortly before this sampling date and stirred up the bottom 

sediments. The lake was a murky green colour on this occasion, and turbidity and organic dry 

weight were both high, indicating the lake had been well-stirred by the storm. 

Chlorophyll a concentration showed peaks in spring (September and October) and late 

summer (January to March), indicating phytoplankton blooms occurred during these two 

periods. The chlorophyll a peak in January was higher than expected due to the storm 

mentioned above. Organic dry weight did not follow the trend of chlorophyll a concentration, 

but remained relatively steady, except for a marked increase in January at the time of the storm. 
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Table 4.3 - Statistics for regressions of variables on C length for Daphnia from Lake Denny. 
The sample size (N), the y-intercept (a) and the slope (b) of the regression line ± 95% 

confidence intervals, the significance of a and b (ns::; P;?:0.05, P<0.001), and the 
coefficient of determination (r2) are given. 

Variable N a b r 
Adults 

BroodNol 184 -1.18 ± 0.33*** 0.91 ± 0.16*** 0.40 

HA 225 -0.27 ± O.O?"** 0.44 ± 0.03*** 0.75 

H 225 0.22 ± 0.06*** 0.43 ± 0.03*** 0.77 

A 225 0.13 ± 0.07*** 0.18 ± 0.03*** 0.34 

T 216 0.86 ± 0.23*** -0.05 ± O.12ns 0.00 

Juveniles 

HAl 370 1.57 ± o.oi'** 0.76 ± 0.02*** 0.93 

HI 370 -0.66 ± 0.01 *** 0.39 ± 0.01 *** 0.94 

Al 370 -0.93 ± 0.02*** 0.35 ± 0.02*** 0.80 

Tl 358 -0.68 ± 0.04*** 0.27 ± 0.04*** 0.38 

IThese variables were transformed prior to regression analysis (see Table 4.2). 

The relatively alkaline conditions in March and early November (pH of 7.9) may have been 

caused by rapid decay of the spring and late summer algal blooms. 

4.2 Faunal Composition 

The taxa caught in Lake Denny on each sampling date are given in Table 4.4. The 

faunal composition appears to be strongly influenced by the shallow depth of the lake, the 

abundance of submerged aquatic vegetation and the presence of grazing stock at the lake 

margins. Several species in Lake Denny, such as the snails Gyraulus corinna and Physa acuta, 

the caddisfly Oxyethira albiceps, the water bugs Microvelia, Sigara, and Anisops, and the 

c1adoceran Simocephalus, are more typically found in ponds or shallow urban lakes than high 

country lakes. 
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Table 4.4 - Taxa caught in Lake Denny. The numbers each taxon in 5 with a tow net at a single open water (OW) site 
in swipes with a hand net from 10 littoral sites (Lit) are given. P = present, C = common and = abundant. 

Taxa 

~ejl11ented worms 

Q!~~<:haeta 
Snails 

Potil.JIlOpJllJIUS antipodarum 
~h}'s,!_acuta 

_§l'~IJ/IJ~ corinna 
_~l'!!l,!aea sta~nalis 
Crustacea 
Copepoda 

Boeckella triatticulata 
Boecke/la hamata 

Cladocera 
Daphnia carinata 

_QCjPl1nia lumholtzii 
_~!mocephalus vefuJus 

Ceri_odCjphnia dubia 

C?!Jydoru~_ sphaericus 
Insects 

--
Tfich()pt~ra 

Oxxethira albiceps 
Hemiptera 

Sl9ara spp. 

A_n~sops spp. 
MicfT)velia spp. _ 

oIEl~p.tE:ra 
tiporu~ spp. (larvae) 

Chironomidae 
Mites 

Piona eX/flua 
Fish 

Gobiomorphus breviceps 
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One of the interesting aspects of Lake Denny's fauna was the relatively diverse 

cladoceran assemblage (by New Zealand standards). In all, five cladoceran species, Chydorus 

sphaericus, Ceriodaphnia dubia, Simocephalus vetu Ius , Daphnia carinata and Daphnia 

lumholtzii, were found during the year. Daphnia lumholtzii is of particular interest because of 

its rarity in New Zealand. The only published report of Daphnia lumholtzii in New Zealand was 

from a single specimen found on one occasion in Lake Rotoiti, Nelson (p60, Chapman & Lewis, 

1976). 

Possible Predators 

Possible predators of Daphnia in Lake Denny include mites (Piona exigua) , bullies 

(Gobiomorphus breviceps) and Anisops spp. Rainbow trout (Onchorhynchus mykiss) were 

observed in the littoral zone of Lake Denny in January 1991 (Dr Sanoamuang, personal 

records) and their fry could certainly be considered as potential predators of Daphnia. 

However, I did not see any trout or signs of their presence during my 'Study period, despite 

extensive searches of the littoral zone. Antsops was rare, occurring in the samples on only two 

occasions (December and February), and all were juveniles (body length ranged from 2.23 to 

4.04 rnm). Bullies were relatively common but they were only caught in littoral samples and 

were never seen or caught in open water samples. Furthermore, examination of the gut contents 

of five bullies from each of three dates (late November, December and January), revealed they 

were feeding almost exclusively on Simocephalus. All the bullies caught were small (body 

length ranged from 9.0 to 15.3 mm) and their gape may have been too small to enable them to 

be effective predators on adult Daphnia. Bullies cannot be ruled out as predators of Daphnia, 

but their effect on the Daphnia popUlation is likely to be smalL 

Mites first appeared in samples from Lake Denny in October and became abundant in 

late November and December (Figure 4.4d). Mite numbers dropped sharply in January, 

possibly because of the storm in that month; their numbers increased again in February. 

Variation in mite density within samples taken on a particular date was high with coefficients of 

variation for the raw data ranging between 65% and 164%. Consequently, no significant 

changes in mite density were found between dates for which mites were present (October to 

February). 
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Mites are effective predators of Daphnia, which they were commonly observed 

capturing and ingesting. Furthermore, Butler and Bums (1991) have shown that, when 

presented with a selection of cladoceran prey, adult female mites (Piona exigua) prefer Daphnia 

to Simocephalus, Ceriodaphnia or Chydorus. 

4.4 Daphnia Density 

Daphnia density fluctuated during the year (Figure 4.4a) but the causes of these changes 

were unclear. Small peaks in Daphn,ia density occurred in May and October and a large peak 

occurred in February. Each of these peaks occurred one month after a peak in chlorophyll a 

concentration (Figure 4.3e), so a rise in food levels may have been responsible. 

Mite predation may also have affected Daphnia density. During the period between 

early November and December, Daphnia densities were significantly lower than those 

immediately before (October) and after (January and February) it. During this period of low 

Daphnia density, mite density was at its peak. However, chlorophyll a ~oncentration was also 

low during this period. Furthermore, low Daphnia densities also occurred in March, June and 

July when mites were not present. 

Daphnia density is probably affected by a combination of factors, including both food 

levels and predation pressure. 

Changes in Daphnia Morphology 

As with Daphnia density, the causes of change in Daphnia size, or C length, during the 

study period were difficult to determine. For adults, C length reached a peak during August and 

September when it was significantly larger than the C length for other months (Figure 4.5a). C 

length then declined rapidly in October and November. An increase in mean Daphnia size 

could have been caused by an increase in food availability, but the August-September peak in 

adult Daphnia size appeared to preempt the September-October peak in chlorophyll a 

concentration. Furthermore, the chlorophyll a peak in January did not coincide with a peak in 
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adult size. For juveniles, C length was significantly higher in October and November than in all 

other months except February (Figure 4.6a). This increase in juvenile C length could possibly 

be related to the September-October peak in chlorophyll a, if a month's lag is allowed for. 

H and A in both adults and juveniles showed a general trend of increase over summer 

and autumn (Figures 4.5b,c & 4.6b,c). For adults, H was significantly greater in February than 

in the winter to spring months (June to late November). For juveniles, H was signIficantly 

greater in both March and February than in the winter to spring months. Statistically significant 

differences for A were not so well defined. For adults, A was significantly greater in January 

than in August. For juveniles, A was significantly greater in March and January than in July. 

Differences in the means of A among other pairs of dates were not statistically significant. 

HA tended to follow a similar pattern of change with the seasons to that of either H or 

A, depending on the size of the daphnid (Figures 4.5d & 4.6d). In juveniles, HA followed the 

trend of A while in adults HA followed the trend of H. (This is simply a reflection of the 

changes in the relative proportions of H and A with age; A is larger than H in juveniles but H is 

-larger than A in adults.) 

The most obvious seasonal change in morphology was for T length (Figures 4.5e & 

4.6e). In both adults and juveniles T length increased markedly in late spring, reaching a peak 

in summer before decreasing in autumn. Statistically, the difference in T lengths between those 

in the summer months (late November to January) and those in the winter months (June to 

September) was highly significant (Hest, P<O.OOl) for both adults and juveniles. 

Temperature was closely correlated with mean T length (r'4::0.727, P<0.02 for adults; 

r2=0.886, P<O.OOI for juveniles). The increase in mite density also occurred at the same time as 

the increase in T length (Figures 4.5e & 4.6e). Mite density peaked about the same time as the 

.peak in juvenile T length (late November to December) and about one month before the peak in 

adult T length (January). 
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4.6 Daphnia Life History 

The proportion of gravid Daphnia within the population appeared to be cyclical 

(Figure 4.4b). Peaks in the proportion of gravid individuals occurred at approximately three 

month intervals in May, August and early November. This three month cycle is not associated 

with either Daphnia density or chlorophyll a concentration in any obvious manner. The gravid 

proportion was low following the months of high mite density (late November and December) 

but no other evidence suggests a relationship between mite density and the proportion of gravid 

Daphnia. 

Brood size (number of o.ffspring per brood) in Daphnia was large during July to early 

November and a large peak in brood size occurred in January (Figure 4.4c). The higher food 

levels during these two periods (as indicated by the chlorophyll a concentration) is the most 

likely explanation for the large brood size. 

Summary 

Temperature in Lake Denny changed smoothly throughout the year from a minimum of 

3.2°C in July to a maximum of 19.6°C in January without thermal stratification occurring. 

Chlorophyll a concentration peaked in spring and late summer and increases in Daphnia density 
~ 

and brood size have been associated with this increase in algal food abundance. 

Mites were considered to be the most important predators in Lake Denny. They first 

appeared in the plankton in October and reached a peak in numbers in late November and 

December. Small, but significant, increases in the morphological measurements H, A, and HA, 

as well as large and highly significant increases in T for both juvenile and adult Daphnia, 

showed some association with both temperature and mite density. 
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Figure 4.3 • Physical and chemical mesurements obtained for Lake Denny. Alkalinity, pH, turbidity, 
conductivity, chloropyll a concentration and organic dry weight data were kindly provided by Dr 
V.M. Stout 
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Figure 4.4 • Daphnia density (A), proportion of gravid Daphnia (B), Daphnia brood size 
(number of offspring per female) adjusted for changes in C length (see Table 4.2) (C) and 
mite density (D) in Lake Denny. Means and 95 % confidence intervals are given. Upper 
confidence limits for mite density at four dates have not been graphed to improve clarity. 
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Figure 4.5 • Morphological measurements C (A), HAadj (B), Hadj (C), Aadj (D) and T (E) of adult 
Daphnia in Lake Denny. HA, H and A were adjusted for changes in C length (see Table 4.2). 
Means and 95% confidence intervals are given. Temperature (broken line) and mean mite density 
(dotted line) are plotted on graph E for comparison. 
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Figure 4.6 a Morphological measurements C (A), HAadJ (B), Had] (C), AadJ (D) and Tad] (E) of juvenile 
Daphnia in Lake Denny. HA, H and A were adjusted for changes in C length (see Table 4.2). 
Means and 95% confidence intervals are given. Temperature (broken line) and mean mite density 
(dotted line) are plotted on graph E for comparison. 
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Chapter - Laboratory Experiments 

Experiment 1 .. Leeston Pond Daphnia Cultured in Aquaria with 
Anisops 

1.1 Introduction 

In Chapter 3, morphological changes in Daphnia ·from Bowenvale Pond were 

related to an increase in Anisops density. To test whether Anisops was the cause of the 

observed crest and tail spine development in Daphnia, the following experiment was 

conducted in which Daphnia offspring from a single mother were cultured in the 

laboratory either in the presence of Anisops or not. 

The clone tested was actually isolated from Leeston Pond (map reference NZMS 

M36 566-164), not from Bowenvale Pond because at the time the experiment was 

conducted (27 October 1993) Leeston Pond Daphnia were crested while Bowenvale Pond 

Daphnia were not. Use of Leeston Pond Daphnia ensured that experimental animals had 

the capability to produce crests. Furthermore, the Leeston Pond Daphnia had very large 

brood sizes so that an entire clone group for an experiment could be produced from a 

single female. Leeston Pond was of a similar size to Bowenvale Pond and had a high 

density of Anisops in October 1993. 

Considerable attention was paid to keeping food concentration the same and at a 

specified level for both control and Anisops-exposed Daphnia in the following experiment 

because some studies have demonstrated the effect of food concentration on the degree of 

cyclomorphosis in Daphnia (eg. Dodson, 1988; Dodson & Havel, 1988; Benzie, 1991). 

Care was also taken to keep Anisops well fed since previous studies (Dodson & Havel, 

1988; Black & Dodson, 1990) have shown that predator starvation reduces the degree of 

morphological induction. 

Page 51 



Chapter 5 

1.2 Methods 

A single, large, crested, gravid Daphnia carinata female was isolated from Leeston 

Pond on 25 October 1993. The female was kept in a 12 ml test tube containing synthetic 

pond water (Hebert & Crease, 1980) and monitored for two days. On 27 October 1993 

this female released 89 offspring from her brood chamber. Two hours after being released 

these offspring were transferred to the aquaria described below. 

The aquaria consisted of cylindrical plastic food containers (diameter = 260 mm, 

height = 170 mm) which had been divided in two by a nylon screen (100 J.1m aperture). 

One side of the screen was labelled the Daphnia side, the other side was labelled the 

predator side. The screen prevented predators selectively preying on Daphnia on the other 

side of the screen but allowed chemicals to diffuse throughout the entire aquarium and 

allowed Daphnia to potentially "see" the predator. 

Each aquarium was filled with 3.5 1 of synthetic pond water. Chiorella spp., which 

had been cultured at 20°C in 1 1 flasks containing Bold's basal medium, was centrifuged 

and added to each aquarium to give a concentration of 1 x 106 cells/m1. Fourteen of the 

offspring from the Leeston Pond clone (termed test Daphnia) were placed at random on 

the Daphnia side of each of the 6 aquaria. Three adult Anisops wakefieidi from Leeston 

Pond and 60 adult uncrested Daphnia carinata (C length 1.2-2.0 mm) from Bowenvale 

Pond were introduced to the predator side of three of the aquaria (termed Anisops aquaria). 

The 60 Daphnia were placed on the predator side of the Anisops aquaria to provide food 

for the backswimmers. In the three remaining aquaria (control aquaria), 60 Daphnia but 

no Anisops were introduced to the predator side of the screen. The same number of 

Daphnia were also placed on the predator side of the control aquaria to control against any 

possible effects of Daphnia density. This group of 60 Daphnia will be referred to as food 

Daphnia (irrespective of whether they came from the Anisops or the control aquaria) so as 

to distinguish them from the 14 test Daphnia. 

The six aquaria were kept in a constant temperature room at 20 ± 1°C under a 

12:12 light:dark cycle for 14 days. Each day a 50 ml media sample was taken from the 

centre of the Daphnia side of each aquarium using a pipette. The Chiorella concentration 

of this sample was measured with a fluorometer. There was a close correlation (r2=0.998) 

between fluorometer readings and 5 replicate cell counts with a haemacytometer at 7 algal 
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concentrations within the range 3 x 105 to 5 X 106 cells/ml. Since the media in the aquaria 

had not been stirred since the previous day, the cell concentration of this sample 

represented the lowest cell concentration the test Daphnia were likely to have experienced 

during the previous 24 hours. The test Daphnia and any offspring they produced, the food 

Daphnia and the Anisops (if present) were removed and the media in the aquaria was 

mixed rapidly with a stirring rod for 30 seconds. Another 50 ml sample was then taken 

and measured with the fluorometer. Based on this reading, synthetic pond water or 

concentrated Chlorella solution was added to the aquarium, if necessary, to return the 

Chlorella concentration to 1 x 106 cells/ml. Finally the aquarium volume was adjusted to 

ensure it remained at 3.51. Test Daphnia and Anisops were returned to their respective 

sides of the aquarium. Live food Daphnia were returned to the predator side of the 

aquarium and extra Daphnia were added, if necessary, to return the number of food 

Daphnia to 60. Offspring from the test Daphnia were counted but not returned to the 

aquarium. 

On day 14, the test Daphnia were removed from each aquarium and measured live 

using the VIA system described in Chapter 2 for the measurements C, HA, H, A, and T. 

After measurement of the gravid Daphnia, offspring in the brood chamber were dissected 

out and counted. 

Anisops were preserved in 70% alcohol and later body lengths were measured 

under a stereo microscope at lOx magnification. 

1.3 Statistical Methods 

Data were tested for normality using D'Agostino's test. Chlorella concentrations 

were analysed using fluorometer readings (which were normal) before calculating cell 

concentrations. All other data were normal. 

Differences in Anisops lengths among the three Anisops aquaria were analysed 

using a oneway ANOV A. Chlorella concentration was analysed using a twoway ANOV A 

with Anisops presence and day of experiment as factors and the three aquaria within each 

Anisops-date combination providing replication. Daphnia morphological variables (C, 

HA, H, A and T) and brood sizes were analysed using a oneway nested ANOV A for each 

variable. Variation among aquaria was nested within the factor Anisops presence. 
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1.4 Results 

1.4.1 Anisops Lengths 

Tota:l body lengths of Anisaps at the end of the experiment ranged from 7.2 mm to 

8.0 mm. No significant differences in mean Anisaps lengths occurred between the three 

Anisaps aquaria (means ± 2SE = 7.6 ± 0.4 mm, 7.6 ± 0.2 mm, 7.6 ± 0.4 mm, P>0.05). 

1.4.2 Chlorella Concentration 

Chiarella concentration varied significantly (P<O.OOl, Table 5.1) from day to day 

(Figure 5.1). Mean Chiarella concentration over the 14 days of the experiment was 

slightly, but significantly (P<O.Ol), higher in the Anisaps aquaria (mean 4.27 x 105 

cells/m) than in the control aquaria (mean 4.15 x 105 cells/ml). However, when the 

Chiarella concentration means for the control and Anisaps aquaria were compared each 

day a significant difference between the two treatments (P<0.05, t-test) occurred only on 

day 12 (Figure 5.1). The interaction effect of Anisaps presence and the day of the 

experiment on ChIarella concentration was not significant (Table 5.1). 

1.4.3 Mortality 

Final mortality was the same in both Anisaps and control aquaria with a mean of 

2.7 out of 14 (19%) of the test Daphnia dead at the end of the experiment. 

1.4.4 Morphology 

Significant differences among aquaria were observed for all morphological 

variables except T (Table 5.2). Variation among Anisaps aquaria was greater than that 

among control aquaria for HA, H, A and T (Figure 5.2). When variation due to Anisaps 
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Table 5.1 ~ Two factor analysis of variance results for Chiorella concentrations of samples 
taken from aquaria during Experiment 1. Samples were taken each day from each 
aquarium 24 hours after the media had been made up to a Chiorella concentration of 1 x 
106 cells/ml. Data used for the ANOVA are fluorometer readings. 

Factor Type Levels 

Anisops presence or absence Fixed 2 

Days of experiment Random 13 

Source DF SS MS F P 

Anisops 1 0.10268 0.10268 9.56 0.009 

Days of experiment 12 1.54829 0.12902 8.76 <0.001 

Anisops x Days 12 0.12891 0.01074 0.73 0.716 

Error 52 0.76567 0.01472 

Total 77 2.54554 
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Day of Experiment 

Figure 5.1 • Chlorella concentrations (cellslml) in unstirred media samples taken from aquaria 
containing either 3 Anisops or no Anisops (control) during the 14 days of Experiment 1. 
Means and 95% confidence intervals are given. An asterisk marks the only significant 
difference between Chlorella concentrations in control and Anisops aquaria for a particular 
day (P<O.05, t-test). 
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Table 5.2· Measurements of morphological variables (MY) for Daphnia after 14 days either 
in the presence of Anisops or not (control). Means ± 2SE (pooled over replicate aquaria) 
and results of nested ANOV As are given. The ANOV As tested the main effect of 
Anisops presence over the nested effect of aquaria. ns:::: P~O.05, *:::: P<O.05, ** :::: P<O.Ol, 
***:::: P<O.OOI. 

MV Mean±2SE ANOVA Factor 

Aquaria Anisops 

Control 2 Anisops DF F DF F 

C(mro) 2.47 ± 0.06 2.54 ±0.05 4,54 3.23' 1,4 1.0905 

HA(mm2
) 1.16 ±0.07 2.27 ±0.22 4,54 4.27" 1,4 27.16'· 

H(mro) 1.68 ±0.04 2.14 ±0.09 4,54 5.17*·' 1,4 21.42" 

A(mro) 0.86±0.04 1.08 ±0.05 4,54 2.63" 1,4 18.61" 

T(mm) 0.87 ±0.04 1.24 ±0,04 4,54 0.2705 1,4 551.83'" 

presence was tested over variation due to aquaria, there was no significant difference in C 

between control and Anisops aquaria but HA, H, and T were all significantly greater in 

Anisops aquaria (Table 5.2). 

Life History Effects 

Brood size among aquaria within each treatment varied significantly (Table 5.3). 

However, there was no significant difference in brood size among predator treatments 

when tested over the variation among aquaria. 

The second method of determining fecundity was to count the number of offspring 

that had been removed from an aquarium each day and divide this number by the number 

of test Daphnia alive in the aquarium on that day. The total number of offspring per 

parent, summed over the three days during which offspring were born, was then calculated 

for each aquarium (Table 5.4). The mean number of offspring per parent born in Anisops 

aquaria over the 14 days of the experiment was over twice as large as the mean number in 

control aquaria (means ± 2SE: control aquaria:::: 10.1 ± 2.7, Anisops aquaria :::: ±6.9; 

t-test, P = 0.03). It is not known whether Daphnia from Anisops aquaria had an extra 

brood or whether they had larger brood sizes than Daphnia from control aquaria 
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Figure c Morphometric measurements at the end of Experiment 1 for Daphnia reared 
in aquaria either in the presence of Anisops or not (control). The mean and 2 x standard 
error are shown for each aquarium and for the pooled sample of the three aquaria 
within each of the two predator treatments. 
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Table 5.3 • Single factor nested analysis of variance results for brood size (number of 
offspring per female) in Daphnia cultured either in the presence of Anisops or not 
(control) on day 14 of Experiment 1. Means ± 2SE and the sample sizes (in square 
brackets) are given. 

Factor 

Anisops presence or absence 

Aquaria nested within Anisops 

Source 

Anisops 

Aquaria 

Error 

Total 

Aquarium 1 

Aquarium 2 

Aquarium 3 

Pooled 

DF 

1 

4 

54 

59 

Analysis of Variance 

SS MS 

83.2 83.2 

794.3 198.6 

2815.1 52.1 

3692.6 

Means 

Control 

27 ± 5 [9] 

29±4[1l] 

20 ± 4 [11] 

25 ± 3 [31] 

Type Levels 

Fixed 

Random 

2 

3 

F 

0.42 

3.81 

P 

0.553 

0.008 

Anisops 

2l) ± 6 [8] 

31 ±5 [11] 

23 ± 5 [10] 

28 ± 3 [29] 
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Table • Total number of Daphnia offspring and number per parent removed each day 
from in Experiment 1. 

Day of Experiment . Control Aquaria Anisops Aquaria 

1 2 3 1 2 3 

Total Number 

12 17 21 10 38 82 71 

13 0 0 0 20 29 14 

14 98 117 79 111 234 142 

No.lParent 

12 1.55 1.75 0.83 3.45 6.31 6.45 

13 0.00 0.00 0.00 1.82 2.42 1.27 

14 9.80 9.75 6.58 11.10 19.50 14.20 

Total No./Parent 11.35 11.50 7.42 16.37 28.22 21.93 

Mean±2SE 10.1 ± 2.7 22.2±6.9 

TTest P=0.030 
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Experiment 2 m Bowenvale Pond Daphnia Cultured in Anisopsm 
Conditioned Media 

2.1 Introduction 

Experiment 1 showed that marked changes in morphology occurred in Leeston 

Pond Daphnia when reared in the presence of Anisops. Experiment 2 was conducted to 

determine whether similar morphological changes occurred in Bowenvale Pond Daphnia. 

This experiment also tests the means by which induction of morphological change in 

Daphnia might be mediated. Since Daphnia in this experiment were reared in Anisops

conditioned media, but were otherwise kept well-separated from Anisops, any induction of 

morphological change would have to be chemically-mediated. Because Daphnia in this 

experiment were reared individually in test tubes, the effect of Anisops on aspects of 

Daphnia development and life history could be tested more effectively than the stock 

culture method used in Experiment 1. 

2.2 Methods 

Daphnia juveniles were collected from Bowenvale Pond on 6 August 1993 and 

kept in an aquarium with, but separated from, Anisops by the use of a nylon screen (see 

Experiment 1). They were kept in 3.5 I of synthetic pond water with 1 x 106 cells/ml of 
-

ChIorella for food. The aquarium was kept in an incubator at 20C C under a 12: 12 

light:dark cycle. After 15 days the Daphnia had reached maturity, produced one brood 

and showed distinct crests. A single female daphnid was removed from the aquarium and 

put in a 12 ml test tube containing 1 x 106 cells/ml of ChIorella in synthetic pond water. 

When this daphnid released her second brood (24 August 1993), the 23 offspring were 

measured using the VIA system (Chapter 2) and placed at random into individual 12 ml 

test tubes, 12 of the offspring being put in control media and 11 being put in Anisops 

media (media constituents described below). 
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Every day each animal was measured, any discarded carapaces were recorded and 

removed, the presence and stage of development of any offspring in the brood chamber 

was noted and any offspring that had been released from the brood chamber were counted 

and removed before putting the animal into a new test tube containing freshly-made 

media. The experiment was run until the Daphnia had reached an age of 25 days. 

The· instar of each daphnid was determined by counting the number of discarded 

carapaces since birth (release from its mother's brood chamber). Daphnia were usually in 

between moults at the time of their daily inspection. Therefore, the actual time of a 

particular moult was estimated as being half way between the time at which the discarded 

carapace was observed in the test tube and the time of the previous day's inspection. 

Occasionally, however, a daphnid was moulting at the time of inspection. In this case, the 

time of moult was recorded and the daphnid was measured later after the moult was 

completed. 

Control and Anisops media were made in the following manner: A control 

aquarium and an Anisops aquarium were each filled with 5 1 of synthetic pond water. Two 

days before the experiment started, 60 Daphnia were put in the control ;tlquarium and 120 

Daphnia and 3 Anisops (7.0-8.0 mm in length) were put in the Anisops aquarium. Each 

day Daphnia carcasses were removed from each aquarium and the live Daphnia were 

counted. Extra Daphnia were added to keep the number of live prey at 60 in the control 

aquarium and 120 in the Anisops aquarium. The number of live Daphnia after 24 hours 

was usually about 50-55 in the control aquarium and 5-15 in the Anisops aquarium, which 

indicates the predators in the Anisops aquarium were being fed to excess. Within 1-3 

hours of adding the replacement Daphnia, 11 of liquid was removed from each of the 

control and Anisops aquaria and filtered through Whatman #1 filter paper. Centrifuged 

Chlorella was added to each filtered solution to produce a cell concentration of 1.0 ± 0.1 x 

106 cells/ml. Approximately 1 I of synthetic pond water was added to the control and 

Anisops aquaria to return their volume to 5 L 

2.3 Statistical Treatment 

Data were tested for normality using D'Agostino's test. Since all data were normal, 

transformations were not used. T -tests between control and Anisops treatments were 
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conducted for each variable at each instar. T-tests were also used to test for differences in 

brood size (number of offspring per brood) between control and Anisops-conditioned 

Daphnia. All t-tests were two-tailed and differences were judged significant when 

P<0.05. 

2.4 Results 

2.4.1 Mortality 

At the end of the experiment there were 9 control Daphnia and 7 Anisops

conditioned Daphnia alive. Therefore, mortality was 25% for control Daphnia and 36% 

for Anisops-conditioned Daphnia. The following results are presented only for those 

Daphnia still alive at the end of the experiment. 

2.4.2 Development and Morphology 

There was no significant difference in the age at which moulting to a new ins tar 

was initiated between control and Anisops-conditioned Daphnia (Figure 5.3). Similarly 

there was no significant difference in C length between Daphnia from the two treatments 

at any instar (Figure 5.4). However, HA, H, A, and T were significantly larger in Anisops

conditioned Daphnia during most instars from the 6th instar onwards (Figure 5.4). 

2.4.3 Life History 

The mean time from birth to the first appearance of stage I eggs in the brood 

chamber was 7.6 ± 0.5 days for control Daphnia and 8.2 ± 0.6 days for Anisops

conditioned Daphnia. This difference in time to maturity was not significant (P>0.05, t

test). 
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Daphnia from both treatments produced 5 broods during the experimental period. 

The only significant difference in brood size between the two treatments was for the third 

brood where Anisops-conditioned Daphnia produced an average of 35% more offspring 

(Figure 5.5). However, the total number of offspring produced over 5 broods for Anisops

conditioned Daphnia (l00 ± 16) was not significantly different from that for control 

Daphnia (94 ± 10; P>0.05, t-test). 
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Figure • Mean age at which control and Anisops-conditioned Daphnia started a new instar in 
Experiment 2. 
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Figure 5.4 • Morphological measurements of control and Ahisops-conditioned Daphnia from 
Experiment 2. Means and 95% confidence intervals are shown. An asterisk indicates a 
significant difference between control and Anisops-conditioned Daphnia (P<O.05, t-test). 
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Figure - Brood size (number of offspring per brood) of control and Anisops-conditioned 
Daphnia from Experiment 2. Means and 95% confidence intervals are shown. An asterisk 
indicates a significant difference in brood size between control and Anisops-conditioned 
Daphnia (P<O.05, t-test). 
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Experiment 3 - Travis Swamp Daphnia Cultured in Anisops
Conditioned Media 

3.1 Introduction 

An experiment similar to Experiment 2 was conducted on Daphnia carinata 

isolated from a pond at Travis Swamp, Christchurch (NZMS 260 M35 848-461). This is a 

small (area = 130 m2
), shallow (maximum depth = 30 cm) permanent pond without an 

Anisops population. The experiment was originally conducted as a preliminary test of the 

methodology later used for Experiment 2. However, the experiment also demonstrated 

that a population of Daphnia from a habitat without Anisops did not show any evidence of 

morphological change when reared in Anisops-conditioned media. 

Four gravid D. carinata were isolated from Travis Swamp pond on 14 May 1993 

and placed individually in 12 ml test tubes containing 10 mI of medium. Two of these 

four Daphnia were put in Anisops-conditioned medium and the other two were put in 

control medium. The Anisops-conditioned medium was produce<il by filtering 600 ml of 

liquid with Whatman #1 filter paper from an aquarium containing 5 Anisops spp. 

(collected from Mt Vernon Pond, NZMS 260, M36, 831-367) in 5 L of synthetic pond 

water. Anisops were fed about 150 Daphnia each day. The control medium consisted of 

fresh synthetic pond water. Centrifuged Chlorella was added to both treatment and 

control media at a concentration of 1 x 106 cells/mI. The test tubes were kept in an 

incubator at 20°C under a 12: 12 light: dark cycle. Daphnia were transferred to fresh media 

each day. 

When the females gave birth, 20 offspring from each treatment were put in 

separate test tubes containing the same type of media (either Anisops or control) as their 

mother was reared in. The mothers and any extra offspring were discarded. 
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On seven occasions during the experiment, C, H and A were measured for each 

offspring using the VIA system (Chapter 2). No attempt was made to determine the instar 

of the animal. The experiment was stopped when the offspring were 17 days old. 

3.3 Results 

There were no significant differences in C, H or A between Anisops-conditioned 

Daphnia and control Daphnia at any of the 7 ages for which measurements were made 

(Figure 5.6). 
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Figure 5.6 • Morphological measurements of control and Anisops-conditioned Daphnia from 
Experiment 3. Means and 95% confidence intervals are shown. 
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Chapter 6 - Field Enclosure Experiment 

1 Introduction 

Morphological changes in Daphnia from Bowenvale Pond were shown to be 

associated with an increase in Anisops density and size (Chapter 3). In controlled laboratory 

experiments (Chapter 5), similar types of morphological changes in Daphnia were shown to 

be directly caused by Anisops presence. To determine whether Anisops could produce 

similar morphological changes in Daphnia under field conditions, an enclosure experiment 

was conducted in Bowenvale Pond from 2 February to 15,February, 1994. Daphnia at this 

time were showing strong evidence of morphological change (Figure 3.9). 

2 

Before setting up the experiment, the zooplankton population in the pond was 

sampled by 5 random oblique hauls with a plankton net as explained in Chapter 3. Each 

haul was preserved separately in 70% alcohol. 

Sixteen enclosures were placed in the water at the south west end of the pond (Figure 

6.1a) on 1 February 1994. Enclosures were constructed from thick, clear polythene bags 65 

cm wide by 99 cm long. A wire ring was constructed out of No. 8 fencing wire, placed 

inside the bag and attached to the bottom of the bag with clothes pegs. Another wire ring 

was attached to the top of the bag with pegs. This formed a cylinder closed at the bottom 

end with a radius of 21 cm and a height of 78 cm. The top wire ring of each bag was 

attached to a raft of polystyrene blocks which kept the top of the bag 10 cm above the water 

surface. This arrangement resulted in each bag having a volume of 941 below the water 

surface. The bags were arranged in a 4 x 4 grid and held in position by a rope and anchor at 

each comer of the grid (Figure 6.1 b). 

Each enclosure was filled with pond water that had been passed through a 385 !lm 

mesh to remove the large zooplankton (cladocerans and copepods). The top of each bag was 

covered with a piece of shade cloth (mesh = 3 mm), which was pegged to the top wire ring to 

prevent Anisops from escaping from or entering the bag (Figure 6.1b). 
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(a) 

(b) 

Figure 6.1 - Experimental field enclosures in Bowenvale Pond. (a) The raft was situated near the 
south end of the pond. (b) Close up view of the raft showing the floats and the shade cloth 
covering each enclosure to prevent Anisops escaping from or entering the enclosure. 
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The next day (2 February 1994) seven 7 m hauls and one 6 m haul were made with a 

plankton net (diameter = 190 mm, N° 9 mesh, aperture = 114 Jlm) so that a total volume of 

approximately 1500 I (16 x 94 L, the volume of a single enclosure) of pond water had been 

filtered. Any Anisops or other insects in these samples were removed by hand. This total 

sample was transferred to a bucket containing 8 I of pond water. This sample was mixed 

well and 1/16 (0.5 1) was poured into each enclosure to give a zooplankton density 

approximately equal to that in the pond. 

Anisops were collected from the pond by hand net and those over ::::::6 mm Gudged by 

eye) were placed in the enclosures in the following densities: 0, 2, 8 and 32 per enclosure. 

There were 4 replicate enclosures for each predator density. The enclosure positions within 

the 4 x 4 grid (Figure 6.2) were randomly-selected. 

On 6 February the temperature in each enclosure and in the open water of the pond 

was taken with an Horiba water checker. On 11 February and on 15 February a 11 surface 

water sample was taken and the temperature at 20 cm depth was measured for each 

enclosure and for the open water. The water sample was transported back to the laboratory 

and pH, conductivity, turbidity and alkalinity were measured. Alkalinity was measured 

using the titration method described by Mackereth, Heron and TaIling (1978). [Include 

details of meters and methods]. 

Thirteen days after the zooplankton and the Anisops had been placed in the 

enclosures (15 February), the experiment was stopped. (Laboratory experiments described 

in Chapter 5 had previously shown that crests are quite distinct by about two weeks). The 

water from each enclosure was passed through a plankton net and the entire zooplankton 

population from each enclosure was preserved in 70% alcohol. The zooplankton population 

in the pond was sampled by taking 5 random oblique hauls with a plankton net and 

preserving each haul separately. 

Daphnia were counted in a Bogorov chamber under a stereo microscope at lOx 

magnification. A thick growth of Spirogyra spp. had formed in each of the enclosures which 

entangled many of the preserved animals. Consequently the subs amp ling method used 

previously (Chapter 3) could not be used and the entire sample from each enclosure was 

counted. Daphnia with parthenogenetic offspring or with ephippial eggs in their brood 

chambers were counted separately. 
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Figure 6.2 - Diagram of Bowenvale Pond enclosure experiment showing position of field enclosures 
in relation to the pond and the number of Anisops in each enclosure. 

From each enclosure, 40 Daphnia were randomly-selected for measurement 

Daphnia with a C length >2.8 rum (as measured with an eyepiece micrometer at 20x 

magnification) were rejected. This selection process was used to ensure that only Daphnia 

that had been in the enclosure from birth were measured. The C length of 2.8 mm was the 

maximum C length attained by Daphnia after 13 days in laboratory cllliture (Chapter 5). 

Measurements of HA, H, A and T were made on each daphnid using the VIA system 

described in Chapter 2. After measurement, parthenogenetic offspring in the brood chamber 

of gravid Daphnia were dissected out and counted. The stage of development of the 

offspring was recorded according to one of the six categories given in Chapter 3. Egg size 

was determined by measuring the diameter of eggs in stage II, only; using the VIA system. 

Brood volume was calculated for Daphnia with stage II eggs using Eg. 3.1 (Chapter 3). 

The C length of the smallest gravid daphnid from all 16 enclosures (C::::: l. 71 mm) 

was used to classify Daphnia as either adults or juveniles. Daphnia with a C length 

~1.71 mm were classified as adults and all other Daphnia were considered juveniles. To 

increase the number of adults measured, and to have more even numbers of each age 

category among enclosures, further Daphnia were selected for measurement using the 

following procedure. The remaining unmeasured Daphnia from each enclosure were 

separated into adults and juveniles using an eyepiece micrometer, where necessary, to 

measure C length. Extra adults were randomly selected so that at least 60 adults were 

measured from the control enclosures and the enclosures with 2 Anisops. The number of 

adults from enclosures with 8 and 32 Anisops was too small for analysis. Extra juveniles 
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were randomly selected so that at least 20 juveniles were measured from each enclosure. 

Morphological and life history measurements were made on these extra selected Daphnia 

using the same methods as those described above. 

3 Statistical Treatment 

Large data sets were tested for normality using D'Agostino's test (p95, Zar, 1984). 

For small data sets, subjective decisions as to the normality of the data were made from 

inspection of ranIdt plots (p70, Wardlaw, 1985). Data were transformed where necessary 

and normality was retested or reassessed. In most cases log transformations were 

appropriate, but for percentages of gravid Daphnia, the arcsine transformation (Freeman and 

Tukey's equation, p240, 1984) was used. 

For the physicochemical variables a t-test was used to determine whether the 

combined measurements from all 16 enclosures were significantly different from the single 

open water measurement. Oneway ANOV As were then used to determine whether 

significant differences occurred between enclosures with different Anisops density. Where 

significant differences occurred, Tukey multiple comparisons among the means were 

calculated. 

Differences in Daphnia density and proportions of Daphnia with parthenogenetic 

and ephippial eggs between enclosures and in the open pond at the start and end of the 

experiment were tested using oneway ANOVAs. If significant differences occurred, Tukey 

multiple comparisons among the means were made. 

Daphnia morphological and life history data (C, HA, H, A, T and brood size) were 

tested separately using nested ANOV As. Variation among replicate enclosures was nested 

within the variation among enclosures with different Anisops densities. For the variables egg 

size and brood volume, data were insufficient to test the effect of enclosures. For these two 

variabks, data among replicate enclosures were pooled and single factor ANOVAs testing 

the effect of Anisops density were conducted. 

Many variables tested in this experiment were shown in Chapter 3 to be highly 

correlated with C length. For each variable tested in this analysis, C lengths for the group of 

Daphnia from which the variable was measured were also tested. Since the C lengths 
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among enclosures with different Anisops densities were not significantly different (Tables 

6.3,6.4 and 6.6), corrections for C length (as used in Chapters 3 and 4) were not considered 

necessary. 

In all cases where 95% confidence intervals are given, they have been calculated 

using the appropriate error mean square from the ANOV A used to test the effect of Anisops 

density. 

4 Results 

Weather 

The weather was warm and stable during the enclosure experiment (2 February to 

15 February 1994). There was little wind and no rain. The enclosures were still intact at the 

end of the experiment. 

Physicochemical Measurements 

The enclosures did have an effect on the physical and chemical environment. pH 

was significantly more alkaline (P<O.OOI) and turbidity was significantly lower (P<O.OOl) in 

the enclosures than in the open pond (Table 6.1). Temperature, alkalinity and conductivity 

Were not significantly different from the open pond. Among enclosures, turbidity was 

slightly, but significantly, lower in control enclosures than in enclosures containing Anisops 

on both 11 and 15 February. There were no significant differences among enclosures for the 

other variables measured. 

4.3 Daphnia Density 

Daphnia density in the open pond did not change significantly during the period of 

the enclosure experiment (Table 6.2). However, mean Daphnia density in the control and 2 
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Table 6.1 • Measurements of physicochemical variables (temperature, pH, alkalinity, 
conductivity and turbidity) in Bowenvale Pond and in enclosures within the pond containing 
o (control), 2, 8, or 32 Anisops. Measurements were made on 11 and 15 February, 1994. 
Means, 95% confidence intervals and F values of ANOV As are given. The ANOV As tested 
the effect of Anisops density. ns::: P~.05, * ::: P<O.05, ** ::: P<O.OI, *** ::: P<O.OOl. Means 
for a particular date with the same superscript letter were not significantly different (P:::O.05, 
Tukey comparison of the means). 

Variable Date Pond Enclosures 
Feb 
1994 

Mean ANOVA 
(95% Confidence Interval) 

Control 2 Anisops 8 Anisops 32 Anisops F 

Temp. 11 26.5 26.1 25.9 26.1 25.8 OAIns 

(0C) (25.6 - 26.6) (25.4 - 26A) (25.6 - 26.6) (25.3 - 26.3) 

15 22.2 22.4 22.3 22.3 22.3 o.nns 

(22.3 - 22.5) (22.2 - 22.4) (22.2 - 22A) (22.2 - 22.4) 

pH 11 7.9 8.1 8.0 8.0 0.74n8 

(7.8 - 8.1) (7.9 - 8.2) (7.8 - 8.2) (7.9 - 8.2) 

15 7.7 8.6 8.6 8,4 8.6 0.1605 

(8.2 - 9.0) (8.1-9.1) (8.0 - 8.9) (8.2 - 9.0) 

Alkal. 11 0.89 0.88 0.85 0.95 0.63n• 

(meqll) (0.78 1.00) (0.77 - 1.00) (0.73 0.96) (0.83 - 1.06) 

15 0.89 0.82 0.81 0.86 0.85 0.7508 

(0.78 - 0.87) (0.76 - 0.87) (0.81 0.90) (0.80 - 0.90) 

Condo 11 237 239 235 243 236 0.650
' 

(J.tS/cm) (229 - 249) (224 - 245) (233 - 253) (225 - 246) 

15 172 165 168 168 167 0.96ns 

(163 - 168) (165-171) (165 - 171) (164 - 169) 

Turbid. 11 1.30 U5A L18AB 1.20B 1.19B 6.97" 
(1.13 -1.17) (1.16 - 1.20) (1.18 - 1.22) (1.17 - 1.21) 

15 1.27 l.03A 1.10B 1.15B 1.14B 19.05*·-
(1.00 - 1.06) (1.07 - 1.13) (1.12 - 1.18) (1.11 - 1.16) 

Anisops enclosures at the end of the experiment were approximately 11 and 7 times higher, 

respectively, than that in the open pond. Mean density in the 32 Anisops enclosures was 

approximately 17 times lower than that in the open pond. Density in the 8 Anisops 

enclosures was not significantly different to that in the open pond at either the start or the end 

of the experiment. 
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Table 6.2 m Daphnia density in (a) the open water at the start (2 February 1994) and at the end 
(15 February 1994) of a field enclosure experiment in Bowenvale Pond and (b) enclosures 
with 0 (control), 2, 8, or 32 Anisops on 15 February. Means with the same superscript letter 
were not significantly different (P=O.05, Tukey comparison of the means). 

Density for 
net haul or 
enclosure 
(N"Il) 

Geometric 
mean and 
95% 

(a) Open Pond 

Start 

2.7 

2.6 

3.4 

5.1 

3.3B 

(1.5-7.4) 

End 

1.8 

4.4 

14.3 

8.7 

1.1 

4.0B 

(2.0-8.3) 

Control 

25.0 

65.7 

51.9 

42.1 

43.5A 

(19.5-97.2) 

(b) Enclosures 

2 Anisops 

36.8 

16.9 

36.1 

26.6 

27.8A 

(12.5-62.1) 

8 Anisops 

3.91 

0.88 

0.67 

1.36 

1.33B 

(0.60-2.97) 

t 

32 

0.71 

0.22 

0.05 

0.34 

0.23C 

(0.10-0.52) 

The number of Anisops per enclosure clearly had a marked effect on Daphnia 

density. Densities in the 8 Anisops and 32 Anisops enclosures were significantly lower than 

that in the control enclosures and the adult populations were almost completely eliminated in 
< 

these high Anisops density enclosures. Daphnia density remained high, however, in the 2 

Anisops enclosures and although the mean density was lower than that in the control 

enclosures, the difference was not significant. 

4.4 Daphnia Morphology 

Variation in the morphological variables C, HA, H, A and T among replicate 

enclosures was highly significant for both adult and juvenile Daphnia (Tables 6.3 and 6.4). 

When variation in C length due to Anisops density was tested over the variation within 

enclosures, the difference was not significant for adults or juveniles, indicating corrections 

for C length were not necessary. 
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Table 6.3 w Measurements of morphological variables (MY) for adult Daphnia from 
Bowenvale Pond after two weeks in enclosures with either two Anisops or no Anisops 
(control). Means, 95% confidence intervals and results of nested ANOVAs are given. 
The ANOV As tested the main effect of Anisops density over the nested effect of 
enclosures. ns = P~O.05, * = P<O.05, ** = P<O.Ol, *** = P<O.OOI. 

MY Mean ANOY A Factor 

(95 % Confidence Interval) Enclosure Anisops 

Control 2 Anisops DF F DF F 

C(mm) 2.37 2.25 6,470 20.96··· 1,6 1.66ns 

(2.21 - 2.51) (2.10 - 2.41) 

HA(mm2i 1.36 2.66 6,470 12.17'·· 1,6 25.02" 
(1.07 - 1.71) (2.11 - 3.36) 

H(mm)1 1.59 2.01 6,470 11.10'" 1,6 13.24· 
(1.42 - 1.78) (1.80 - 2.25) 

A (mm)l 0.75 1.01 6,470 15.98"· 1,6 18.93'· 
(0.66 0.85) (0.90 - 1.14) 

T(mm) 1.63 2.03 6,300 13.53"- 1,6 13.08· 
(1.43 - 1.83) (1.84 - 2.21) 

ITbese variables were log-transfonned for statistical analysis. 

For adults, the variables HA, H, A and T were all significantly larger in the 2 Anisops 

enclosures compared to the control enclosures (Table 6.3, Figure 6.3). The most significant 

difference between the two treatments was that for HA 

For juveniles, significant differences in morphology between the predator treatments, 

were found for the variables A and T only (Table 6.4). The difference in T length was the 

most obvious (Figure 6.4). The means of HA, H, A and T all increased with increasing 

Anisops density up to a density of 8 Anisops, although only the significant increase was for T 

from the control to the 2 Anisops enclosures (Figure 6.4). All four morphological variables 

were smaller than expected for Daphnia from the Anisops enclosures. The near 

decimation of the Daphnia populations in these enclosures (Table 6.2) may have affected 

their morphological response to Anisops. 

The large A length in juveniles from 8 Anisops enclosures was due to a triangular 

head shape which did not occur in juveniles from control enclosures (Figure 6.5). 
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Table 6.4 m Measurements of morphological variables (MY) for juvenile Daphnia from 
Bowenvale Pond after two weeks in enclosures with 0 (control), 2, 8, or 32 Anisops. Means, 
95% confidence intervals and results of nested ANOV As are given. The ANOV As tested 
the main effect of Anisops density over the nested effect of enclosures. ns:: P~O.05, *:: 
P<O.05, ** = P<O.Ol, *** P<O.OOl. 

MY Mean ANOV A Factor 
(95% Confidence Interval) 

Enclosure Anisops 

Control 2 Anisops 8 Anisops 32 Anisops DF F DF F 

C 0.75 0.75 0.75 0.71 12, 187 4.97··· 3, 12 0.24ns 

(mm) (0.69 ~ 0.81) (0.69 - 0.81) (0.67 - 0.82) (0.63 - 0.79) 

HAl 0.11 0.13 0.18 0.12 12, 187 7.26"·- 3, 12 3.44ns 

(mm2
) (0.09 - 0.13) (0.11 - 0.16) (0.13 - 0.23) (0.09 - 0.16) 

HI 0.43 0.43 0.45 0.42 12, 187 5.83-·- 3, 12 0.34n, 
(nun) (0.39 - 0.47) (0.39 - 0.47) (0.40 0.51) (0.37 - 0.48) 

Al 0.23 0.28 0.33 0.26 12, 187 6.25
0

" 3,12 8.190
• 

(nun) (0.20 - 0.25) (0.25 - 0.31) (0.29 - 0.38) (0.23 0.30) 

Tt 0.35 0.63 0.80 0.50 12, 163 7.89"· 3,12 21.44
m 

(nun) (0.30 - 0.41) (0.55 0.74) (0.67 - 0.97) (0.39 - 0.64) 

lThese variables were log-transformed for statistical analysis. 

Daphnia Life History 

The proportions of all gravid Daphnia (those with either parthenogenetic offspring or 
~ 

ephippial eggs) in the open pond and in the enclosures were very similar (Table 6.5) and did 

not differ significantly (P=l.OO). The proportion of Daphnia with parthenogenetic offspring 

was less in control and 2 Anisops enclosures than in the open pond but this difference was 

not significant (P=O.321). The low percentage of Daphnia with parthenogenetic offspring in 

control and 2 Anisops enclosures was associated with a relatively high proportion of 

Daphnia with ephippial eggs in these enclosures. Daphnia with ephippial eggs were not 

found in any of the samples from the open pond or the 8 Anisops enclosures. The presence 

of ephippial eggs may have been caused by the high densities of Daphnia in the control and 

2 Anisops enclosures. 

Variation in brood size among replicate enclosures was highly significant (Table 6.6). 

When variation in brood size due to Anisops presence was tested over the variation within 

replicate enclosures, brood size was found to be significantly greater for Daphnia 
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Figure 6.3 m Morphological measurements of adult Daphnia from Bowenvale Pond after two weeks 
in enclosures with either two Anisops or no Anisops (control). Means and 95% confidence 
intervals are shown. An asterisk indicates a significant difference between control and 2 Anisops 
enclosures (p<O.05, nested ANOV A). C, H, A and T are given in mm. HA is given in mm2
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Figure 6.4 • Morphological measurements of juvenile Daphnia from Bowenvale Pond after two 
weeks in enclosures with 0 (control), 2, 8 or 32 Anisops. Means and 95% confidence intervals 
are shown. An asterisk indicates a significant difference between enclosures with successive 
Anisops densities (P<O.05, Tukey multiple comparisons). C, H, A and T are given in mm' HA is 

• • 2 
gIven m mm. 
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(a) 

(b) 

Figure 6.5 - Juvenile Daphnia from Bowenvale Pond enclosure experiment. (a) Juvenile from an 
enclosure without Anisops (control). (b) Juvenile from an enclosure with 8 Anisops. Note the 
triangular head shape and long tail spine in (b). Scale bar represents I mm. 
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Table 6.5 «Percentages of gravid Daphnia in (a) the open water at the start (2 February 1994) 
and at the end (15 February 1994) of a field enclosure experiment in Bowenvale Pond and 
(b) enclosures with 0 (control), 2, 8, or 32 Anisops on 15 February. Confidence intervals 
(95%) are shown for means that were compared statistically. 

Egg Type (a) Open Pond (b) Enclosures 

Start End Control 2 Anisops 8 Anisops 32 

Partheno- 3.7 3.8 1.0 2.2 3.8 0 
genetic (1.3-7.2) (1.5-6.9) (0.1-3.3) (0.5-5.1) (1.3-7.3) 

Ephippial '0 0 2.5 1.2 0 3.2 
(0.9-4.8) (0.2-3.0) 

Total 3.7 3.8 3.6 3.7 3.8 3.2 
(1.4-7.1) (1.6-6.8) (1.3-7.1) (1.4-7.1) (1.4-7.1) 

from Anisops enclosures. Egg size was significantly smaller in Daphnia from Anisops 

enclosures. Brood volume was not significantly different between Daphnia from control and 

Anisops enclosures. 

5 Summary 

Field enclosures had a small effect on the physicochemical environment. pH was 

higher and turbidity was lower in enclosures compared with the open pond. The only 

significant difference in the physicochemical environment among the field enclosures was a 

slightly lower turbidity in enclosures with high densities of Anisops. Daphnia density was 

markedly affected by the Anisops density. In enclosures with no Anisops, Daphnia density 

was 11 times greater than in the open pond, while in enclosures with 32 Anisops, Daphnia 

density was 17 times less. Daphnia morphology was also significantly affected by Anisops 

density. For adults, HA, H, A and T were all significantly greater and for juveniles, A and T 

were significantly greater in enclosures with Anisops compared to those without. Brood size 

was significantly higher, egg size was significantly smaller and brood volume was not 

significantly different for Daphnia from Anisops enclosures compared with Daphnia from 

control enclosures. 
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Table 6.6 - Life history variables and sizes (C length) for Daphnia from Bowenvale Pond 
after two weeks in enclosures with either two Anisops or no Anisops (control). Means, 
95% confidence intervals and ANDV A results of are given. The ANDV A for brood size 
tested the main effect of Anisops density over the nested effect of enclosures. The 
ANOVAs for egg size and brood volume tested the effect of Anisops presence using data 
pooled among replicate enclosures. ns = P~O.05, * = P<O.05, ** == P<O.Ol, 
*** == P<O.OOl. 

Variable Mean ANOVA Factor 

(95% Confidence Interval) Enclosure Anisops 

Control 2 Anisops DF F DF F 

Brood 3.34 5.60 6,246 5.63'" 1,6 8.09' 
Size! (2.40 - 4.66) (4.17 - 7.52) 

C(mm) 2.418 2.297 6,246 10.08'" 1,6 1.95ns 

(2.259 - 2.576) (2.156 - 2.437) 

Egg Size 0.335 0.284 1,42 21.35'" 
(mm) (0.321 - 0.348) (0.266 - 0.301) 

C(mm) 2.320 2.293 1,42 0.14ns 
(2.233 - 2.406) (2.178 - 2.407) 

Brood Vol 0.041 0.054 1,41 1.52°S 
(mm3)1 (0.032 - 0.054) (0.038 - 0.078) 

C(mm) 2.158 2.165 1,41 0.1305 

(2.071 - 2.246) (2.046 - 2.285) 

!Tbese variables were log-transfonned for statistical analysis. 
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Chapter 7 - General Discussion 

1 Pond Daphnia 

1.1 Adult Morphology 

Daphnia from Bowenvale Pond showed a marked change in morphology during the 

sampling period. This change comprised an antero-dorsal expansion of the head (crest 

development) and an increase in the tail spine length. These morphological changes were 

associated with an increase in Anisops density in Bowenvale Pond. Crested Daphnia were 

also found in three other ponds around the Christchurch district (Leeston, Knocklynn and 

Sugarloaf ponds) at times when the ponds had high Anisops densities. Laboratory. 

experiments I and 2 and the field enclosure experiment provided evidence that Anisops was 

the cause of these morphological changes in Daphnia from Bowenvale and Leeston ponds. 

The development of crests in various forms of Daphnia carinata has previously been related 

to Anisops presence in South India (O'Brien & Vinyard, 1978) and South Australia (Grant & 

Bayly, 1981; Barry & Bayly, 1985; and Benzie, 1991). In all cases pond populations of 

Daphnia were· involved. This study suggests that similar Daphnia-Anisops interactions exist 

in New Zealand ponds. 

Dodson (1974) has proposed that many of the morphological changes that occur , 

among zooplankton might be an adaptive response to invertebrate predation and might act by 

making capture and ingestion of the prey species difficult. Crests may well improve a 

daphnid's chance of escape and decrease the chance of successful ingestion by Anisops. For 

example, when Anisops consumes a daphnid it grasps the prey with its forelimbs and 

manipulates it until the daphnid's dorsal edge is facing the notonectid's ventral surface before 

piercing the daphnid with its proboscus. The presence of a large, dorsally-extending crest 

did confound this manipulation process (personal observation), 

Studies involving feeding trials of Anisops with crested and uncrested forms of 

Daphnia have shown that the presence of a crest improves the escape ability of a daphnid, 

but the main effect of a crest is to improve the daphnid's evasion ability (Grant & Bayly, 

1981; Barry & Bayly, 1985; O'Brien & Vinyard, 1978), For example, Barry and Bayly 

(1985) reported that at 15°C unsuccessful attacks by Anisops hackeri on Daphnia carinata 
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were mainly due to evasions (40% for crested and 31 % for uncrested individuals) rather than 

escapes (16% for crested and 11 % for uncrested individuals) by Daphnia. 

How a well-developed crest improves evasion ability is not known. O'Brien and 

Vinyard (1978) and Hebert (1978) have reported correlations between antennal muscle 

length and crest size. The increased crest size may provide a large surface area for 

attachment of antennal muscles. As an increase in the length of a muscle increases its power 

(Prosser, 1973), crested individuals could be expected to have greater swimming pOWer and 

manoeuvrability than their uncrested counterparts. 

An induced increase in tail spine length has been reported by several authors 

studying a variety of predator-induced changes in Daphnia morphology (Dodson, 1984; 

Dodson, 1988; LUning, 1992; Mort, 1986; Black & Dodson, 1990) but not by those 

investigating Anisops-Daphnia carinata interactions (O'Brien & Vinyard, 1978; Grant & 

Bayly, 1981; Barry & Bayly, 1985; Benzie, 1991). In this study, significantly longer tail 

spines were observed in all situations where crest development occurred. 

One of the suggested functions of a long tail spine is to balance the hydrodynamic 

effect created by an enlarged helmet or crest by smoothing the swimming path, in a manner 

similar to that of a keel (Mort, 1986). For example, Mort (1986) found that non-helmeted 

forms of Daphnia galeata mendotae and D. pulex exhibited more looping behaviour than 

helmeted forms when attempting to evade Chaoborus. Since the evasion path of helmeted 

D. g. mendotae in which the tail spine had been removed, was considerably more sinusoidal 

than the path for helmeted members of this species with tail spinep intact, Mort concluded 

that the tail spine is important in stabilizing swimming behaviour. A sinusoidal evasion path 

was considered by Mort to be a disadvantage because (a) it could increase the level of 

disturbance and therefore improve detection by the predator and (b) it would be more likely 

to bring the prey back into the field of attack compared to a more direct evasion response. 

If this keel theory is applicable to the Anisops-D. carinata situation in this study, then 

a correlation between tail spine length and crest size would be expected. Regressions of T 

on H for Bowenvale Pond Daphnia at each sampling date revealed a significant regression 

between tail spine length and crest size occurred only on 22 January 1994 (Table 3.6). From 

after 22 January, considerable crest growth continued while little increase in tail spine length 

occurred (Figure 3.7). It is significant that the 22 January was the date when Anisops density 

was highest and significant crest development was first observed in Daphnia. The initial 
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growth of a crest might, for example, be more likely to require a parallel increase in tail spine 

length for balance than later stages of crest growth. However, a significant regression of T 

on H for only one of the four sampling dates during which crest growth was evident in 

Bowenvale Pond, does not strongly support the keel theory. Similarly, Lampert and Wolf 

(1986) found the tail spine and helmet length in a lake popUlation of Daphnia cucullata 

responded differently and were unable to support Mort's keel hypothesis. 

1.2 Juvenile Morphology 

Anisops presence had a different effect on Daphnia morphology in juveniles 

compared to that in adults. The main effect on adult morphology was crest development, 

whereas the main effect on juvenile morphology was an increase in tail spine length 

(Section 4.5.3 and Figures 3.11 & 6.4). Juveniles exposed to Anisops also showed a 

significant increase in the anterior length of the head (Figures 3.11 & 6.4). Irt very small 

juveniles (probably first instar) from field enclosures containing a high'density of Anisops, 

the shape of the head was triangular and quite different to that in adults (Figures 6.5 & 3.6). 

Since the triangular head shape was found only in Daphnia from enclosures, and not in 

Daphnia from the open pond, this morphological change may have been an enclosure effect 

which would not normally occur under field conditions. However, both O'Brien and 

Vinyard (1978) and Sars (1914) have described a form of D. carindta from field popUlations 

in which newly hatched young had a triangular head. O'Brien and Vinyard (1978) also 

reported that Daphnia with triangular heads were present only in ponds with Anisops 

popUlations. 

The adaptive advantage of a lengthened tail spine, an increased anterior head length 

and a triangular head shape for juvenile Daphnia in the presence of Anisops is not known. 

Notonectids tend to ignore small prey (McArdle & Lawton, 1979; personal observations) so 

juveniles would not be expected to experience the degree of predation pressure experienced 

by adults. However, during periods of high Anisops density these predators may be more 

likely to take smaller prey. 

The keel theory (described above) does not explain the marked increase in tail spine 

length induced in juvenile Daphnia. The triangular head shape induced in juveniles would 

Page 84 



Chapter 7 

be unlikely to warrant the dramatic increase in tail spine length in order to counter-balance 

the hydrodynamic effect of the head shape. It is possible that juveniles exposed to Anisops 

grow long tail spines in anticipation of the growth of a substantial crest in adulthood but this 

seems metabolically expensive. Jacobs (1967) has shown that animals with longer tail 

spines sink more slowly than those with shorter spines. Animals with longer tail spines 

would not need to beat their antennae as much as those with shorter tail spines in order to 

remain buoyant. Since Anisops detect their prey by current movements (O'Brien & Vinyard, 

1978), a long-tailed daphnid might have less chance of being detected. 

1.3 History Effects 

Several studies have suggested that predator-induced defensive morphologies have 

an associated life history cost, such as reduced growth, reduced fecundity or delayed 

reproduction (Ketola & Walls, 1989; Ketola & Vuorinen, 1989; Walls & Ketola, 1989; 

Riessen, 1984; Riessen & Sprules, 1990; Havel Dodson, 1987; Black'& Dodson, 1990). 

In particular, Grant and Bayly (1981), Barry and Bayly (1985) and O'Brien and Vinyard 

(1978) all reported a decrease in fecundity for crested forms of Daphnia carinata that had 

been exposed to various species of Anisops and suggested this was a cost associated with the 

crested morphology. The reproductive cost associated with an induced defense has been 

cited as a reason for the defense not being present in the populafion when predators are 

absent (Havel, 1987; Alder & Harvell, 1990; Harvell, 1990). There is no evidence in this 

study to suggest that induction of a crest has a reproductive cost associated with it. Life 

history changes in Daphnia associated with Anisops presence were not always consistent 

between the field study, the enclosure experiment or the laboratory experiments (Table 7.1), 

but time to first reproduction was not affected and growth and fecundity were either not 

affected or increased with Anisops presence. Furthermore, their was no evidence to suggest 

the proportion of gravid females was reduced by the presence of Anisops from either the 

Bowenvale Pond field data or the enclosure experiment data. 

A review of some of the voluminous literature on life history effects associated with 

predator-induced morphological change in Daphnia suggests that there is no consistent 

evidence for a reduction in reproductive fitness (Table 7.2). In fact, in several investigations 
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Table 7.1 - Summary of life history changes for either (a) Daphnia exposed to Anisops 
compared to controls (enclosure and laboratory experiments) or (b) Daphnia exposed to 
high densities of Anisops compared to Daphnia exposed to low densities of Anisops 
(Bowenvale Pond). The table, figure, or section in the text where the data was originally 

is given in brackets. 

Life History Bowenvale Enclosure Experiment 1 Experiment 2 
Variable Pond Experiment 

Overall adult size Increased Increased No effect No effect 
(Figure 3.7) (Figure 6.3) (Figure 5.2) (Figure 5.4) 

Size at first No effect 
reproduction (Section 2.4.3, 

Ch 5) 

Age at first No effect 
reproduction (Section 2.4.3, 

Ch 5) 

Brood size Increased Increased No effect Increase at 
(Section 4.6.2, (Table 6.6) (Table 5.3) brood 3 only 

Ch 3) (Figure 5.5) 

Total No of Increased No effect 
offspring (Table 5.4) 

Offspring size No effect Decreased 
(Table 3.11) (Table 6.6) 

Brood volume No effect No effect 
(Table 3.12) (Table 6.6) 

% Gravid females No effect No effect 
(Table 3.9) (Table 6.5) 

Daphnia exposed to Notonecta showed increased reproductive fitness. Some recent 

investigations (Luning, 1992; Luning, 1994; Stibor & LUning, 1994) have shown that life 

history responses to predator presence are not associated with morphological defenses. 

These authors have proposed that life history changes should be viewed as a stategy for 

reducing the effects of predation on the population rather than as a cost associated with a 

morphological defense. 

Schwartz (1984) predicted that the life history strategy for Daphnia in the presence 

of a predator that prefers adult prey (such as Anisops) should involve production of more, 

smaller offspring at a younger age and at a smaller size. In this study there is some evidence 

of this strategy. Brood sizes were found to increase with Anisops presence in Bowenvale 
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Table 7.2 - Literature review of life history changes induced Daphnia species by Anisops, Notonecta and Chaoborus species. 
Compared with controls, life history variables in predator-exposed Daphnia increased (+), decreased (-), were no different (0) 
or had variable effects depending on the prey clone used (v). Numbers given each category refer to reference given below. 

Life History Anisops Notonecta Chaoborus 
Variable 

0 0 0 + - v + - v + - v 

Overall adult 1 2 2, 3 5, 6, 
size 7 

Size at first 8 9, 10 . 8, 3, 4, II, 
reproduction 10 12, 

Age at first 14 8, 2 2, 8, 12 
reproduction 13, 5, 

: 
14, 7, 
10 

Intrinsic rate of 14 8 5, 6, 8 
increase (r) 11, 7 

N° offspring 15, 1, 2,8 9 3, 8, 2, 5, 6, 13 
produced 14 12 11 

Offspring size 8 2 2, 8 I 12, 5 4, 13 

Brood volume 2 

References: L Barry & Bayly (1985), i. Luning (1992), 3. Brett (1992), 4. Ketola & Walls (1989), 5. Walls & Ketola (1989), 6. Walls 
et al. (1991), 7. Riessen & Sprules (1990), 8. Black (1993),9. Dodson & Havel (1988), Stibor & Luning (1994),11. Black & Dodson 
(1990), 12. Spitze (1992), 13. Havel & Dodson (1987), 14. O'Brien Vinyard (1978), Grant & Bayly (1981). 
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Pond, the enclosure experiment and laboratory experiment 2 (Table 7.1). In the enclosure 

experiment the size of the offspring decreased in the presence of Anisops. There is no 

evidence that size or age at first reproduction were affected by Anisops presence. 

There is a great deal of variation in the life history responses of Daphnia to predators 

reported in the literature. Some of the variation in life history response may be due to 

differences in food levels between investigations. Dodson and Havel (1988) reported that 

the life history response of Daphnia pulex to Notonecta undulata at high food levels (smaller 

offspring, reduced growth, smaller size and younger age at first reproduction) did not occur 

at low food levels. In contrast, Walls et al. (1991) found that the life history response of D. 

pulex to Chaoborus crystallinus (less offspring, reduced growth and reduced intrinsic rate of 

increase) disappeared at high food levels. In my study, comparively high food levels (l x 106 

cells/ml of Chlorella) were used in the laboratory experiments. If lower food levels had been 

used, the life history response of Daphnia to Anisops might have been quite different. 

Even different clones within a single species of Daphnia have been shown by the 

same author to have very different life history responses when exposed to the same predator 

under identical conditions (Spitze, 1992; LUning, 1992). Genetic differences between clones 

may explain the differences in life history responses observed between field, enclosure and 

experimental data in this study. 

1.4 Genotypic Selection or Phenotypic Plasticity ? 

The change in Daphnia morphology that occurred in Bowenvale Pond could have 

been caused by either strong selection for genotypes with crests, phenotypic plasticity 

allowing crest growth without a change in the genotypic frequency of the population, or a 

combination of the two. Although selection for a crested genotype in Bowenvale Pond 

cannot be ruled out, since genetic analyses were not conducted, selection is not necessary to 

explain the morphological changes observed. Daphnia were clearly shown to be capable of 

crest development within a single generation in Experiments 1 and 2. Also, differences in 

the degree of crest development between Anisops treatments in the field enclosure 

experiment occurred within two weeks which was too short a period of time for selection to 

have occurred. 
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Several other authors have concluded that cyclomorphosis occurs via phenotypic 

plasticity rather than genotypic selection. For example, Pijanowska (1991) considered an 

increase in helmet size in D. cucullata was more likely to have been caused by phenotypic 

variation of one or a few genotypes rather than selection for helmeted genotypes, based on 

the smooth changes in the frequency distribution for helmet size over time. Lampert and 

Wolf (1986) also suggested phenotypic plasticity was the mechanism by which 

cyclomorphosis in the same species occurred based on genetic analyses. 

1.5 Induction Might Occur 

In Experiment 2 morphological change was induced in Daphnia by culturing them in 

Anisops-conditioned water. Since the test Daphnia were not in visible or audible contact 

with Anisops, induction could not have occurred by such means as visual detection of 

Anisops or by reaction to the sound of Anisops stridulation. This suggests Anisops released 

some substance into the water which was capable of affecting Daphnia physiology, although 

the release of an alann substance by Daphnia which were provided as food for Anisops 

cannot be ruled out. 

A predator-released water-bourne cue (kairomone) has been postulated as the 

mechanism for induced morphological and life history changes by several authors (eg. Grant 

& Bayly, 1981; Krueger & Dodson, 1981; Hebert & Grewe, 1985; Hanazato, 1991). Parejko 

& Dodson (1990) reported that the substance released by Chaoborus americanus that is 

responsible for inducing neck teeth in Daphnia pulex is a water-soluble chemical that 

originates in the digestive tract of Chaoborus and may be a component of the predator's 

digestive juices. This result helps explain several reports that poorly fed or starved predators 

have either less or no induction effect on Daphnia (Grant & Bayly, 1981; Dodson, 1988; 

Dodson & Havel, 1988; Benzie, 1991). 

A kairemone released from the digestive tract of Anisops may have been the 

mechanism by which crests were induced in Daphnia in this study. Grant & Bayly (1981) 

showed that Anisops calcaratus only produced crests in Daphnia when Anisops were fed. I 

also found that Daphnia from Bowenvale Pond did not produce crests when A. wakefieldi 

were starved in a preliminary experiment not reported here. Also, the reduced 
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morphological effect on juvenile Daphnia from the 32 Anisops enclosures compared to the 8 

Anisops enclosures (Figure 6.4) may have occurred because Anisops were starved. 

1.6 Morphological Induction - A Graded Response 

This study shows that morphological induction in Daphnia is a graded response, not 

an all-or-nothing response. Changes in the size of crests (HA, H, and A) relative to body 

size (C) occurred between sampling dates in Bowenvale Pond (Figure 3.9). Also, in the 

enclosure experiment, HA, H, A and T all increased in juvenile Daphnia with increasing 

Anisops density up to a density of 8 Anisops per enclosure (Figure 6.4). These results 

suggest that the degree of morphological induction in Daphnia varies with the density of the 

predator. Barry and Bayly (1985) found a correlation between crest size in Daphnia and 

Anisops density from enclosure experiments and Parejko and Dodson (1991) reported a 

cOlTelation between Chaoborus american us density and expression of neckteeth in Daphnia 

pulex. 

1.7 Effect of Predator History on Response 

Recent investigations (Parejko and Dodson, 1991; De Mee~ter, 1993; Pijanowska et 

ai., 1993) have shown that a daphnid clone from a habitat without a particular predator is 

less responsive to chemicals released by that predator than clones from habitats in which the 

predator is present. A daphnid's history of association with a particular predator appears to 

affect its response to induction by that predator. There is evidence that predator history was 

important in this study. Daphnia from both Leeston and Bowenvale ponds developed crests 

and long tail spines when reared in Anisops-conditioned media (Experiments 1 & 2, 

respectively). Both clones came from ponds inhabited by Anisops for at least part of the 

year. Daphnia from Travis Swamp came from a pond without Anisops and did not show 

morphological change when reared in Anisops-conditioned media (Experiment 3). 

The presence or absence of predators in a daphnid's natural habitat may be an 

important force for genetic differentiation. Pijanowska et al. (1993) showed there were 
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significant genetic differences between two Daphnia magna clones which exhibited different 

predator-induced avoidance behaviour and had historically contrasting predator exposures. 

Although Daphnia have high dispersal capabilities (Mellors, 1975), De Meester 

(1993) has suggested that considerable genetic differentiation may occur between Daphnia 

populations from ponds close together because clones immigrating to a new pond will 

experience both inbreeding and outbreeding depression. This mechanism for maintaining 

genetic differentiation may explain differences in the ability of Daphnia to develop crests 

between Bowenvale Pond and Travis Swamp, which are separated by a distance of only 

12km. 

.L.I..,.""'''' Denny Daphnia 

Daphnia in Lake Denny did show significant increases in HA, H and A during the 

summer months (Figures 4.5 & 4.6) but these morphological changes were small in 

comparison to those of Bowenvale Pond Daphnia (Figure 3.7). The roost marked seasonal 

change in morphology was the increase in tail spine length during summer (Figures 4.5e & 

4.6e). The close correlation between temperature and tail spine length might be related to 

changes in water viscosity that accompany temperature changes, and its effect on the 

swimming ability of Daphnia. As temperature increases, water viscosity decreases and a 

daphnid would have to expend more energy beating its antennae 'to remain buoyant in the 

water column. It was mentioned previously that there is evidence that animals with longer 

tail spines sink more slowly than those with shorter tail spines (Jacobs, 1967). A longer tail 

spine might reduce the extra energy expenditure required to remain buoyant in the wann, 

less-viscous water during summer. Temperature, and the associated change in viscosity, 

have been suggested as a cause of cyc1omorphosis in Daphnia by authors for nearly a century 

(see Hutchinson, 1967) and although the affect of temperature has clearly been demonstrated 

in the laboratory (Coker & Addlestone, 1938; Jacobs, 1961) the separation of temperature 

from other effects has not been achieved in field studies. 

The relationship between temperature and Daphnia tail spine length in Lake Denny 

was not perfect. Tail spine length for both adults and juveniles decreased rapidly between 

January and February while temperature decreased only slightly during this period. If tail 
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spine length was associated with temperature and viscosity, it would be expected to remain 

high while temperature was high and lag any temperature decrease. 

The summer rise in tail spine length was also associated with an increase in mite 

density. Tail spine length in juvenile Daphnia increased at the same time as the increase in 

mite density (Figure 4.6e). Tail spine length in adult Daphnia also increased but with 

approximately one month's lag behind mite density (Figure 4.5e). Since mites are effective 

predators of Daphnia (Butler & Bums, 1991), it is possible that they may have induced 

longer tail spines in Lake Denny Daphnia as Anisops did in Bowenvale Pond Daphnia. 

In March, juveniles had long tail spines despite the absence of mites (Figure 4.4e). It 

is possible that mites may have been abundant in Lake Denny in the summer months of 

1992/1993 before sampling for this study began but had disappeared by the first sampling 

occasion in March 1993. The long tail spine observed in Daphnia in March may have been 

induced by inite presence during the previous summer and remained for a month or so after 

the mites had gone. 

There is little evidence to suggest that mites induce morphological change in 

Daphnia, however. I could find no published data on morphological. induction in prey 

species by mites. Dr C.W. Bums (University of Otago, Dunedin) found that European 

species of the mite genus Piona had no inductive effect on the production of neck teeth in 

Daphnia pulex (personal communication, 12 July 1994). Also, Barry and Bayly (1985) 

tested a variety of predator species (but not mites) and found only notonectids induced crests 

in Daphnia carinata. A laboratory experiment which involved rearing Lake Denny Daphnia 

in mite-conditioned media (similar to Experiment 2) was attempted, but considerable 

difficulties were encountered in keeping the lake Daphnia alive; consequently the 

experiment was abandoned. Without experimental data, the evidence for mite-induction 

remains circumstantial. 
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3 Conclusion 

This study has shown that cyclomorphosis does occur in both pond and adult 

populations of Daphnia carinata in New Zealand. The mOIphological change in pond forms 

is much more marked than that in lake forms and is clearly induced by the predator Anisops. 

The Anisops-induced morphological response in Daphnia is similar to that in Australian 

ponds described by Grant and Bayly (1981) and further research may well show other trans

Tasman similarities in this predator-prey relationship. 

Although further laboratory and field enclosure studies into the Anisops-Daphnia 

association are tempting, and will ultimately provide the most insight into the mechanims 

and reasons for this striking morphological change in Daphnia, the most pressing need in 

this area of research is a wide-ranging field study of Anisops and Daphnia distributions and 

Daphnia morphology so as to place this phenomenon in context for the New Zealand 

situation. I found only four ponds with populations of both Anisops and Daphnia, despite 

extensive and frequent sampling of ponds around the Christchurch district. Crest 

development did occur in all four ponds but this may be a relatively rar&, though interesting, 

occurrence. 

Cyclomorphosis in lake populations of Daphnia also deserves further study. Mites 

are planktonic for only part of the year and may exert considerable, seasonally-variable 

predation pressure on Daphnia in New Zealand lakes, where few other invertebrate predators 

occur. Thus, mites are strong contenders for induction of morphological change in Daphnia. 

Both laboratory and field studies are necessary to establish the cause and extent of 

cyclomorphosis in lake popUlations of Daphnia. 
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