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Executive Summary
Results are presented for phytoplankton monitoring of the Rotorua Lakes since 1991. The general
phytoplankton community was monitored in conjunction with water chemistry sampling. In addition,
shore monitoring of blue green algae has provided a more detailed understanding of a specific nuisance
algae in three of the lakes.
Major findings are summarised in Table 1. The trophic status describes the productivity of the lake,
eutrophic lakes being more enriched than oligotrophic lakes. Nuisance algae blooms include blue green
algae, which produce toxins, and Kirchneriella which is associated with foam production. These impact
on the natural and economic values of a lake. Long term trends in trophic state, as presented in the
table, reflect changes in various phytoplankton parameters (e.g. chlorophyll-a, blue green concentrations,
clarity, etc.). The water quality of Lake Rotoehu has declined since 1992 with riparian planting undertaken
in response. The few years’ data we have for Okawa Bay suggest blue green algae have become more
persistent. Rerewhakaaitu was improving up until the time of the last lakes report (1995), but has
declined sharply since, in spite of extensive lake and stream margin retirement. Rotorua has made a
slight improvement, but this was somewhat overwhelmed by isolated blooms of nuisance algae.
Monitoring increased our understanding of blue green algae and allowed predictions to be made about
the long term risk of other lakes developing such blooms. Calm and shallow high nutrient conditions are
favoured and hence Rerewhakaaitu is considered to be a high-risk lake. The tendency of soils in this
catchment to mop up phosphorous appears to have mitigated the effects of widespread agriculture to
date. Because Lake Rotorua is so exposed, wind speeds are expected to be limiting blue green blooms
more so than nutrients. The western end of Lake Rotoiti is shallow and receives nutrient rich water from
Rotorua. Flushing is expected to limit the establishment of blue greens through competition with algae
already dominant in the feeder waters.
Some lakes are unusual in so much as their algae communities seem to deviate from the expected
composition. The chemical or physical features that cause this are listed in the last column of Table 1.
For example, low reactive silica concentrations (and possibly other major ions) of Lake Tikitapu inhibit
the growth of diatoms resulting in a lake completely dominated by green algae.
During winter of 1998, Lake Rotorua was plagued by a sticky white carbohydrate foam. This was
caused by a ‘new’ species of algae that became dominant in the lake (Kirchneriella lunaris). A
combination of unusual climatic conditions and the dynamic nature of this lake appear to have favoured
the alga at this time. There have been no recurrences since.
Mouse bioassays of blue green blooms have infrequently found toxins present. Although few samples
have been analysed, it does highlight the need for this issue to be addressed in greater detail.
Phytoplankton monitoring provides valuable information on the consequences of eutrophication and
how best to manage resources in the lake environment. New methods were developed to simplify the
interpretation of algae data in terms of trophic conditions and provide a standard approach for trend
monitoring (phytoplankton community indices).
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Chapter 1: Preface
Environmental monitoring is a specific requirement of the Resource Management Act, 1991 (Part IV,
section 35, 1 and 2a). Integrated management of our natural and physical resources requires a holistic
approach to data gathering. To this end, the Natural Environment Regional Monitoring Network
investigates the important physical, chemical, and biological characteristics of the Bay of Plenty region.
Such information allows managers to assess the present and potential impacts of consent related activities
and provides baseline environmental data. Additionally, long term trend detection using environmental
baseline data will enable Council to assess the effectiveness of its own policies and plans in maintaining
or enhancing the environment and in meeting its statutory obligations under the Resource Management
Act.
This report presents the results of two monitoring programmes and one environmental investigation,
presented in separate chapters. All relate to lake phytoplankton, which are microscopic plants drifting
freely in open water.
Chapter 2 presents the results of the general algal monitoring carried out in conjunction with the water
quality monitoring. Whereas these samples are collected from a boat using a 10m tube, the monitoring
described in Chapter 3 relies on shore samples. Chapter 2 looks at the whole community while Chapter
3 focuses on one nuisance taxa – blue green algae (Cyanobacteria). Chapter 4 employs the data from
both programs to investigate a foam problem that affected Lake Rotorua during 1998. Additionally this
chapter presents results of specialised chemical analysis undertaken by external laboratories (ESR,
IRL). All chapters make extensive use of water chemistry data collected for the lake monitoring
programme (see Deely 1995). The last chapter attempts to bring the results together to provide a more
comprehensive assessment of the state of the Rotorua lakes.
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Chapter 2: Rotorua Lakes Algal Monitoring
1991-1998
2.1

Introduction
This chapter presents results of the general algal monitoring which is carried out in close
association with the lake water quality monitoring. This is a component of NERMN (natural
environment regional monitoring network) which Environment B·O·P initiated in July 1990.
The results presented here follow on from two previous reports (Donald 1993, Donald 1996).
Background
In most lakes, phytoplankton function as the primary producers forming the basis of the food
chain and hence are vital to organisms such as zooplankton and fish. During photosynthesis,
they produce organic material from sunlight, carbon dioxide, water and inorganic nutrients
(e.g. nitrogen and phosphorus).
In high concentrations, phytoplankton can reduce the potential for many water uses including
contact recreation, fish rearing and water supply. Pridmore (1987) notes that in such cases
phytoplankton can:
•
•
•
•
•
•
•
•

decrease the clarity of water
alter the colour of water
form unsightly aggregations (e.g. surface scums or blooms)
produce unpleasant scums and odours
alter the pH of the water
deplete oxygen through decay and respiration
clog water intake filters
disrupt chlorination and flocculation processes in water treatment plants.

Additionally, phytoplankton are associated with toxic blooms and production of conspicuous
foams (see chapters 3 and 4). Phytoplankton growth is stimulated by dissolved forms of
nitrogen and phosphorus. Both of these are essential plant nutrients. Human activities in lake
catchments, such as land clearance, agriculture, urban development and waste disposal, can
result in increased nutrient inputs. Such increases allow a higher phytoplankton biomass to
develop and may also alter the species composition of the algal community.
Why Monitor?
Because of their nature, lakes are natural sinks and are thus susceptible to inputs of organic
and inorganic material from the surrounding catchment. Eutrophication, an accelerated increase
in lake productivity due to excessive nutrient inputs, is typically a consequence of human
activities and has become a familiar problem both nationally and internationally.
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While the water quality of the Rotorua Lakes is generally excellent a number have become
eutrophic. In the case of Lake Rotorua eutrophication has been slowed by a commitment to
long-term nutrient management. In particular, the diversion of the Rotorua City sewage to
land treatment has reduced direct inputs and extensive riparian retirement (Kaituna catchment
control scheme) has reduced diffuse inputs.
For most of the Rotorua Lakes, diffuse inputs from the surrounding land are the major nutrient
source. The effects of these inputs are most vividly illustrated by Lake Okaro which is eutrophic
(extremely eutrophic) and lies within an entirely pastoral catchment. Foged (1979) visited
Lake Okaro in 1966 and found it to have “clear water” with a pH of 7. The lake is now
subject to frequent and intense blooms of blue-green algae, has very low clarity and surface
water pH values in excess of 8.
Restoration of degraded lakes is clearly a pressing issue in the Bay of Plenty. The effectiveness
of restoration efforts can only be appreciated if an effective monitoring program is set in place
prior to any restorative action taking place. Monitoring is also important in ensuring that lakes
of high water quality do not degrade. Effective management of the Bay of Plenty lakes is
essential for safeguarding their life-supporting capacity, and the avoidance of negative impacts
on cultural, recreational and economic (tourism) uses. A tenet of lake management is that
maintenance of water quality is easier than restoration once eutrophication has taken place.
Long term monitoring of algae gives a useful indication of trends in lake productivity (trophic
state) and provides an assessment of the status of potential nuisance species. This information,
when considered along with data on water chemistry (particularly nutrients) and physical
processes (stratification), is essential for effective lake management.

2.2

Methods
Samples for algal analyses were collected in conjunction with water chemistry monitoring.
Details of the sampling sites are given in Figure 2.1 and Table 2.1. Sites have been added and
removed from the monitoring programme over the years. Lake Rotorua was sampled at ten
sites and a composite sample analysed until June 1996 when separate samples were analysed
from sites 2 and 5 only. Initially Lake Rotoehu was sampled at site 1, with site 3 sampled from
December 1995. Lake Rotoiti was sampled at all three sites from the outset with site 2
omitted since June 1996. Sampling dates are given in Appendix 1.
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Table 2.1: Details for the lake sampling sites. Sites in Italics no longer monitored.
Lake

Site

Map Reference
(NZMS 260)

Rotorua

Rotoiti
(Western Basin)
(Patek a Island)
(Tumoana Point)
Rotoma
Rotoehu

Lab Number
BOP130001
(10 site composite)

1
2
3
4
5
6
7
8
9
10

U16:962-382
U16:980-395
U15:943-396
U15:941-421
U15:970-420
U15:952-442
U15:980-460
U15:000-430
U15:013-431
U16:995-400

1
2
3

V15:109-454
U15:093-477
U15:051-462
V15:252-435
V15:205-488
V15:204-470
V16:103-374
U16:044-318
U16:018-288
U16:018-270
U16:077-274
V16:163-179
V16:151-179
V16:105-212
U16:069-171

1
3

Okataina
Okareka
Tikitapu (Blue)
Rotokakahi (Green)
Tarawera
Rerewhakaaitu
Main Lake
Awaatua
Rotomahana
Okaro
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BOP130002

BOP130027

BOP130003
BOP130004
BOP130005
BOP130007
BOP130008
BOP130029
BOP130009
BOP130013
BOP130012
BOP130011
BOP130010
BOP130014
BOP130015
BOP130016
BOP130017

Rotorua Lakes Algae Report

6

Environment B·O·P

Figure 2.1 Rotorua Lakes NERMN monitoring sites.
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Sample Collection and Analysis
Sampling aimed at monthly or bi-monthly frequency but this was not always achieved. Samples
for both algal and chlorophyll-a analysis were collected using a 10 m plastic tube (diameter 19
mm). This method gives a depth-integrated sample through the first 10 m of the water column.
All samples were preserved using Lugols iodine at a concentration of 2 ml preservative to 100
ml of sample (Etheredge 1985).
Chlorophyll-a analysis was performed using the fleurometry methodology (see Wilkinson 1983).
Up until 1993 the spectrophotometric method was used. The concentration of this
photosynthetic plant pigment in lake water gives an indirect assessment of algal biomass.
Water clarity is measured using a secchi disc and viewer.
2.2.1

Algal Analysis
Algal samples were combined into a single composite for each lake for the July to June
periods from 1993-1994. Prior to 1993 consecutive samples were sorted individually. For
Lake Rotorua a return was made to individual sample sorting in July 1997, because of abrupt
changes in algal community composition. Abundance in each sample was estimated using the
Utermohl sedimentation technique (Utermohl 1958, Lund et al. 1958). This involves settling
the sample onto the glass base of a sedimentation chamber. Algae are subsequently counted in
replicate transects using an inverted microscope.
Most algal samples required concentrating prior to counting. This was done using a range of
glass measuring cylinders (100 ml, 250 ml, 500 ml), the initial volume of sample being determined
by the algal concentration. Samples were allowed to settle for a period of at least 4 hours per
vertical cm of measuring cylinder. Etheredge (1985) suggests that this is sufficient time to
allow slow sinking species such as small diatoms to settle.
After settling, excess water was gently removed from the cylinders with a pipette leaving a
concentrated sample of 20 mls. This sample was then dripped into a 25 ml Utermohl
(sedimentation) chamber which contained approximately 5 ml of distilled water. Care at this
stage was necessary to ensure even settling over the bottom of the chamber (Sandgren and
Robinson 1984). The concentrated sample was then allowed to settle for a further 24 hours.
Algal abundance was estimated using a Zeiss inverted microscope at a range of magnifications
(80X, 160X, 320X, 640X). Medium to large algae of low occurrence were counted by
scanning the whole bottom plate at low magnification. Small or more abundant algae were
counted at the higher magnifications with the aid of an eyepiece grid (whipple micrometer).
Several transects were scanned during counting. This procedure was continued until at least
100 fields or 100 individuals of the most common algal species had been counted. During
counting, individual algal cells, colonies or filaments were scored as single plankton units
(Etheredge 1985).
Algae were identified to the lowest practicable level using a number of standard references
(see Donald 1996). Samples from June 1996 onward were sent to Cawthron Institute (Nelson)
for algal identification and enumeration.

2.2.2

Statistical Analysis
Most data analysis was undertaken using Systat version 8.0. Specific analyses are largely as
described in the text. Principle components analysis was performed on the covariance matrix,
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based on the log transformed data. Correlations are presented as Pearson’s R2, or R if the
direction of the relationship is important. Significance tests for correlations employed Bonferroni
probabilities. The influence of trophic conditions on various phytoplankton parameters was
assessed using total phosphorous concentrations, as recommended by OECD (1982) and
Pridmore (et al. 1985). T-tests were performed using Microsoft Excel 97-SR2.

2.3

Results and Discussion

2.3.1

Algal Community Composition
The typical algal communities are presented in this section, with comments on apparent trends.
Analysis focussed on the combined season data. For detail on seasonal patterns of algal
occurrence see Donald (1993). The raw data are presented in Appendix II and a list of
species and their taxonomic groups given in Appendix III. Chlorophyll-a and secchi depths
are presented as these principally reflect algal biomass (a notable exception is Lake Rotorua,
see Vant & Davies-Colley 1986, and Donald 1996).Averages are presented to be consistent
with the algae composite samples, which are effectively averages.

2.3.2

Lake Okareka
Green algae and diatoms dominated the lake flora (Figure 2.2). Typically dominant species
included Cyclotella stelligera (diatom) and Staurastrum spp. (green). Moderate numbers
of Aulacoseira granulata (diatom) were often present with low numbers of Oocystis spp.
and Dinobryon spp. The Cryptophyte Chroomonas minuta reached high numbers between
1993 and 1995. Other genera occasionally dominant include Ankistrodesmus, Closterium,
Staurodesmus, Peridinium and Asterionella.
Chlorophyll-a concentrations were typically low except for 96-97 when the maxima was
higher (Figure 2.2). The secchi data indicate a relatively clear and stable lake (Figure 2.2).

2.3.3

Lake Okaro
Available data are sufficient to confirm the lakes eutrophic classification. Concentrations of
algae and chlorophyll-a are very high, with chorophyll reaching 200 mg/m3 (Figure 2.3).
Clarity is poor with secchi depths less than one metre at times (Figure 2.3). The algae data are
variable, but typically blue-green or green algae dominate. Of the green algae Staurastrum
spp. is often dominant, while Microcystis aeruginosa and Anabaena spp. are the most
common blue-greens. The greens Coelastrum microporum and Closterium spp. are
occasionally dominant. Diatoms occasionally reach high numbers, (typically Cyclotella
stelligera). The Dinoflagellate Ceratium hirundinella has more recently contributed to blooms.
Cryptomonas erosa (Cryptophyte) is at times sub-dominant.

2.3.4

Lake Okataina
Chlorophyll-a concentrations were low with the highest levels recorded between 1990 and
1992 (Figure 2.4). Water clarity is correspondingly high (Figure 2.4). We have limited algae
data for this lake. The diatoms Aulacoseira spp. and Cyclotella stelligera dominate the
algal community. Other common species include Staurastrum spp., Ankistrodesmus falcatus,
Dinobryon spp., Rhizoselenia eriensis, and Oocystis spp. High numbers of Closterium
acutum distinguished the 1991-92 period. Low numbers of blue-greens were recorded in
1995-96 (Microcystis and Anabaena), however the small number of samples does not lend
any significance to this result.

Rotorua Lakes Algae Report

Environmental Report 2000/06

Environment B·O·P

2.3.5

9

Lake Rerewhakaaitu
Chlorophyll-a concentrations increased significantly in 1995 and secchi depths have decreased
correspondingly (T-test, P<0.001 for secchi & Chl-a, 1990-95 cf. 1995-98 Figure 2.5).
This change in water quality corresponds to changes in the algal community. Between 1991
and 1994 the microflora was dominated by a mix of diatoms (Fragilaria spp., Cyclotella
stelligera, Aulacoseira granulata), Chrysophyceae (Dinobryon cylindricum) and green
algae (Closterium acutum, Dictyosphaerium pulchellum, Staurastrum spp.), (Figure 2.5).
Since 1994 green algae have become completely dominant (Staurodesmus spp., Staurastrum
spp., Ankistrodesmus gracilis). Dinoflagellates have shown a consistent presence over the
monitoring period (Peridinium spp.).
This apparent decline in lake condition is a matter of concern.

2.3.6

Lake Rotoehu
This lake has gone through some dramatic changes since 1992. Chlorophyll-a has made a
significant increase (t-test, p<0.001) from an average of 2.1 mg/m3 pre-November 1992 to
10.6 mg/m3 between October 1993 and December 1998 (Figure 2.6). The 1992-93 year
recorded an average of 62.7 mg/m3. Water clarity has dropped from 4.3m (average 199092) to 2.4m (average 1992-1998), (Figure 2.6).
An obvious change has been the increasing dominance of blue-green algae (Figure 2.6). The
proportions of greens and diatoms have fluctuated, while Cryptophytes and Dinoflagellates
have come and gone. At a genus level changes in the dominant algae are more pronounced.
Closterium, Nitzschia, Ankistrodesmus, Rhizoselenia, Chlorella and Aulacoseira were
originally dominant. Of these only Aulacoseira has persisted as a dominant taxon.
Ankistrodesmus did increase initially. Species to show a marked increase since water quality
declined include Chroomonas, Staurastrum, Peridinium, Anabaena, Microcystis, and more
recently Fragilaria and Micratinium (Figure 2.6). Lack of stability is a clear feature of the
Lake Rotoehu algae community.

2.3.6

Lake Rotoiti
Three sites were monitored on Rotoiti (see Figure 2.1). Sites 1 and 3 were continuously
monitored and both sites follow the same stable trend for secchi depth and chlorophyll-a
(Figures 2.7 and 2.8). Chorophyll-a concentrations peaked in 1992-93. Site 3 had significantly
higher chlorophyll-a (mean 6.4 vs. 4.7 mg/m3, paired t-test p<0.001) and lower water clarity
(mean 4.6 vs. 5.9m, paired t-test p<0.001) than site 1.
Diatoms and green algae are dominant at both sites 1 and 3 (Figures 2.7 and 2.8). At times
Cryptophytes were also present in reasonable numbers. Combining the data sets for both
sites we find Aulacoseira spp. have always been dominant. Other abundant taxa include
Cyclotella, Staurastrum and Peridinium. Lower concentrations of Ankistrodesmus,
Oocystis, Staurodesmus and Dinobryon are often found. Between 1993 and 1995
Chroomonas, a Cryptophyte increased in dominance. The green alga Dictyosphaerium was
abundant between 1996 and 1998. At times Closterium has reached high numbers.

2.3.7

Lake Rotokakahi (Green Lake)
Since the last algae report (Donald 1996) one years data was collected, comprising four
samples. Water clarity and chlorophyll-a concentrations remained stable (Figure 2.9). Blue-
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green concentrations were significant only in the first two sampling years (Figure 2.9), though
this may be a consequence of subsequent sampling missing the spring and summer period
(Appendix I). Species of blue-greens encountered were Anabaena spiroides and A. flosaquae. The Cryptophyte Chroomonas minuta was a dominant species between 1993 and
1995. The diatom Aulacoseira spp. was otherwise dominant with high numbers of Cyclotella
stelligera. Abundant green algae included Staurastrum, Ankistrodesmus, Mougeotia and
Oocystis.
2.3.8

Lake Rotoma
Since the last report (Donald 1996) only three more samples were collected. All three secchi
depths were greater than previously recorded on the lake (Figure 2.10). Chlorophyll
concentrations were less variable in the last three years of sampling and lower on average
(Figure 2.10). Both chlorophyll and secchi depth reflect Rotoma’s high water quality.
The data for 1995-96 cannot provide any meaningful trends in terms of the algal community.
To re-summarise the earlier data, diatoms were numerically dominant, typically comprising
Cyclotella stelligera and Rhizoselenia eriensis (Figure 2.10). More commonly occurring
green algae include Oocystis, Staurastrum and Staurodesmus. The Chrysophyte Dinobryon
is always present, usually in high numbers. The most common Dinoflagellate was Peridinium.

2.3.9

Lake Rotomahana
From 9 years of monitoring we have two years of data collected bimonthly or better. This may
account for some of the variability in the secchi and chlorophyll data, which otherwise appears
to be stable (Figure 2.11). The mesotrophic status of the lake is apparent from the moderate
chlorophyll concentrations and secchi depth.
Diatoms dominate the microflora of Rotomahana (Figure 2.11), in particular Rhizoselenia
eriensis, Cyclotella stelligera and Nitzschia acicularis. Common green algae include Oocystis
spp., Closterium spp. and Ankistrodesmus falcatus. Between 1991 and 1994 Dinobryon
spp. (Chrysophyte) had high cell counts, but has not been recorded since. The blue-green
Anabaena spp. was dominant in the 1997-98 sample (possibly biased by the lack of winter
samples). In previous years Aphanizomenon flos-aquae, (another blue-green) was present
in reasonable numbers.

2.3.10 Lake Rotorua
Since the sewage was diverted from the lake (to land disposal) in 1991 Rotorua has gone
through many changes. The most striking is the dramatic increase in chlorophyll-a between
1997 and 1998 when concentrations exceeded 30 mg/m3 (Figure 2.12). The clarity was
slightly more variable over the same period, but long-term shows a generally stable eutrophic
lake (Figure 2.12). On average water clarity was 0.6m greater for the 1994-1999 period
compared to 1990-1994, and this difference was significant (T-test, p<0.001).
Algal community structure has fluctuated between green algae, diatoms and blue-green algae
(Figure 2.12). The diatom Aulacoseira spp. is most often numerically dominant, and Cyclotella
spp. reaches high numbers at times. A range of green algae are common to the lake, including
species of Staurastrum, Oocystis, Closterium, Dictyosphaerium and Coelastrum. The
green algae Mougeotia was common pre-1995. Between 1993 and 1995 the Cryptophyte
Chroomonas reached high numbers, as it did in many lakes over the same period. During the
1994-95 summer Anabaena (blue-green) reached high numbers. A severe bloom of toxic
blue-green algae affected the lake early in 1997, but was not picked up by depth integrated
Rotorua Lakes Algae Report
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samples (see Chapter 3). More recently a bloom of Kirchneriella lunaris was associated
with the production of a nuisance foam (see Chapter 4). One can conclude the fluctuating
algal community of Lake Rotorua reflects its eutrophic status and dynamic physical environment.
Sampling frequency has not often met the target and there are large gaps in the data further
exacerbating the apparent variability of the system.
2.3.10 Lake Tarawera
As for Lake Rotoma, only three more samples have been collected since the last report
(Donald 1996), so the following is a summary of earlier findings. Secchi depths and chlorophylla concentrations are stable, with a possible slight improvement in water quality (Figure 2.13).
High water clarity and low chlorophyll reflect the oligotrophic status of Tarawera.
Green algae and diatoms were typically dominant amongst the microflora (Figure 2.13). Diatoms
included Aulacoseira spp., Cyclotella stelligera with moderate numbers of Rhizoselenia
eriensis. The dominant taxa was usually Oocystis spp. Other common greens included
Staurastrum spp. and Mougeotia spp. As in many other lakes Chroomonas minuta
(Cryptophyte) was abundant between 1993 and 1995. Dinobryon spp. (Chrysophyceae)
was normally present in lower numbers.
2.3.11 Lake Tikitapu (Blue Lake)
Chlorophyll-a concentrations were more variable between 1990 and 1993 (Figure 2.14),
exhibiting a similar pattern to the other oligotrophic lakes (Rotoma, Okataina and Tarawera).
Water clarity was high and stable (Figure 2.14). Tikitapu is unique amongst the oligotrophic
lakes in respect of its phytoplankton community. The lack of diatoms allows the complete
dominance of green algae (Figure 2.14). Staurastrum spp. and Dictyosphaerium spp. are
more often dominant, with other desmids and Chlorococalles forming isolated blooms (e.g.
Euastrum, Cosmocladium). The Dinoflagelate Peridinium made a consistent contribution
to the plankton community, as did Dinobryon.

2.4

General Patterns
The Cryptophyte Chroomonas spp. appeared in nearly all the Rotorua Lakes between 1993
and 1995 and was not seen outside this period. The only lakes it wasn’t recorded from were
Rotomahana and Tikitapu. Its cosmopolitan distribution over an isolated period of time suggests
climatic factors were responsible for its appearance.
The green algae Mougeotia was encountered in all Rotorua lakes in the first year of monitoring.
Subsequently numbers dropped off and this taxa has not been recorded since 1995. Presumably
another alga whose distribution is determined by large-scale temporal factors.
The oligotrophic lakes (Tikitapu, Tarawera, Okataina, Rotoma) all experienced a period of
more variable chlorophyll-a concentrations between 1990 and 1993 compared to more recent
years, which may be attributable to the less sensitive lab methodology used up until 1993.
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Figure 2.2 Lake Okareka. Graphs from top to bottom; algae community (%), chlorophylla & secchi depth (clarity). Chlorophyll & secchi data presented as means with
min/max error bars. Number of samples collected in brackets at the top of the
page. Data should be interpreted with caution where less than six samples were
collected.
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Figure 2.3 Lake Okaro. As per figure 2.2.
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Figure 2.4 Lake Okataina. As per figure 2.2.
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Figure 2.5 Lake Rerewhakaaitu. As per figure 2.2.
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Figure 2.6 Lake Rotoehu. Average for sites 1 & 3 for 1995-96 on. For multiple chl-a & secchi
measurements within a given month these were averaged prior to final calculations.
Otherwise as per figure 2.2.
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Figure 2.7 Lake Rotoiti site 1. As per figure 2.2.
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Figure 2.8 Lake Rotoiti site 3. As per figure 2.2.
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Figure 2.9 Lake Rotokakahi. As per figure 2.2.
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Figure 2.12

Lake Rotorua. Average for sites 2 & 5 for 1996-97 on. For multiple chl-a &
secchi measurements within a given month these were averaged prior to final
calculations. Otherwise as per figure 2.2.
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Figure 2.13

Lake Tarawera. As per figure 2.2.
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Figure 2.14

Lake Tikitapu. As per figure 2.2
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2.5

Multivariate Analysis
Principle components analysis was used to explore the algae data. This method attempts to
re-express multi-species data as general community trends. The major variation in the dataset,
expressed as factor 1, is largely driven by outliers (Figure 2.15). These outliers were Lake
Tikitapu, Rotomahana and Okaro (1994-95). Tikitapu’s phytoplankton community is known
to be unique, with green algae completely dominant (section 2.3.1). The correlation between
factor 1 and reactive silica (concentrations from McColl 1975) was significant (P<0.001,
R=0.764) suggesting major ions are an important determinant of algal communities. Tikitapu
was the only lake where McColl (1975) considered major ions to be limiting algal growth,
liking it to rainwater. But Rotomahana is placed high on this axis, reflecting high ionic input
from geothermal sources (20.1 g/m3 Si, cf. 0.2 g/m3 in Tikitapu). From the taxa coefficients
for factor 1 (Appendix VI), we can see that diatoms are probably most dependent on major
ions for their growth, being largely absent from Tikitapu and dominant in Rotomahana (Figure
2.14 and 2.11).
The 1994-95 sample from Lake Okaro was unusual for this lake because of the absence of
blue-green algae (section 2.3.1). As only four samples were collected little significance can be
attributed to this change. After 1995 green algae became dominant in Lake Rerewhakaaitu –
an algae community similar to Lake Tikitapu (section 2.3.1). Chapman (et al. 1981) also
likened the algae community to Tikitapu at a time when chlorophyll levels in Rerewhakaaitu
were high (1972-1974, 12.9 mg/m3 chl-a). Like Tikitapu, Rerewhakaaitu has low dissolved
ion levels (1.4 g/m3 reactive Si). The increase in algal biomass may have created a situation
where major ions became a limiting factor. Interestingly, Turner (2000) found reduced silicato-nitrogen ratios inhibit diatom growth, favouring production of less desirable blue green
algae. Early reports indicated Rerewhakaaitu was phosphorous limited (Deely 1995, White
et al. 1985). Hopefully this remains to be the case as phosphorous is critical for algal growth,
especially blue greens (Pick and Lean 1987).
On Factor 2 we have a gradient more consistent with the nutrient status of these lakes (Figure
2.15). This axis is significantly correlated with total phosphorous (p<0.001, R = -0.541, log10
TP). Re-analysing the data after omitting the outliers (Tikitapu, Rotomahana, Okaro 95),
reveals a strong influence of trophic conditions on the algae communities, with this gradient
now expressed on the first principle component (factor 1, Figure 2.16). This axis had a stronger
correlation with total phosphorous (R = -0.63), due mainly to the exclusion of Lake
Rotomahana. Rotomahana is our deepest lake (mean depth 60m), so despite high phosphorous
levels is classed mesotrophic (Deely 1995). Work by Pridmore (et al. 1985) has demonstrated
the lower primary productivity of deeper lakes. It may also reflect the requirement of clean
water taxa (diatoms) for high silica-to-nitrogen ratios as found in Rotomahana. Note the data
show a continuum, rather than discrete trophic groups. There is much overlap between
oligotrophic and mesotrophic lakes, the only distinction being the greater variability of
mesotrophic sites.

2.6

Phytoplankton as Environmental Indicators
Many authors have remarked on the potential of phytoplankton as environmental indicators,
reflecting the trophic status of lakes in terms of the abundance and types of algae present
(Pridmore & Etheredge 1987, Pick & Lean 1987). Multivariate analysis of the Rotorua Lakes
dataset likewise suggested phytoplankton respond to trophic conditions (section 2.3.2). The
opportunity was taken to develop new methods that allow simpler and more meaningful
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Table 2.2

Trophic scores calculated from Rotorua Lakes data. * average concentration <0.1
cells/mL; # found at <10% of sites. Scores identified as such should be interpreted
with caution

Yellow-Green Algae (Chrysophyta)
Greens (Chlorophyta)
Chlorococcales
Actinastrum
Ankistrodesmus
Botryococcus
Chlorella
Coelastrum
Cosmocladium
Crucigenia
Dictyosphaerium
Golenkinia
Kirchneriella
Lagerheimia
Micractinium
Nephrocytium
Oocystis
Pediastrum
Planktosphaeria
Quadrigula
Scenedesmus
Selenastrum
Sphaerocystis
Ulothrix
Westella

*

#

*
*

#

*

#

*
*
*
*
*
*
*

#

#
#

#

3
5
5
4
3
10
4
3
1
2
8
1
7
7
3
2
2
2
5
1
2
5

Chrysophyceae
Dinobryon
Mallamonas
Synura
*
Diatoms
Asterionella
Attheya
Aulacoseira
Cocconeis
Cyclotella
Cymbella
Epithemia
Eunotia
Fragilaria
Gomphonema
Navicula
Nitzschia
Rhizoselenia
Stephanodiscus
Synedra
Tabellaria

8
7
5

*

#

*

#

*
*
*

#
#
#

#

*

#

*
*

#

5
5
4
5
6
5
10
5
2
5
5
5
9
5
4
9

Yellow-Brown Algae (Pyrrophyta)
Tetrasporales
Elakotothrix
Volvocales
Chlamydomonas
Eudorina
Gloeocystis
Paulschulzia
Volvox
Desmidiales
Actinotaenium
Closterium
Cosmarium
Euastrum
Gonatozygon
Mougeotia
Spondylosium
Staurastrum
Staurodesmus
Xanthidium

*

*
*
*
*
*

9

#

#
#

#

*

*
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#

3
3
1
5
2

7
4
8
10
7
3
3
4
6
2

Dinoflagellates
Ceratium
Cystodinium
*
Gymnodinium
*
Peridinium

#

Cryptophytes
Chroomonas
Cryptomonas

2
8
9
6

5
4

Blue-greens (Cyanobacteria)
Anabaena
Aphanizomenon
Chroococcus
Gloeocapsa
Microcystis
Oscillatoria

*
*
*

#

*

#

#
#

2
1
3
5
1
1
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interpretation of algae community data.
Following the equations described by Stark (1985) for stream macroinvertebrates, a trophic
index was created for lake phytoplankton. Each genus was assigned a score between 1 and
10 based on its occurrence (average percentage) in eutrophic, mesotrophic and oligotrophic
lakes1 . The genus scores are presented in Table 2.22 . Using these scores it is possible to
calculate a community index based on the qualitative (presence-absence) and another based
on the quantitative (abundance) data. In deviation from Stark’s method, log10 transformed
abundance was used for the quantitative index because of the extremely skewed nature of
plankton data.
Both indices were calculated for the Rotorua lakes (Figures 2.17 and 2.18) then compared to
the total phosphorus data to evaluate the indices performance. Although significantly correlated
(P<0.001), the relationship was not as strong as expected given the same data used to calculate
trophic scores was used to calculate the indices (R2=0.36 and 0.55 for QPCI and PCI
respectively, log10TP). Further work is needed on this method of analysis before it can be
confidently applied, starting with a more rigorous evaluation of its performance using a new
dataset. It is interesting to note the PCI was better correlated and produced less variable
results. This distinction evaporated if the shallow lakes were considered on their own (Okaro,
Rotoehu, Rotorua, Rerewhakaaitu) suggesting the QPCI works as well as the PCI in more
productive lakes.
The quantitative results support a gradual decline for Lake Rotoehu (Figure 2.17). This rate
of change contrasts with the chlorophyll-a and secchi depth, which changed suddenly in 1992
(Figure 2.6). The shift in dominance to eutrophic taxa, (in this case Microcystis, Micratinium
and Fragilaria), has taken several years. In 1992 the taxa best placed to exploit the increase
in nutrients were those already present. Reynolds (1984, p. 325) suggests that the consequential
reduction in clarity favours eutrophic taxa, which eventually establish a sufficient inoculum to
remain dominant.
The only other consistent trend is a low for meso- and oligotrophic lakes during the 1993-94
sampling period (Figures 2.17 to 2.18). This suggests reference sites are necessary for
interpreting long term trends, as they are for other systems (e.g. streams).
Trophic status of the lakes follows Deely (1995), except for Rotoehu 1991-92, which was re-classified
mesotrophic.
2
Caution is needed interpreting these scores. Stark’s method produces a score for each taxa regardless of the
quality of the data, or the number of times it was recorded. The scores of some more common genera were
modified after scrutinising their multivariate component loadings, as well as individual occurrence relative to
nutrient data. Note that community indices based on the full taxa list outperformed (based on correlation’s with
total phosphorous) indices based solely on scores for more ‘reliable’ indicator taxa.
1

2.7

Conclusions
Lakes Rotoehu and Rerewhakaaitu have shown a significant downward trend. For Rotoehu
this is apparent from clarity and chlorophyll-a data (first noted in 1992), changes in the general
algal community. Water quality changes in Lake Rerewhakaaitu since 1995 were associated
with reduced numbers of diatoms; indicating silica has become a limiting factor. The low
reactive silica concentrations in Rerewhakaaitu would favour blue-green algae (Turner 2000),
but their eventual dominance is dependent on an increase in phosphorous at least.
Rotorua’s water quality may be improving, but the instability of this lake system and large
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reservoir of nutrients stored in the sediments has masked any potential improvements. Variability
seems a common feature of eutrophic systems, with ongoing changes in the dominant algae of
Okaro and Rotoehu also.
Phytoplankton communities respond to a range of environmental factors including climate.
Two genera in particular, Chroomonas, and Mougeotia came and went from nearly all the
Rotorua lakes over a discrete period, indicating long term variables such as climate can be
important. Lake Rotomahana is peculiar because of its clean water taxa existing in relatively
high nutrient conditions. Being the deepest of the Rotorua lakes this observation is consistent
with the work of Pridmore (et al. 1985). It may also reflect the requirement of clean water
taxa such as Rhizoselenia for the high dissolved ion concentrations found in Rotomahana.
Lakes Tikitapu and Rotomahana were the only lakes where Chroomonas spp. did not appear
between 1993 and 1995. Tikitapu is also made unique by the complete dominance of green
algae, which appears to be related to the low concentration of major ions (McColl 1975).
Sampling targets have not always been met and this has made it hard to establish a robust
baseline for some lakes.
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Principle components analysis of the algae data (covariance matrix, log10(x+1)
transformed data). Each point represents one years data for one site (‘lakeyear’). Species found at less than 10% of lake-years were omitted. ‘Lakeyears’ were only used if the composite comprised at least one sample from
each season, or at least 3 seasons if 6 samples were collected. Results for
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Chapter 3: Rotorua Lakes Blue-Green Algae
Monitoring
3.1

Introduction

3.1.1

Background
Blue-green algae (Cyanobacteria) blooms have at times occurred in most of the Rotorua
Lakes. This is by no means a recent natural phenomena, yet has only recently received attention
as a potential health threat. The toxicity of blue-green blooms is well documented from lab
tests and the death of livestock following ingestion (Baker and Humpage 1994). Since the
occurrence in 1997 of a toxic algal bloom on Lake Rotorua, Environment B·O·P has monitored
the presence of blue-green algae in near shore waters of Lakes Rotorua and Rotoiti. Monitoring
of Lake Rotoehu began in 1993 after locals complained of taste and odour problems in the
domestic water supply (Power & Donald 1993). Significant numbers of blue-green algae
were detected forcing residents to find alternative water supplies.
Following on from overseas guidelines (New South Wales Blue Green Algae Task Force)
and policy adopted by Council in 1993, Environment B·O·P provides the relevant health
authorities (Pacific Health) with results of the blue-green algae monitoring programme. Two
‘alert triggers’ are used for action by health authorities. At a cell concentration of >2,000 cells/
mL potential toxicity problems can occur if water is taken for drinking purposes and at >15,000
cells/mL the water may be unsuitable for general contact recreation and stock watering (Anon.
1993). To put these figures into perspective, surface scums and marked green discoloration
of the water typically coincide with cell concentrations in the order of 30,000 to 100,000
cells/mL (Figure 3.1).
Pacific Health in conjunction with Rotorua District Council issue warnings, which take the
form of signs erected at relevant bays as well as press releases. The absence of health warnings
should not be taken as meaning the water is safe. Blooms are unpredictable developing very
quickly in some cases (over a matter of days) and in areas not routinely monitored.
To date, health warnings have been issued for Lakes Rotoehu, Rotoiti, Rotorua and Tarawera.
These warnings have remained in place for anywhere from a few months to most of the year.
Warnings are lifted after three consecutive samples fall below the water standard. Five health
warnings were issued for the Rotorua Lakes between December 1998 and June 1999.
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Figure 3.1 Surface scum of Anabaena solitaria on Lake Rotorua (Hamurana 13-1-00). Cell
concentration 41,500 cells/mL.

3.1.2

Why Monitor
Blue-green algae reflect the condition of the lake and the influences of land use practices. This
monitoring therefore helps achieve the objectives of the lake algae monitoring programme
(section 2.1), and provides information to health authorities on the suitability of lake water for
drinking and contact recreation.
Overseas experience has shown that a significant number of blue-green algae blooms (4075%) are associated with toxin production (Sivonen et al. 1990, Baker and Humpage 1994,
Codd et al. 1989). Codd (et al. 1989) provides an excellent review of blue-green algae
toxins and human health. Bathing or showering in waters containing toxic algae blooms can
result in severe dermatitis, burning and itching of the skin, erythematous wheals, redness of
lips and eyes, sore throat, ear-ache and dizziness. Drinking such water has been attributed to
deaths in live stock and liver complaints in people. The genus Anabaena produces anatoxin
(a structural analogue of cocaine) potentially causing paralysis of skeletal and respiratory
muscles if ingested. Some variants act as an anticholinesterase. Another neurotoxin produced
by Aphanizomenon, (aphanatoxin), causes irregular breathing, twitching, and death in mice
by respiratory failure. Hepatotoxins produced by Microcytis (also Oscillatoria, Anabaena,
Nodularia spumigena) are termed microcystins (or cyanoginosins). These toxins act mainly
on the liver and can cause weakness, vomiting, cold extremities, pilorection, diarrhoea, heavy
breathing and death due to circulatory shock. Carcinogenic (cancer causing) properties have
been associated with some marine cyanobacteria.
Rainbow trout and carp can suffer liver damage if injected with algal toxins. The possibility
that fish may accumulate such toxins via the oral route at sub-acute levels requires investigation
according to Codd (et al. 1989). Eating fish caught from areas containing blue-green algae
blooms is suspected of having caused Haff Disease, which affected fish-eating people of the
Baltic coast in the 1920’s and 30’s (cited in Codd et al. 1989). Symptoms included severe
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muscular pain, vomiting, respiratory distress and brownish-black urine in addition to some
fatalities.

3.2

Methods
Water samples were collected fortnightly during summer and early autumn and less often
during winter and spring. Sites were routinely monitored on lakes Rotoehu, Rotoiti and Rotorua
(Table 3.1, see also Figure 3.2). Additional sites were sampled in response to local reports.
Samples are collected from the shore, typically from a jetty or by wading out a short distance.
A labelled 500 mL plastic container is rinsed and filled. Samples are refrigerated until analysis
is complete.
Abundance is estimated using the Utermohl sedimentation technique (Uternohl 1958, Lund et
al. 1958). A 10 mL subsample from each site is pipetted into a Utermohl (sedimentation)
chamber with 2-4 drops of lugols iodine (preservative). This is left to settle for at least 30
minutes on a plate levelled using a two-way spirit level to ensure even sedimentation. Algae
are identified to species level using Etheredge and Pridmore (1987). Abundance is estimated
using a Zeiss inverted microscope at x40 or x80 magnification, (x10 and x20 objective lens),
depending on algal density.
In circumstances of low cyanobacteria abundance, the entire plate is scanned. The total number
of colonies is counted. The average number of cells per colony is calculated by averaging the
number for the first 20 colonies encountered. From this an estimation of cells per mL can be
calculated.
Table 3.1

Blue-green algae sampling sites. (* Routine monitoring sites).

LAKE

SITE

LOCATION

GRID REFN

Rotorua

Hamurana reserve*
Ngongotaha reserve*
City lakefront*
Ohau Channel*
Holdens Bay
Mission Bay

Hamurama Rd (opp. Golf course)
Reeme Rd
Memorial Dr
Takinga St
Robinson Ave
Hamurana Road, (by carpark)

U15:962-468
U15:923-424
U16:954-362
U15:019-454
U16:995-375
U15:007-464

Rotoiti

Okere Arm*
Okawa Bay*
Hinehopu*
Gisborne Point*
Te Weta Bay
Otaramarae

SH33 (opp. Shell)
Okawa Bay Rd (boat ramp jetty)
Tamatea St
Wharetora Dr
Goulding Road (down footpath to jetty)
Otaramarae Rd, (from boat ramp).

U15:037-483
U15:030-447
V15:162-458
V15:133-442
U15:043-469
U15:060-489

Rotoehu

Te Pohue Bay*
Kennedy Bay*
Otautu Bay*

SH30
Pongakawa Valley Rd
Chingford Rd off Tombleson Rd

V15:183-460
V15:214-471
V15:216-484

Okaro

Okaro Reserve

Okaro Rd off SH38

U16:067-172

Tarawera

Punaromia
Hot Water Beach
Te Ariki Bay

Tarawera Rd (jetty)
(Boat access only)
Jetty (boat access only)

U16:058-274
V16:107-231
V16:122-229
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Samples containing higher concentrations of cyanobacteria are counted with the aid of an
eyepiece grid (whipple micrometer). This involves counting the number of colonies lying within
the whipple-grid until at least 100 fields or 100 individual colonies are counted. The same
method as above is used to estimate the average cells per colony, but only those cells lying
within the whipple-grid are counted. Cells per mL is then calculated using the formula below,
incorporating the above information and the objective lens (influences area viewed).
Cells/mL = [No. of colonies counted] x [average no. of cells per colony] x [factor]
Factor = 452.39 / [sample volume] x [field area] x [no. of fields counted]
Field areas:
Objective x10 = 0.3721
Objective x20 = 0.09
Objective x32 = 0.0361
Objective x40 = 0.0225
Objective x100 = 0.0036
Once cyanobacterial abundance has been estimated, the sample is transferred to a 5 mL vial
after carefully pipetting excess water from the Utermohl chamber. An extra few drops of
lugols iodine are added to the sample to ensure preservation.
Samples are occasionally sent to Environmental Science and Research (ESR) to be tested for
the presence of toxins. In early testing samples were concentrated by centrifugation, and the
solid matter sonicated and filtered prior to being screened for toxicity using mouse bioassays.
More recently (since early 1999) samples have been sonicated, filtered and freeze dried prior
to inoculation into the mice. This has enabled between 100-fold and 300-fold concentration
of toxicity in all samples. The earlier method gave a 10-fold concentration, but only if the algae
were still viable on arrival at the laboratory.

3.3

Results

3.3.1

Spatial Trends
Trend analysis for sections 3.3.1 and 3.3.2 made use of the summer and autumn data. This is
when blooms were most likely to occur (section 3.3.3); more people visit the lakes; more
samples were collected and these were collected routinely (weekly or fortnightly, Appendix
V).
The risk of algal blooms exceeding health standards (drinking water and contact recreation)
were calculated for each monitoring site (Figures 3.2 and 3.3). Correlations between routine
monitoring sites on Lake Rotoiti and beaches occasionally sampled provided a better distinction
of the ‘risk boundaries’ defined in colour.
Lake Rotoehu and Okawa Bay (Lake Rotoiti) experienced blooms more frequently and
more severe than the other sites. The risk value for Lake Rotorua is the product of one severe
bloom documented in 1997, which followed a period of unusually calm weather (see section
4.3.2). Blooms on Rotorua have coincided with calm weather in the past (White et al. 1978).
In terms of aerial extent Lake Rotoiti is the most variable. Results from NERMN monitoring
have already shown the lake can be divided between east and west in terms of water quality,
because of the influence of Lake Rotorua and geothermal inflows (Deely 1995). The area
west of Tumoana Point (Figure 3.2) is also shallower than the rest of the lake (10-15m versus
40-70m respectively; Irwin and Main 1982). Microalgae in shallower water bodies are known
to reach a higher biomass for a given concentration of nutrients (Pridmore et al. 1985, Smith
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1985). The blue-green results suggest Okawa Bay represents a third distinct water body,
where blooms occur as often as Lake Rotoehu. Shallow calm conditions presumably contribute
to blooms here, as the 43 hectare bay is largely enclosed, reaching a depth of 6-8m. Hinehopu
is distinguished from the main body of the lake because two blooms were detected here while
none were observed at Gisborne Point. Localised blooms may occur elsewhere on the lake.
Significant algal blooms on Lake Okaro are well documented (Vincent & Dryden 1989), and
from the algal community monitoring data is assumed to represent a similar or greater level of
risk as Lake Rotoehu (section 2.3.1). A bloom was recorded on Lake Tarawera in December
1998. Sampling indicated this was confined to the Hotwater Beach area, where chemical
weed control was undertaken a few weeks earlier. Blue-green blooms were documented on
Lake Tarawera previously (Pridmore and Etheredge 1987).Because of the large volume of
the lake and tendency for blue-green algae to accumulate on the shore, these isolated blooms
do have the potential to be severe. Given Tarawera is oligotrophic (low nutrient) such blooms
are expected to occur infrequently.
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Figure 3.3

Figure 3.2

Drinking Water Standard
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3.3.2

Trends Over Time (year to year)
Algae numbers fluctuated from year to year in many places (Figure 3.4). Rotoehu was the
only lake to show any consistent trend with a gradual increase in cell concentrations between
1995 and 1999. Algae concentrations in 1994 were as high as they have reached in 1999.
But only 4 samples were collected in 1994 so may not disprove a gradual decline in lake
condition. This decline may reflect an increase in nutrient levels, or alternatively algae simply
taking several years to fully exploit a favourable environment. Additionally, the appearance of
Microcystis means blue-green algae remained at higher concentrations for longer, with this
species peaking later in the year (section 3.3.3).
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Figure 3.4 Median blue-green algae concentrations for summer and autumn of each year (e.g.
98 = Dec 1997 to May 1998). Gisborne Point, Hinehopu, Okawa Bay and Okere
arm are sites of Lake Rotoiti

3.3.3

Seasonal Trends
Seasonal patterns were most clear for lakes Rotorua and Rotoiti (excluding Okawa Bay),
with blooms most likely during autumn (March-May) followed by summer (DecemberFebruary) and then winter (June-August), (Figure 3.5). Blue-green numbers were lowest
during spring (September-November) for all lakes monitored. Lake Rotoehu and Okawa
Bay (Lake Rotoiti) otherwise showed little seasonality with blooms likely during summer,
autumn and winter. These trends were further explored in relation to water quality data. Lake
Rotoehu and Okere Arm (Lake Rotoiti) are used to exemplify the two groups of lakes (as
distinguished in figure 3.5).
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Lake Rotoehu
Comparable water quality and blue-green algae data exist for Lake Rotoehu (see Deely 1995
for water quality methods). Monthly averages of the two data sets are displayed in figure 3.6,
covering the period of blue-green monitoring (1993-1999).
The heterocystous algae (principally Anabaena spp.) reach an early summer peak in response
to increasing water temperatures and water column stability1 . Presumably dissolved nutrients
become the limiting factor as the algae exhaust epilimnetic supplies, and cell concentrations
gradually drop off through the remaining summer months. The significant increase in DRP
(dissolved reactive phosphorous) indicates nitrogen is the limiting factor at this time. This
supports White’s (et al. 1985) conclusion, finding Rotoehu to be nitrogen limited during summer
only. Such an over-abundance of phosphorous gives the nitrogen-fixing blue-greens a competitive
advantage over other types of algae. As water column stability decreases in autumn, DIN
(dissolved inorganic nitrogen) supplies from the sediment are re-established and heterocystous
algae numbers show a slight resurgence.
1
The difference in dissolved oxygen concentrations between the bottom and surface waters, labelled
“DO difn” was deemed the best indicator of water column stability in such shallow waters that rarely
stratify in the strict sense of the word.

1.0
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Rotoehu and Okawa Bay

0.8

0.6

0.4

0.2

0.0
Summer

Autumn

Winter

Spring

Figure 3.5 Seasonal trends of blue-green algae for monitored lakes. The higher the ‘inverse
mean ranking’ the greater the chance of algae blooms (see Appendix VI for a
detailed explanation). Error bars indicate the range of values across lakes
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Because Microcystis has only recently appeared in the lake, cell concentrations are compared
only to the relevant water quality data (Figure 3.7). The frequency of water quality sampling
was inadequate over this period (in particular the summer 1997-98 period) and longer-term
data are needed. However, it is clear that Microcystis reached high cell concentrations following
destabilisation of the lake in autumn (reduced “DO difn.”). Presumably nutrient levels are
replenished from the sediments, allowing Microcystis to bloom well into winter.
Lake Rotoiti
Algae data from Okere Arm were analysed relative to oxygen profile and water chemistry
data (Figure 3.8). The algae data are discontinuous, however there is some evidence of cell
counts rising at the onset of stratification (late summer); dropping off when the lake is most
stable; with a possible resurgence as water stability starts to break down again during late
autumn. As Lake Rotoiti is mesotrophic one would expect nutrients to ultimately limit such
blooms.
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Figure 3.6 Lake Rotoehu monthly medians for the period 1993-1999. Oxygen profiles and
epilimnetic (surface sample) chemistry results from site 1. Dissolved oxygen
concentration at the bottom of the lake was subtracted from surface values to give
the DO difference. Heterocystous algae cell counts per mL are the sum of Anabaena
species plus Aphanizomenon averaged across sites and log transformed. DIN =
dissolved inorganic nitrogen; dg/m3 = g/m3 x 100;RP = dissolved reactive
phosporous; epi = epilimnetic.
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Lake Rotoehu water quality and Microcystis cell count. See figure 3.6
caption for details.
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Okere Arm (L. Rotoiti) blue-green algae and water quality data. Water chemistry
data collected from Okere Arm for river water quality monitoring (see Deely & Donald
1995). Dissolved oxygen difference (DO difn.) calculated from Lake Rotoiti site 3
data. Otherwise as per figure 3.6.
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Blue–Green Algal Taxa
Species of Anabaena, including A. flos-aquae, A. circinalis and A. spiroides var. crassa
were the most wide spread blue-green taxa, forming nuisance blooms on lakes Rotoehu,
Rotorua and Rotoiti. Distribution patterns were not analysed individually because of difficulties
telling these species apart. Anabaena solitaria (an easily distinguished species) was more
commonly encountered in the western bays of Lake Rotoiti and was often responsible for
significant blooms in Okawa Bay (max. 386,000 cells/mL).
Aphanizomenon flos-aquae was recorded at most sites during autumn. Numbers were
typically low for Lake Rotoiti (range: 2-957 cells/mL) but contributed to Lake Rotoehu blooms
in 1993 and 1999 (median 6204 cells/mL).
Microcystis aureginosa has long been associated with the eutrophic Lake Okaro (Vincent
and Dryden 1989). It was first noted in Lake Rotoehu in January 1997 and became the
autumn dominant algae in 1998. Since then Microcystis was responsible for many severe
blooms on the lake (up to 1,600,000 cells/mL). Each year Microcystis appears earlier and
persists longer. Okawa Bay (Lake Rotoiti) experienced its first recorded Microcystis bloom
during Autumn of 1999. This also affected many of the western bays on Lake Rotoiti during
May (< 3 weeks). Perhaps Microcystis will show a similar pattern in Okawa Bay of increasing
dominance.

3.3.5

Toxicity Testing
Of the 14 samples sent to ESR for toxicity testing, only 2 (14%) screened positive (Table
3.2). Toxicity can vary over the duration of a bloom and between bays (Codd et al. 1989).
So the proportion of bloom events that were toxic (rather than samples) probably has greater
relevance from a health perspective. In this respect, only one of the ten blooms tested positive.
Toxicity coincided with the highest cell concentrations, at greater than 46x106 cells/mL (Table
3.2). Samples collected from Lake Tarawera on 23 December 1998 were not found to be
toxic, however a week earlier people skiing had displayed symptoms of toxin exposure (intense
rash of the face, arms and torso) and a fish kill was noted. This potentially brings the proportion
of toxic blooms up to 20%.
The type of the toxins produced is also important. Testing of the 1997 Rotorua bloom revealed
microcystin (hepatotoxin) in low concentrations (40nM microcystin activity). Such low
concentrations may not adequately explain the level of toxicity observed, which could be a
result of sample degradation (Dr. Penny Truman, pers. comm.). The species of Anabaena
responsible for the bloom are known to produce this toxin, but interestingly neurotoxin
production is more the norm (Repavich et al. 1990).
There have been other incidents where people complained of symptoms consistent with algal
toxin exposure. People skiing on Okawa Bay (Lake Rotoiti) complained of asthma type
symptoms that persisted for 6 weeks despite antibiotic treatment (December 1998). After
eating trout caught from Otautu Bay (Lake Rotoehu) one man complained of a dry “flannel”
mouth, dry cough, headache and rashes on the upper torso and arms (mid-December 1998).
Note high bacteria counts associated wth algae blooms may also account for these symptoms.
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Table 3.2

Toxicity testing results for blue-green algae samples. Note, individual species counts
as well as a total are given in some cases.

Toxic cells/mL
no
no
no
no

3,552,315
930,954
15,628
98,386

Site

Date

Rotoehu @
Rotoehu @
Rotoehu @
Rotoehu @

Kennedy Bay
Otautu Bay
Kennedy Bay
Otautu Bay

12-Dec-96
12-Dec-96
16-Dec-96
16-Dec-96

Species
Anabaena spiroides
A. spiroides
A. spiroides
A. spiroides

yes
yes

73,990,898 Rotorua at Mokoia Rd
46,646,436 Rotorua @ Ngongotaha

04-Mar-97 A. circinalis
04-Mar-97 A. flos-aquae

no

103,059 Rotorua city lakefront
6,594 Rotorua city lakefront
109,653 total

no

580,868 Lake Okaro

03-Feb-98 A. sp

no
no

377,604 Tarawera off Hot Water Beach
54,791 Tarawera off Hot Water Beach

23-Dec-98 A. circinalis
23-Dec-98 A. circinalis

no

1,647,504 Rotoehu @ Te Pohue Bay

no

2,558,517
1,497,914
14,466,427
18,522,857

no

150,797
1,507,929
100,531
6,961,779
8,721,036

no

692,992
2,435,563
9,051,204
12,179,759

02-Mar-97 A. circinalis & A. flos-aquae
02-Mar-97 A. circinalis & A. flos-aquae

09-Mar-99 Microcystis sp.

Rotoiti @ Okere Arm
Rotoiti @ Okere Arm
Rotoiti @ Okere Arm
total

26-May-99 Microcystis sp.
26-May-99 A. flos-aquae
26-May-99 A. spiroides

Rotoiti
Rotoiti
Rotoiti
Rotoiti
total

27-May-99
27-May-99
27-May-99
27-May-99

@ Okawa Bay
@ Okawa Bay
@ Okawa Bay
@ Okawa Bay

Rotoiti @ Te Weta Bay
Rotoiti @ Te Weta Bay
Rotoiti @ Te Weta Bay
total

3.4

Discussion

3.4.1

What Causes the Blooms?

Microcystis sp.
A. flos-aquae
A. solitaria
A. spiroides

27-May-99 Microcystis sp.
27-May-99 A. flos-aquae
27-May-99 A. spiroides

Nutrients
A lot of scientific research has focussed on the causes of blue-green algae blooms, both in
New Zealand and overseas. Much of this work has focussed on nitrogen – phosphorous
ratios (TN:TP). As heterocystous blue-green algae can fix molecular nitrogen it is expected
they can out-compete other algae when nitrogen levels are low and phosphorous is abundant.
However many studies, both experimental and correlative have failed to confirm this, with
generally high nutrient concentrations (both P and N) more often found to promote blue-green
algae growth and dominance (Pick and Lean 1987, Vincent 1989).
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Water Column Stability
High water column stability is also important (Reynolds et al. 1987). Blue-greens are very
buoyant and can vary their position in the water column. During calm conditions other types of
algae, such as diatoms gradually sink until they no longer receive sufficient light for growth.
These sinking losses increase their dependence on water column mixing to re-circulate nutrients
from the lake sediments. Concentration of blue-green algae near the surface cuts out light to
underlying waters, further disadvantaging less buoyant species. Deoxygenation of the lake
bed is thought to be better tolerated by the resting propagules of eutrophic species, particularly
Microcystis (Reynolds 1984, p 325).
Depth
Shallow lakes are more susceptible to blooms (for a given nutrient concentration), as
demonstrated by Smith (1985). A study of North Island lakes further concluded lakes could
be divided into two groups of productivity, at a mean depth of approximately 11m (Pridmore
et al. 1985). This is probably attributed to greater recycling of nutrients from the lakebed and
greater time algae spend in the euphotic zone of shallow lakes, regardless of mixing times.
Temperature
Warm temperatures promote blue-green algae blooms, more so than other algal types.
However, Robarts and Zohary (1987) concluded indirect heating effects, in particular
stratification were more important in controlling the occurrence of blooms. These authors
suggested water temperatures below 15°C severely limit the growth of Microcystis, but found
existing populations are able to persist through winter because of low loss rates. The lowest
water temperatures and column stability occur during winter, according to the Rotoehu data
(Figure 3.5) and that of Viner (1984) for other Rotorua Lakes. Presumably the extraordinary
buoyancy control of Microcystis, demonstrated by Walsby and McAllister (1987), is important
to its survival at this time of year. Wind strength is greater during spring (Quayle 1984) and
hence strong vertical mixing is assumed to be responsible for the low cell counts at this time.
The preferences of blue-green taxa can be distinguished. Heterocystous (N2-fixing) bluegreens (Anabaena, Aphanizomenon) prefer high water column stability and intermediate
nutrient levels, while non-heterocystous blue-greens (Microcystis) prefer intermediate stability
and higher nutrient availability (Pick and Lean 1987, Vincent 1989).
3.4.2

Indicators of Trophic Status
Pridmore and Etheredge (1987) reviewed the distribution of blue-green algae in New Zealand
lakes, highlighting their value as indicators of trophic state (water quality). The Anabaena
species circinalis, flos-aquae and spiroides were most often encountered in eutrophic (high
nutrient) and mesotrophic (medium nutrient) lakes. Microcystis has a strong preference for
eutrophic waters. Vincent (1989) concluded the ability of Anabaena species to fix nitrogen
(heterocystous) explained their greater success in conditions of lower dissolved inorganic
nitrogen than the non-heterocystous Microcystis.
From Pridmore and Etheredges’ (1987) work, Anabaena solitaria is seldom encountered
(4-8% of New Zealand lakes) and therefore little could be said of its trophic requirements.
The predominance of this species in Okawa Bay suggests its requirements lie somewhere
between that of the more common Anabaena species and Microcystis, although other physical
requirements may come into play. Interestingly, Aphanizomenon flos-aquae was mostly found
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in the oligotrophic (low nutrient) and mesotrophic lakes (Pridmore and Etheredge 1987). It is
not a widespread species in New Zealand, in contrast to overseas findings. Rotoehu (eutrophic)
appears to be the only lake where blooms have been recorded (Pridmore and Etheredge
1987, Environment B·O·P data). The potential of phytoplankton as environmental indicators
is further dealt with in section 2.3.3.
3.4.3

State and Trends
Drawing together the sampling results with the aforementioned requirements of blue-green
algae, conclusions can be drawn as to the state of the Rotorua lakes. Given the preferences of
blue-green algae for high nutrients, the frequency of blooms (Figures 3.2 and 3.3) in part
reflects trophic state. The implied eutrophic conditions of Okawa Bay and Lake Rotoehu are
further supported by the presence of Microcystis, which has higher nutrient requirements than
Anabaena. Additionally Pick and Lean (1987) state that as lakes become more eutrophic,
blue-green blooms occur earlier in the year and last longer, as observed for Lake Rotoehu
and Okawa Bay (Figure 3.5).
The higher incidence of blooms west of Tumoana Point on Lake Rotoiti probably reflects the
influence of high nutrient water from Lake Rotorua. The shallow depth of this part of the lake
would also increase productivity (10-15m, cf. 40-70m for the rest of lake).
Lake Rotorua has comparable nutrient levels to Lake Rotoehu (Table 3.3), in spite of lower
blue-green occurrence (see Figure 3.2). Phosphorous (TP and DRP) concentrations are
equivalent so are not expected to be limiting blooms on Rotorua. Nitrogen (TKN)
concentrations are on average lower, but it seems more likely water column stability is the
limiting factor. Rotorua has a very high fetch (section 3.4.6) and rarely stratifies as a consequence
(Deely 1995). Blue-green algae (particularly Anabaena spp.) benefit from stable conditions
(Reynolds et al. 1987), and in the past recorded blooms have coincided with prolonged calm
weather (White et al. 1978, section 4.3.2).

Table 3.3

Geometric mean nutrient concentrations of Lakes Rotoehu (site 1) and Rotorua
(site average), from surface samples (July 1992 to July 1998).

Rotoehu 1
Rotorua 2

DRP
g/m3-P
0.005
0.004

TP
g/m3-P
0.036
0.036

NH4
g/m3-N
0.008
0.007

TKN
g/m3-N
0.471
0.377

Increasing cell concentrations indicate a decline in condition of Lake Rotoehu, supported by
a shift from Anabaena to Microcystis and more persistent blooms. This is consistent with
increasing nutrients, but may simply reflect the gradual establishment of blue-green algae in the
lake, having exceeded the threshold nutrient requirements in 1993.
3.4.4

Toxicity
Of the blue green blooms tested, 10-20% were found to elicit a toxic response in a mouse
bioassy. This brings into question the current use of Australian water guidelines. Research on
blooms of the Murray-Darling basin found 42% of samples to be toxic at cell concentrations
from 103 to 106 cells/mL (Baker and Humpage 1994). Potentially twice the rate of toxicity at
lower cell concentrations. Australian water quality standards (2,000 cells/mL for drinking
water; 15,000 cells/mL for contact recreation) may be too stringent for use in New Zealand,
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where our mild oceanic climate perhaps limits toxin production.
Blue-green algae are yet to be conclusively linked with toxin production in the Rotorua lakes.
We have only one bloom that was confirmed toxic and a strong link with algal toxins was not
established. Toxin production may explain the fish kill recorded on Lake Tarawera. In
Southland, benthic blue green algae (Oscillatoria and Phormidium) were clearly linked to
dog and sheep deaths (Hamill 1999).
The number of samples tested in New Zealand is so far insufficient to allow a new standard to
be set, and it is better to take a precautionary approach at this stage. However, more intensive
research is clearly required on toxin production of blue green algae in New Zealand. The
Ministry of Health has initiated development of health alerts for drinking water.
3.4.5

Seasonal Predictions
The following summarises the findings from individual lakes and hopefully will provide some
predictive ability for the occurrence of blooms in lakes where sufficient nutrients are available.
As the lake temperatures rise in early summer the water column becomes stable and blooms
of heterocystous algae form (predominantly Anabaena species). Buoyancy gives them a
competitive advantage over other algae. Thermal stratification of the water column limits nutrient
supply from the lake sediments to the photic zone. Consequently nutrients are exhausted by
algal growth (particularly nitrogen in Rotoehu) and cell counts gradually drop off. As the first
algal peak coincides with the onset of stratification, the timing varies between lakes (see Deely
1995).
As stratification breaks down later in the year (again timing varies between lakes), nutrient
supplies to the photic zone are re-established and Anabaena may show a resurgence. Lakes
sufficiently eutrophic can actually reach annual maxima this late in the year (autumn), with
Microcystis aureginosa benefiting from conditions of moderate stability and high dissolved
nutrients. Microcystis blooms can persist through winter. This seems dependent on autumn
populations surviving given that temperatures below 15°C severely limit growth (Robarts &
Zohary 1987). Survival through winter1 will increase the inoculum of cells, providing a head
start over other species when conditions become favourable the following summer. The net
result is that as a lake becomes more eutrophic the blue green blooms tend to appear earlier
and persist longer (Pick and Lean 1987).
These observations are general in nature relating principally to the timing of blooms rather than
severity. Blooms can and do occur at any time of year and the conclusions of Pridmore and
Etheredge (1987) bear reminding. These authors state that “in New Zealand it is becoming
increasingly evident that unpredictability, which is undoubtedly related to our oceanic climate,
is the overriding characteristic of planktonic cyanobacterial community dynamics”.
1

Reportedly Microcystis can remain viable having settled out on the lake bottom (Reynolds 1984, p. 275).
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Given the importance of water column mixing, the ability to predict the severity and timing of
stratification would enable better anticipation of blooms. Viner (1984) presents simple methods
for determining the stability of a lake, which when supplemented with wind data can provide
an estimate of vertical mixing depth. This could be of particular use for Lake Rotorua, where
blooms are most dependent on stratification.
3.4.6

Long Term Predictions
Because restoring lakes is difficult once they have become eutrophic, a preventative approach
is critical. This necessitates predicting the susceptibility of lakes to eutrophication. Blue-green
blooms are only one of many undesirable consequences of eutrophication, but impact severely
on lake values such as aesthetics, recreation and water supplies. Determining which lakes are
most susceptible to developing such blooms would therefore assist in prioritisation of initiatives,
such as riparian planting and controls on fertiliser use.
For the purposes of this report a basic comparison was made between lakes and their
catchments to better understand the likelihood of developing persistent and severe blue-green
algae blooms (Table 3.4 & 3.5). A suitable physical environment for blue-green growth would
be shallow (Smith 1985) and calm (Reynolds et al 1987), hence the inclusion of depth and
fetch. Nutrient supply is largely determined by land use, and also influenced by shoreline
length. Reports have shown the discharge of nutrients from native and exotic forest to be low
(Macaskill et al. 1997), so we only consider pastoral and urban land use here.

Table 3.4

Physical aspects of Rotorua Lakes that determine susceptibility to blue-green algae
dominance. Depth figures taken from Donald (1997). Mean depth for Lake Rotoiti
west basin stana Point) estimated from bathymetry
mean depth Fetch (km) depth:fetch
4 point mean (m/km)
Rerewhakaaitu
Rotoehu
Rotoiti (west basin)
Rotorua
Okaro
Rotokakahi
Tikitapu
Okareka
Rotoiti
Rotoma
Okataina
Tarawera
Rotomahana
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7
8.2
10 (est.)
11
12.1
17.5
18
20
31.5
36.9
39.4
50
60

2.3
3
2.2
10
0.7
1.9
1.3
1.9
5
3.7
2.9
8
3.2

3
2.7
4.6
1.1
18.6
9.1
13.7
10.5
6.3
9.9
13.7
6.2
18.8
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Table 3.5

Catchment and lake characteristics that influence nutrient loadings and hence
susceptibility to blue-green algae dominance. Figures derived from Donald (1997),
McColl (1974) and Johns and Stace (1999) respectively. Rerewhakaaitu lake margin
(riparian vegetation and wetland) calculated using digital mapping of 1997 aerial
photographs.
% pasture shore length / retired plantings
& urban
lake area
(ha)
Tikitapu
Okataina
Rotoma
Tarawera
Rotoiti
Rotokakahi
Rotoehu
Rotomahana
Okareka
Rotorua
Rerewhakaaitu

3
8
15
22
17
21
34
37
48
49
65

3.6
2.9
2.6
1.1
1.6
3.3
4.9
2.7
3
0.5
2.9

Okaro

88

6.7

0
0
0
36
32
0
92
36
254
1848
46+288
lake margin
0

The most susceptible lakes are shallow, calm (high depth:fetch ratio), and have large areas of
pastoral and urban land use. Such lakes include Okaro, Rerewhakaaitu, and Rotoehu. Lakes
Okaro and Rotoehu have already lived up to this expectation. Lake Rerewhakaaitu was the
only shallow lake with reasonable water quality according to the last water quality report
(Deely 1995). Data collected since then indicates a significant decline in lake condition (section
2.3.1). This is dealt with further in the general discussion (Chapter 5).
Lake Rotorua is shallow enough and receives runoff from an intensively developed catchment,
but has the lowest depth to fetch ratio and is therefore expected to be too rough for bluegreen blooms for most of the year. When it is calm and stratified the chances of severe blooms
developing is high. Table 3.5 is misleading in regard of Lake Rotoiti, because it doesn’t account
for nutrient loading from Lake Rotorua. Adding the Rotoiti and Rotorua data, western Rotoiti
(or at least Okere Arm) drains a catchment of 43% pasture and urban. Its shallow nature
allows productive use of these nutrients. Probably the only factor preventing this area developing
blooms like Rotoehu is the high flushing rate. This gives algae from Rotorua and Rotoiti a head
start over those species better suited to conditions in this part of the lake (i.e. blue green
algae).
Lake Okareka is relatively deep and therefore would require higher nutrient concentrations
before developing blooms. For example, using equations from Pridmore (et al. 1985, eqn. 3),
Okareka would need 1.5 times as much total phosphorous to produce the same algal
concentrations as Lake Rotoehu (currently 0.2 x the TP of Rotoehu). Because a high
percentage of the catchment is pastoral, Okareka may simply take longer to reach this level.
Lake Rotomahana is very deep, but its shallow and enclosed southern bay may experience
blooms because of extensive land development.
The following table attempts to summarise this information in terms of risk. Note that blooms
may develop in some parts of the lake, as demonstrated for Lake Rotoiti. It needs to be
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Table 3.6

Predicted long term risk of Rotorua Lakes establishing blue green algae blooms,
based on Catchment development and physical lake environment
Okaro
Rerewhakaaitu
Rotoehu
Okawa Bay (Rotoiti)
Rotoiti West
Rotorua
Okareka
Tarawera
Rotoiti East
Rotokakahi (Green)
Rotomahana
Okataina
Rotoma
Tikitapu (Blue)

High
High
High
High
Moderate - High
Moderate - High
Moderate
Low - Moderate
Low - Moderate
Low - Moderate
Low - Moderate
Low
Low
Low

pointed out that percent catchment development does not provide a direct indication of nutrient
loading, but given landuse intensity can change (e.g. drystock to dairy) this statistic is more
appropriate for long term predictions. It may be less appropriate in the Rerewhakaaitu
Catchment and this is dealt with in the general discussion (Chapter 5). Note that if development
within a catchment were to increase (e.g. Lake Tarawera) then risk would increase accordingly.

3.5

Conclusions
Lakes experiencing severe blue green algae blooms include Rotoehu, Okaro and Okawa Bay
(Lake Rotoiti). Lake Rotorua and the shallow western end of Lake Rotoiti experience blooms
occasionally. Isolated blooms were documented in Lake Tarawera and eastern Lake Rotoiti.
Blooms are typically caused by an increase in nutrient concentrations but are also influenced
by depth and water column mixing.
There was a marked increase in blue green algae concentrations in Lake Rotoehu between
1995 and 1999. Blooms have gradually become more persistent since nutrients increased in
1993.
Lake Rerewhakaaitu is the only shallow lake (<15m) in the Rotorua district that hasn’t become
eutrophic. Because of its highly developed catchment and shallowness this lake is at greater
risk of developing nuisance blue green blooms. Okareka may also be at risk in the longer
term. For Lake Rotorua it seems more likely that blue green blooms are limited by the high
fetch (producing strong water column mixing), rather than nutrients.
The limited toxicity testing conducted so far suggests the Australian water quality guidelines
for blue green algae might be too conservative. More work is needed so that public health
warnings can be issued with greater confidence.
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Chapter 4: Lake Rotorua Foam
4.1

Introduction
During 1998 the northern margin of Lake Rotorua was inundated by a persistent, white foam.
The foam was unusual in that it felt greasy and did not collapse once deposited on the shore.
The foam first appeared in late summer and was at its worst during winter, becoming evident
over a greater extent of Lake Rotorua, the western end of Lake Rotoiti and the Kaituna River
down as far as Rangiuru (Figure 4.1 and 4.2). Rain caused the foam to collapse but daily
fluctuations proved otherwise unpredictable with large quantities generated in calm or windy
weather.
Concern stemmed from the visual impact of the foam gathering on lake margins (Appendix
VII). Fishermen were put off wading into the lake and surface feeding by trout was said to
have dropped off dramatically. Tourists voiced their distaste believing the foam was caused
by sewage discharges.
Few other documented effects were associated with the foam. Waterfowl may have had
difficulty cleaning the foam off their feathers given its sticky, greasy texture, but no widespread
fatalities were reported. Smelt (Retropinna retropinna) numbers were said to have diminished
after the arrival of the foam, and during the 1998-99 summer Eastern Fish and Game detected
a significant decline in the Lake Rotorua rainbow trout (Oncorhynchus mykiss) fishery
(Pitkethely 1999). However, anglers commented on very high bully (Gobiomorphus
cotidianus) densities in the lake and this coincided with a particularly good growth period for
brown trout(Salmo trutta) (Appendix VII last article).
A similar foam problem affected Wellington Harbour following the collapse of a Dinoflagelate
algae bloom that devastated fish stocks (Appendix VII). Smaller foam outbreaks are
experienced on many lakes, (including Rotorua) as microalgae die off in the cooler autumn
weather. Tikitapu has experienced foam problems. Although the cause has not been identified,
the lakes ‘soft’ wafer may be a contributing factor. Lake Chuzenji (Japan) experienced a
carbohydrate foam problem that was attributed to autumn leaf fall and macrophytes (Koyama
and Watanabe, 1989).
An investigation was launched in response to the foam problem on Lake Rotorua. The aims
were to identify what was producing the foam and why.
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Figure 4.1 Foam on Lake Rotorua, looking south towards Mourea (September 1998). Photo
courtesy of Maureen Doherty.

Figure 4.2 Foam accumulated on the beach (Mourea)
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4.2

Methods

4.2.1

Lake Water Quality and Algal Monitoring

55

Results from the Natural Environment Regional Monitoring Network (NERMN) lake water
quality and algal monitoring programmes were analysed. For a detailed description of these
methods see Deely (1995) and Chapter 2 in this report.
4.2.2

Climate
W.J. Maunder Consulting Limited, of Tauranga, was contracted to provide us with an
understanding of how unusual the 1997/98 summer was compared to previous years (the
period 1980-98 was specified). Climate data from the Rotorua Airport was used.

4.2.3

Foam Analysis by ESR and IRL
Initial testing confirmed the foam to be a carbohydrate. Subsequent testing by Industrial
Research Limited (IRL) and the Institute of Environmental Science and Research Limited
(ESR) attempted to identify the source of the foam. Quantitative analysis of constituent sugars
was undertaken for samples of foam, lake water, microalgae and macrophytes.
Samples of lake water were collected from the Ohau Channel on the 21 September 1998.
Foam samples were collected at the same time from the Ohau Channel and from the beach
immediately south of the channel.
Concentrated algae samples were collected by Environment B·O·P using a plankton net (20mm
mesh) on the 29 September 1998. These were collected from NERMN monitoring sites 2
and 5 (see Table 2.1) and from shallow water approximately one-hundred metres offshore
from the Ohau Channel outlet. Deep-water samples were collected by lowering the net to the
bottom and hauling it slowly to the surface (twice). Offshore from the lake outlet the water
was 1.3 m deep. Here the net was towed slowly behind the drifting boat. Sub-samples were
sent to Cawthron Institute for semi-quantitative analysis of algal species composition.
Macrophyte samples were collected on the 29 September 1998 from Mission Bay using a
boat hook and from the shore at Hannahs Bay. Species collected are given in Table 4.1.
Hexanol and water were added to break the foam and render it manageable prior to analysis.
Microalgal samples were centrifuged to concentrate the algae, which were then freeze-dried.
The mixed macrophyte sample was freeze-dried and ground to a powder.
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Table 4.1

Wet weight (g) of macrophyte species collected from Lake Rotorua for
carbohydrate analysis.
Oxygen Weed
Oxygen Weed
Oxygen Weed
Water Milfoil
Curled Pond Weed
Pond Weed

4.2.4

Elodea canadensis
Egeria densa
Lagarosiphon major
Myriophyllum propinquum
Potamogeton crispus
Potamogeton ochreatus

30.1
2.2
21.4
6.8
1.2
0.9

Local Input
Residents of the Rotorua district provided valuable observations on the extent of the foam
problem and general observations of the foam and its effects. Frank Thompson and Maureen
Doherty took daily readings of the severity of the foam from May till September 1998. Foam
on the Ohau Channel was scored from 1-10 (10 = half the water surface covered in foam)
and weather conditions recorded.

4.3

Results and Discussion

4.3.1

Foam Origin
Analysis of the lake foam was undertaken to determine its origin. Initial analysis was intended
to rule out possible point discharges, such as sewage overflows, detergents, etc. Bacteria
levels in the foam were not elevated. At this stage, testing by IRL under the direction of ESR,
identified the foam as a carbohydrate of natural origin. This proved it was not detergent
based. The lack of cellulose and starch carbohydrates ruled out dried vegetation and straw
like material. This pointed most strongly to lake algae as the source, although bark and aquatic
weed could not be ruled out.
More detailed analysis was commissioned to positively identify the source of the foam. Firstly,
IRL researched overseas and New Zealand literature on foam problems elsewhere and methods
used in identifying the source. Bacteria, phytoplankton and macrophytes have all been cited
as causes of carbohydrate foams in freshwater systems.
Samples of foam were collected, as well as lake water, algae and aquatic weeds. The
carbohydrates making up the foam were a perfect match with the algal carbohydrates (see
reports on file 7080-L01). So the foam was definitely of algal origin. This left the question of
why the foam was being produced in such quantities by the algae now and not in previous
years.

4.3.2

Cause of the Foam
Algae
Environment B·O·P has monitored the microalgae of the Rotorua lakes since 1991. The diatom
Aulacoseira (= Melosira) is typically dominant although other species have come and gone
(section 2.3.1). Coinciding with the appearance of the foam in 1998 a new species of green
algae became dominant – Kirchneriella lunaris. This species was also dominant in the algae
samples sent to ESR, which were found to contain the foam carbohydrate in significant
concentrations (see appendix 2). It seems most likely this species was responsible for the
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foam. The only way to be more certain is to culture this species in the lab and check for foam
carbohydrate production.
The correct name for K. lunaris, according to Cassie (1984), is Rhaphidocelis mucosus
(Korshikov) Komarek, but this name does not appear to be in widespread use. It is easily
confused with Selenastrum capricornutum because the mucilage sheath that encloses the colony
of cells lasts for only a few days in preserved material. This thick gelatinous cover could be the
material that is whipped into the foam. Reynolds (1984) suggested organic substances released
by algae reduce surface tension, increasing the tendency for “detergent-like” foam production
(observed for large concentrations of Eudorina).
What then has changed for this species to become so prevalent in the lake? None of the
Rotorua lakes are known to have supported dominant populations of this alga (Donald 1996,
Cassie 1969, Thomasson 1974). Lake Ngahewa does however. This is a small lake (8.4 ha)
beside S.H. 5, between Rotorua and Taupo. A study undertaken in 1973 found it was eutrophic
with high levels of nitrogen (mostly ammonia) and abundant phosphorous (Forsyth & McColl,
1975). The authors suggested that algae in this lake are nitrogen limited. K. lunaris was found
to be winter-dominant, which is consistent with the Rotorua foam reaching its worst during the
cooler months (Figure 4.3).
Another lake with similar algal communities is Lake Rotoiti – a small lake near Kaikoura in the
South Island. This is a very small, shallow eutrophic lake. K. lunaris is present but not as
abundant as blue-green algae. As discussed in section 2.3.3, trophic scores were established
for phytoplankton, 1 indicating a eutrophic species, 10 oligotrophic. Kirchneriella has a score
of 2 (table 2.2).
Lake Rotorua has been classed as eutrophic for some time now. Two possible explanations
for why K. lunaris has experienced a period of dominance include a change in water quality
(the lake has become more eutrophic) and/or a change in climatic conditions.

10

foam score

8

6

4

2

0
May-98

Jun-98

Jul-98

Aug-98

Sep-98

Figure 4.3 Surface foam from the Ohau Channel as monitored by local residents. The foam
score represents the proportion of water surface covered by the foam (where 0=none
& `10=50%)
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Climate
The analysis by W.J. Maunder Consulting Limited showed that the summer/early autumn of
1997-98 was a very warm period. In particular the period January to March was the warmest
or equal warmest for the 18 years considered in the analysis. Between January 31 to February
9 the average daily maximum temperature was 4.7°C above the 1960-90 normal.
The period October 1997 to February 1998 was also the second driest during the last 18
years, second only to the 1982-83 major El-Nino event. Overall, it appears that the significant
climatic factor during the summer-early autumn of 1997-98 was its warmth (highest or equal
highest during the past 18 years), and its dryness (second driest during the past 18 years). It
has been this hot before, but the lake did not experience the foam problem. Wind data were
not analysed, but anecdotal accounts suggest it was a very windy summer (pers. comm. John
Gibbons-Davies).
Water Quality
The foam alga, K. lunaris, appears to have bloomed in response to favourable climatic
conditions and high dissolved nutrient levels. Dissolved reactive phosphorous concentrations
reached 33 mg/m3 (cf. median = 8 mg/m3), and ammoniacal nitrogen 100 mg/m3 (cf. median
= 20 mg/m3). These levels are within the range of values previously recorded for the lake,
hence why the unusually warm season is assumed to have also contributed to the bloom. The
total nitrogen to total phosphorous ratio (TN:TP) was low at the onset of bloom and may
have been a contributing factor (Figure 4.4). Lake Ngahewa, where K. lunaris is known to
occur in high numbers, was considered to be nitrogen limited (low TN:TP) by Forsyth and
McColl (1975).
During the period 1994 to 1996 chlorophyll-a dropped to about 10 mg/m3 (Figure 4.5). This
was the target value for restoration of the lake following diversion of treated sewage effluent.
The amount of chlorophyll-a relates to the quantity of algae in the lake. The restoration target
for clarity (secchi disc 2.5 m) was also achieved in this period (Figure 4.6). Between 1997
and 1998 chlorophyll levels soared to the highest recorded since NERMN monitoring began
in 1991 (Figure 4.5). Consideration of the algae data show that the K. lunaris bloom was
responsible for only the most recent of these successive chlorophyll spikes.
The nutrient data suggest the flux of nutrients that supported the K. lunaris bloom, entered the
lake early in 1997. The large chlorophyll spikes coincide with the highest nitrogen levels
recorded to date by Environment B·O·P (Figure 4.7). Total nitrogen levels had dropped back
to normal prior to the K. lunaris bloom, but a large proportion remained in a biologically
available inorganic form (Figure 4.7). The origins of the massive nitrogen influx therefore have
bearing on the cause of the foam problem.
Nitrogen levels have returned to normal since the 1997 influx suggesting no long-term reduction
in lake water quality (Figure 4.7). The most likely cause of the nutrient pulse appears to be a
release from the lake sediments, as a result of thermal stratification.
Thermal stratification of a lake results from surface waters warmed by the sun staying above
the cooler bottom waters, which persists in the absence of wind to mix the lake. Lake Rotorua
is relatively shallow (average depth 10.7 m) and exposed to wind from all directions (average
depth to average fetch ratio of 1.1 m/km). As a consequence the lake rarely stratifies for
extended periods (Deely 1995, White et al. 1978). The lake was stratified on one sampling
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occasion when the large nutrient influx occurred (Figure 4.8). Ammonium and dissolved reactive
phosphorous levels were elevated in samples taken below the thermocline, indicating a nutrient
release from the lake bed as a result of anoxia (Table 4.2).
Table 4.2

Concentrations of dissolved reactive phosphorous (DRP) and ammoniacal nitrogen
(NH4) above and below the thermocline (epilimnion and hypolimnion respectively)
for Lake Rotorua. Samples collected from site 2 on the 26-2-97.

Epilimnion
Hypolimnion

DRP (g/m3) NH4 (g/m3)
0.002
0.003
0.014
0.11

White (et al. 1978) estimated a stratification event lasting 13 days in Lake Rotorua had the
potential to contribute between quarter and half the annual addition of nutrients from all other
sources. Sampling was undertaken too infrequently in early 1997 to determine how long the
lake was stratified, but evidence of this having persisted for an unusually long period comes
from the algae data. During late summer and autumn of 1997 Lake Rotorua experienced a
severe blue-green algae bloom - the bloom responsible for the first large chlorophyll spike
(Figure 4.5). The eutrophic conditions of Lake Rotorua provide ample nutrients for bluegreen algae and presumably it is only the well-mixed nature of the lake that prevents this
occurring on a regular basis. The requirement of calm stratified conditions for blue-green
algae to bloom is well-documented (Vincent and Dryden 1989, Viner 1984, Roberts and
Zohary 1987); hence it is fair to assume the lake stratified for an unusually long period. White
(et al. 1978) observed this link between blue-green algae blooms and significant stratification
of Lake Rotorua in 1975.
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Figure 4.4

Total nitrogen to total phosphorous ratio (TN:TP) for Lake Rotorua plotted
against time (e.g. M-98 = May 1998). The time of the K. lunaris bloom is
indicated. (Figures are averaged over sites and between top and bottom samples.)
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Figure 4.5 Lake Rotorua chlorophy-a concentratins plotted over time. the types of algae
responsible for successive blooms are indicated. (Figures are averaged between
sites)
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Figure 4.6 Water clarity expressed as secchi disc depth (metres) for Lake Rotorua over time.
Restoration target of >2.5m indicated. (Figures are averaged between sites.)
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Figure 4.7 Nitrogen concentrations in Lake Rotorua over time expressed as total nitrogen (“TN”)
and dissolved inorganic nitrogen (“NH4+ NO3”) which includes ammoniacal nitrogen,
nitrate and nitrite. Timing of significant algal blooms are indicated. (Figures are
averaged over sites and between top and bottom samples.)
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Figure 4.8 Stratification of Lake Rotorua on the 26/2/97. Dissolved oxygen and temperature
profiles are presented from the two monitoring sites.
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Conclusions
The principle concern relates to the aesthetic impact of the foam and flow on effects for
tourism in the area. There is also some concern over the potential impact on waterfowl and
recent changes in fish populations.
It looks certain that the foam was caused by the alga Kirchneriella lunaris. The gelatinous
cover of the organism could be the material that is whipped into the persistent white foam.
Why K. lunaris suddenly became the dominant alga is hard to say for certain but probably
relates to two factors. First was an apparent short-term increase of dissolved nutrients, and
secondly the extreme climatic conditions that prevailed over the summer of 1997-98. The
increase in dissolved nutrients appears to be the result of nutrient release from the lake bed.
The nutrient pulse now appears to have cleared from the lake. The foam problem has dissipated
to non-nuisance levels since this study was completed, with no recurrence for the 1999 winter.
From personal observations (shore samples collected for blue-green algae monitoring), K.
lunaris has remained in Lake Rotorua and Rotoiti, presumably at lower densities. Whether
carbohydrate-foams plague Lake Rotorua in years to come is hard to say. Favourable climatic
conditions and nutrient levels will certainly increase the likelihood.
It will be necessary to keep a watchful eye on Lake Rotorua water quality and algae data
given that it is still experiencing significant changes from year to year. It was predicted that it
would take 10 years for the lake to settle down to a new equilibrium after removal of the
sewage effluent. This appears to have been a conservative estimate. The legacy of historical
discharges not only includes nutrients present in the water column but also that stored in the
sediments. A lesson to be learnt for the management of other Rotorua Lakes is that preventative
measures are preferable to restoration.
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Chapter 5: General Discussion
5.1

Trends
The water quality of Lake Rotoehu, Rerewhakaaitu and Okawa Bay has declined over the
monitoring period. This was most obvious for Rotoehu with an increase in chlorophyll-a, and
cell counts of blue green algae. Blue green blooms have become more persistent, particularly
with the establishment of Microcystis aeruginosa. Water clarity has reduced accordingly.
For Okawa Bay we rely on blue green algae data collected since 1997. A change from
Anabaena species to Microcystis aeruginosa over this period, as well as more persistent
blooms may indicate a reduction in water quality.
There was a significant reduction in the water clarity of Lake Rerewhakaaitu since the 1995
water quality report (Deely 1995). Chlorophyll-a concentrations increased, corresponding
with the increased dominance of green algae. Low silica concentrations are likely to have
prevented diatoms from increasing their productivity in line with the green algae.

5.2

Causes
The productivity of algal communities largely depends on nutrient availability (primarily nitrogen
and phosphorous), and is also limited by the depth of the lake (Pridmore et al. 1985). In the
case of blue green algae (especially Anabaena and Microcystis), calm stratified conditions
also promote growth (Reynolds et al. 1987). Identifying the causes of the observed trends
requires consideration of only those factors which can change. Climatic factors will vary to
some extent from year to year (so will stratification and water temperatures as a result). Nutrient
input is the only parameter we can effectively manage. In some lakes significant natural inputs
come from geothermal sources (e.g. Rotomahana, Rotorua). In most cases these natural sources
are insignificant compared to agricultural and point sources and so the eutrophication process
is accelerated.
The decline of Lake Rotoehu is most likely attributable to farm runoff. Environment B·O·P
initiated extensive riparian planting in an effort to reduce nutrient inputs from surrounding pasture.
There are several possible nutrient sources for Okawa Bay. High nutrient water from Lake
Rotorua might enter the bay, and the nearby Tikitere area is known for its high nutrient geothermal
waters (Environment B·O·P data). Most residential development on the margins of Okawa
Bay took place within the last 10 to 20 years. The On-Site Effluent Treatment Regional Plan
(operative 1-Dec-1996) attempts to minimise the effect of septic tanks on areas such as
Okawa Bay, which has no reticulated sewage scheme in place.
The major source of nutrients to Rerewhakaaitu is from surrounding farmland. The lake has
declined sharply since 1995, perhaps reflecting increased use of fertilisers in the catchment.
Extensive riparian planting around the lake margin and streams during the 1970’s and early
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1980’s was undertaken in response to deteriorating water quality (Geddes 1988). It appears
the lake did improve as a consequence, with chlorophyll-a dropping from 12.9 mg/m3 (mean
1972-74, Fish 1978) to 2.8 mg/m3 (1990-95 mean, this study). It would be proactive to
examine land use in the catchment to see if recent changes are causing the decline in water
quality. The current status of riparian retirements and inflowing waters also needs to be reexamined.
Rotoehu continues to decline as management initiatives (riparian planting) are implemented. It
is likely this lake will take many years to improve. Lake Rotorua has received the most
comprehensive restoration effort with the diversion of sewage to forestry irrigation and the
retirement of some 1,800 hectares of stream margins and erosion prone farmland. Nutrient
enrichment of Lake Rotorua occurred over at least 30 years. A reversal may take at least that
long. During 1997 large amounts of nutrients were released from bed of Lake Rotorua, fuelling
a succession of nuisance algae blooms (chapters 3 & 4). Reynolds (1984) argues that
restoration success can not be measured simply in terms of reduced average biomass as most
problems are caused by the peaks in biomass and compounded by the types of algae involved
(e.g. foam algae).

5.3

Predictions
Lakes tend to act as nutrient sinks. Restoration not only requires cleansing of the lake water,
but also flushing of the lake sediments. Preventing lake degradation is clearly preferable to
restoration. The costs are probably similar; the difference is how long one has to accept a
degraded lake environment.
Therefore a predictive approach has many benefits in lake management. An assessment was
made of the long term risk of each lake developing persistent and severe blue green algae
blooms. This was based on known environmental preferences of these taxa (i.e. high nutrient,
shallow, calm). Most of the high-risk lakes have already developed persistent blue green
blooms (Okaro, Rotoehu, Okawa Bay). Lake Rerewhakaaitu is the only ‘high risk’ lake that
hasn’t. Having said that water quality has recently declined in this lake and the low silica
concentrations may favour blue greens. The only positive is that historically Rerewhakaaitu is
phosphorous limited, favouring non-toxic algae. Curious as to the low impact of extensive
pastoral development on this lake, Fish (1978) concluded allophanic clays (sourced from
Rotomahana mud) are effectively ‘mopping up’ the phosphorous discharges, and went so far
as to suggest the lake was unlikely to become eutrophic. Other lakes at risk include the
shallow western end of Rotoiti, and in the longer term Lake Okareka.
Lake Rotorua experiences severe blue-green blooms under calm stratified conditions but as
climatic conditions, rather than nutrients, limit the growth of bluegreens, the risk of developing
persistent blooms is not considered to be high.
Monitoring of lakes that have become eutrophic shows a consistent order of events (supported
by Reynolds 1984, p 325), which other high risk lakes may follow. Firstly production of the
existing algal community increases, reducing water clarity. Short-lived blue green blooms
(usually Anabaena) occur when the lake stratifies (summer to autumn). Over several years
the blue green algae appear earlier and persist longer. With the establishment of Microcystis
aureginosa these blooms may persist well into winter. Other algae with a preference for high
nutrients will gradually establish (e.g. Fragilaria, Micratinium), some of which may have
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undesirable qualities (e.g. Kirchneriella lunaris – foam production).

5.4

Consequences
The consequences of eutrophication reach further than the types of algae present. Rowe
(1984) found low numbers of rainbow trout (Onchorhyncus mykiss) in eutrophic lakes,
which may have been a result of reduced smelt densities. Smelt are confined to a narrower
depth range in lakes with a high standing crop of phytoplankton and hence numbers are
restricted (Rowe & Dean 1999). Common bully (Gobiomorphus cotidianus) on the other
hand benefit from eutrophic conditions, with the high biomass of algae supporting greater
densities of chironomids, their major food source (Rowe 1999). Increased bully numbers
were associated with an improved brown trout (Salmo trutta) fishery in Rotorua (appendix
7, last article). Toxic algal blooms and anoxia below the thermocline can result in fish kills,
providing a direct impact on lake functioning (pers. obs.). Macrophytes (water weeds) need
light for growth, so an increase in phytoplankton concentrations reduces the depth to which
they can grow (Vant et al. 1986). The collapse of entire weed beds releases otherwise
sequestered nutrients, further promoting algal growth.
Dead fish, rotting weed mats and algae detract from the aesthetic qualities of a lake, as does
the musty smell typically associated with blue green blooms. Eutrophic lakes are less appealing
for swimming and other recreational activities because of toxic algae blooms, low water clarity,
high pathogen levels, presence of foams and scums, etc. The economic impact of this includes
a reduced tourist dollar and reduced property values. Finding alternative water supplies is
often costly.

5.5

Monitoring
As indicators of the state of the environment, algae play a supportive role to water quality
monitoring. Because of the lag effects discussed earlier, water chemistry monitoring (including
chlorophyll) provides an earlier warning of things going wrong. Algae communities seem to be
more variable over space and time compared to measurements such as clarity and so require
a greater sampling frequency. Measures such as the phytoplankton community indices (PCI,
QPCI) and blue green algae concentrations should not be viewed as a substitute for water
chemistry measures, rather they provide critical information on the consequences of
eutrophication and how best to manage these systems to sustain their natural and economic
values.
Phytoplankton communities reflect a wide range of environmental factors, including trophic
state; depth; mixing patterns and minor nutrients (e.g. reactive Si). In recognition of this fact,
a variety of methods should be employed when analysing phytoplankton data.
Environment B·O·P currently has two algae monitoring programmes in place – algae community
monitoring using depth integrated samples (chapter 2), and blue green algae sampling from
the shore (chapter 3). The latter was established in response to public health concerns but
also provides valuable information on the ecology of a nuisance species. Community monitoring
provides a broader picture of lake functioning. Just as shore samples can overestimate blue
green abundance (their buoyancy causes them to accumulate on the shore), depth integrated
samples can underestimate numbers in the lake. For instance, the severe bloom on Lake
Rotorua in 1997 barely registered in depth integrated samples (figure 2.12). Regardless of
their relative merits, the two programmes represent a division of effort, which Environment
B·O·P has had trouble sustaining (difficulty achieving monitoring frequency targets).. Blue
green monitoring is very intensive and so can cannot be justified indefinitely except for the
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provision of data to Pacific Health. There are some concerns over the validity of cell counts as
a basis for health warnings given the proportion of blooms that are toxic is not well understood
in New Zealand. Cheaper and more rapid toxicity testing methods are being developed
(Rivasseau et al. 1999), which provide a more direct assessment of the health threat..
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Glossary
(For a more extensive glossary see “New Zealand Lakes”, by Jolly & Brown 1975).
Algae: Simple plants distinguished by the presence of the green pigment chlorophyll. Algae may be
single or many-celled, filamentous or diverse in structure, do not develop roots. Used in
this report principally in reference to lake phytoplankton.
Blue green algae: See Cyanobacteria.
Chlorophyll-a: A green plant pigment used as a measure of algae biomass.
Cyanobacteria: Photosynthesising microscopic organisms that have features in common with both
plants and bacteria.
Epilimnion: See stratification.
Eutrophic: High nutrient lakes with productive phytoplankton communities and hence low water clarity.
Parameter boundaries with mesotrophic and oligotrophic given in OECD (1982).
Heterocystous: Cyanobacteria taxa that have cells specifically concerned with nitrogen fixation (e.g.
Anabaena, Aphanizomenon).
Hypolimnion:

See stratification.

Mesotrophic: Trophic status intermediate between oligotrophic and eutrophic.
Microalgae: In the context of this report, see phytoplankton.
Nitrogen: A major plant nutrient vital for growth.
Non-Heterocystous: Lacking cells concerned with nitrogen fixation.
Oligotrophic: Low nutrient lakes with depauperate phytoplankton communities and hence high water
clarity. Parameter boundaries with mesotrophic and eutrophic given in OECD (1982).
Phosphorous: A major plant nutrient vital for growth.
Phytoplankton: Microscopic algae that drift passively in the water at any depth, though individuals
may be capable of movement.
Secchi Depth:A measure of water clarity. A black and white disc is lowered from a boat until no
longer visible.
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Stratification: State when three thermal water layers develop in a lake. The warm upper layer is
known as the epilimnion, the transitional middle layer the thermocline and the lower cooler
layer the hypolimnion. Stratification is promoted by warm calm condition.
Thermocline: Transition zone between upper warm epilimnion water and lower cold hypolimnion
water, which develop during stratification.
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