
Fisheries Research Bulletin No. 10

The Relation between Primary
Productiv ity, Nutrients,

and the Trout Environment

in Some New Zealand Lakes

By

A. M. R. Burnet

and

Denise A. Wallace

Fisheries Research Division
New Zealand Ministry of Agriculture and Fisheries

R. Þt. MGDOWALI-



The Relation between Primary

Productivity, Nutrients,
and the Trout Environment

in Some New Zealand Lakes



Frontispiece: Lake Georgina in winter with a partial ice covcr. Situated it the Rakaia River catchment, it rvas one
of the South Island high country lakes sampled for this investigation.



Fisheries Research Bulletin No. 10

The R.elation between Primarry

Productivity, Nutrients,
and the Trout E,nvtronment

in Sorne New Zealand Lakes

By

A. M. R. Burnet,
Fisheries Research Division,

and

Denise A. Wallace.
formerly Fisheries Research Division,
Ministry of Agriculture and Pisheries,

Wellington, New Zealand

le73



Published by the New Zealand Ministry of

Agriculture and Fisheries

VYellington

t973

This series of research bulletins, which was begun in
1968, was formerly published by the New Zealand
Marine Department before the Fisheries Researth
Division was transfer¡ed from that Department
to the Ministry of Agriculture and Fisheries in
September 1972.



F OREWORD

/t DEQUATE base-line data are essential to measurement and understanding of
A 

"hung". 
taking place in our inland waters. Trout produc'tion may be affected,

so that significance of the changes must also be known. Becattse of the importance

of the trophic status of lakes to overall production, the fisheries biologist needs

a straightforward, understandable method of assessment.

Max Burnet and Denise wallace have laid the groundwork by establishing

the present trophic levels of, and a simple method of grading, several New Zealand

Iakes. In addition they have indicated those factors most trikely to influence total

productivity and those most likely to be critical for trout'

G. DuNc¡N Wnucn,

Director, Fisheries Research Division-
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INTRODUCTION

rf\HE project described in this bulletin began with
-f an investigation of the effects of trace elements
in South Island high country lakes (especially
Lake Coleridge) and followed on the work reported
by Goldman (1964).

There is a need in fisheries science for a reliable
and simple method of measuring the change in the
trophic levels of lakes. The probùem of obtaining
data on large lakes stimulated the application of
techniques for laboratory incubation of samples with
carbon l4 additions. These methods were then
applied to work on all lakes being studied by
Marine Department slaffo, and the study was
extended to several other lakes where it was con-

+ The Fisheries Research Division and Fisheries Manage-
ment Division were formerly divisions of the New Zealand
Marine Department. As f¡om 1 September 1972 both
divisions were amalgamated with the Department of
Agriculture to form the Ministry of Agriculture and
Fisheries.

venient 1o collect samples. Besides provid,ing base-
line data, the prodr-rctivity measured will be corre-
lated with o,ther studies, especially those on fish
populations.

Low dissolved oxygen levels have an obvious
effect on trout and can be measured accurately.
One aspect of our investigation was to relate the
trophic level to the oxygen balance of the water
and to predict trophic levels which could result in
periodic oxygen levels dangerously low for trout
populations. This aspect needs more investigation
in lakes which are marginal for trout, and such
investigation should include the effects of wind on
oxygenation of the water and the extent to which
water circulation assists oxygenation.

Another direct effect of eutrophication is reduction
in transparency of the water. The effect of this on
the feeding habits of the fish or on the prod'uctivity
of the invertebrate fauna is not so easily measured.



METHODS
ïYIATER samDles 'were collected in non-metallic
W Van Dorn samplers and stored in plastic

containers, which were kept cool in the dark in
styrofoam boxes. When removal to the laboratory
took more than 3 h water samples were cooled to
about 5" c.

Though in situ incubation of the water samples
at various depths was done in several of the lakes,
a method of laboratory incubation was devised to
enable a more extensive (than intensive) survey"
It is based on designs published by Jitts (1963)
and Saunders, Trama, and Bachmann (1962) and
comprises a high intensity fluorescent light source
and an incubation trough with a controlled tempera-
ture water-circulating system. A series of green
glass filters gives attenuation similar to that of a
lake water. The spectral transmission of the water
of several of the lakes was estimated by exposing
colour film (Kodachrome) at various depths.
Analyses of these films in a spectrophotometer did
not give data suitable for accurate measurement of
the transmission at various wavelengths. Éfowever,
the pattern of transmission was found to be similar
to that of the green glass f,lters used for light
attenuation.

At first the samples were incubated at a constant
light level. With this method there is no means of
ensuring that the light level chosen is the optimum
which will give the maximum carbon assimilation
rate. With incubation at va¡ious light levels, the
maximum rale of carbon assimilation can be
determined. This is referred to as the P^^* value.

The carbon 14 techniques used were similar to
methods described by Dyson, Jitts, and Scott (1965),
Saunders et al. (1962), and Thomas (1964). The
radioactive carbon used was sodium carbonate
(C'n), obtained from the Radiochemical Centre,
Amersham, Buckinghamshire, United Kingdom, and
prepared in sterile ampoules. This was dispensed
with an automatic syringe to give 5 microcuries per
I25 ml of water sample. After incubation subsamples
were withdrawn from the bottles with a syringe and
filtered through 0.45-¡rm-membrane filters without
washing. A thin-walled Geiger counter was used at
first, but owing to its non-linear response at the
higher counting rates we changed to a solid scintil-
lation counting method which gave linear results
with the high activity filters. The scaler used was
an Isotope Developments Ltd. 1,700, and this was
linked to an electronic calculator to print out the
results.

The initial calibration of the C1a solution was by
r,he BaCO, precipitation method described by

Thomas (1964). The figure obtained was confirmed
by the liquid scintillation technique of Wolfe and
Schelske (1961), and we have continued to use the
latter method.

In some samples, and especially when salinity was
high, the alkalinity was calculated by the formula
in American Public Health Association (1965), with
data from a titration curve taken to about pH 4.0.

The alkalinity of most of the samples was deter-
mined by conductiometric titration, and the total
available carbon was calculated with tables in
Saunders et al. (1962).

Trace element stimulation experiments in Lake
Coleridge showed carbon to be a limiting factor
despite measured levels which were comparable to
those of other lakes. Therefore an estimate of the
available carbon was made by adding known
amounts of NaHCO., incubating with C'4, and back
calculating to give the apparent available carbon.

Thus on 29 June I9l0 the available carbon
calculated from the pH, and a conductiometric
titration, \vas 6.7 mg/I. The available carbon
estimated from the relation between the carbon
assimilation rate and additions of NaHCOs was
4.0 mgll. The reason for this discrepancy is not
known.

The calculated available carbon in Lake Coleridge
is comparable to that in Rotorua, Rotoiti, Clearwater,
and Lyndon, in which lakes the effect was not found.
Despite this correspondence of levels, additions of
carbon, either as CO, from the atmosphere or as

NaHCO' are necessary to obtain the stimulation
by additions of other micronutrients as shown by
Goldman (1964). Carbon alone added to the water
will not act as a stimulant.

The water samples from most of the freshwater
lakes were also analysed for soluble. phosphorus
(P) by Mackereth's method (1963) and with a
Spectronic 20 spectrophotometer. In the analysis
of samples from two brackish lakes (Ellesmere and
Forsyth) Strickland and Parson's (1968) methods
were used. Reactive nitrate (N) was measured at
first by Mackereth's method, but later by Strickland
and Parson's method. A proportion of the water
samples, especially those from I-akes Ellesmere
and Forsyth, were also analysed by the Christchurch
laboratory of the Chemistry Division of the Depart-
ment of Scientiflc and Industrial Research. Oxygen
measurements in situ were made with a galvanic cell
oxygen probe (silver lead); chemical analyses
(Golterman and Clymo (1969) level II) were used
in the laboratory for oxygen determination in dark
and light bottle incubations.

1{)



RESULTS
ERRORS AR.ISING FROM TECHNIQUE

ÄND INSTRUMENTATION

Â PROPORTiON of the P,,,n* estimates and sorne
fl" s¡smi.rl analvses were made ìn silu or with'in
3 h of colle:ting the samples. Usually the time
between collection and analysis was from 12 to 24h.
Several comparisons \4/ere made between P.,o* values
determined ín situ and values obtained by laboratory
incubation 24 h later. Analysis of samples from
several lakes showed that after storage of up to 24 h
results were conparable with data from The in situ
samples, for example, Lake Selfe 5 May f910,
in situ 7.30, laboratory '1 .ll: Lake Rotorua
7 December 197I, in situ 78.8, laboratory 81.0.
Storage for 48 h resulted in an appreciable decrease
in the P.u* value.

Incubations were in 125-ml Pyrex bottles, which
were covered with black tape for the dark controls.
Later, black plastic bottles were used and were
satisfactory except for some anomalous results at
depths greater than 15 m. A comparison of bottles
of clear, flexible plastic (P.V.C.), clear Pyrex, black
flexible plastie, and blackened Pyrex showed that
samples in the P.V.C. bottles gave higher assimilation
rates at depths greater than 15 m than samples in
the Pyrex bottles. In Lake Rotoiti, for example,
a-t 20 m depth the carbon assimilation rate measured
in a Pyrex bottle was 0.32 y.g Cll.h. At the same
depth the rate in a clear flexible P.V.C. bottle was
0.82 pg C/l.h. In tests to confirm whether this is a

pressure efiect, surface water incubated at various
depths gave a lower rate in the flexib'le bottle. We
conclude that the carbon assimilation rate is highest
when the samples are incubated at their normal
pressure. The effect is significant only for samples
incr-rbated in the deeper water when stoppered
bottles are filled at the surface and remain at surface
plessure. As the assimilation rate is usually com-
paratively low at depths greater than 15 m, the
difference has little practical effect on the results.

All the P,,,u* determinations were based on a

number of samples. For laboratory incubations at
least three, ancl usually five, samples were combined
ior incubation. In the ín sìtu experiments, graphical
analyses of the results from a series of at least five
sanples incubated at various depths enabled the
detection of faulty technique in individual samples'

The errors due to sample-collecting methods'
handling techniques, and instrumentation variations
were measured by collecting a series of samples at
the same location ancl incubating them under
identical conditions.

The first series on 14 February l9l2 at Lake
Rotorua was collected on a day with a fresh wind
and a moderate wave action.

The standard error of the mean carbon assimila-
tion rate was:

For 5 samples - mean 44.9, standard error
6.8 percent.

For 8 samples 45.4, standard error
5.0 percent.

A similar series was collected at the same sampling
station on 13 April 1972, a day with a light breeze
and a flat, calm lake.

For 5 samples - mean 106.7, standard error
3.7 percent.

For 9 samples - mean 111.8, standard error
2.9 percent.

The errors arising from the number of samples
taken were examined by incubating some samples
separately. The results are shown in Table 1. The
lakes are listed in ascending order of area, and the
variability increases with the size of the lake, whish
is as expected.

TABLE 1: Variation observed when samples from random
locations in several lakes were examined

Lake Date No. samples Mean
Standard
deviation

16.6
11.1

41.9
1.5

29.7
4.3

41.2

tl.2
6.0

Campt 27 15169 5 283.3
2018169 5 141.6

Oloarwatert 27 15169 5 221.1
2018169 5 5.5

I{eron 1818169 6 119.5
2012169 s '18;l
20lsl69 6 128.4

Rotorua 1l l8l7} 9 35.9
1412172 s 4s.s* Also known as Lake Howard.
t Also known as Lake Tripp.

However, though all these sources of error must
be recognised, they are small in relation to the range
of P*u* values being considered in this bulletin
(over 1,000 to 1).

Some expeliments rvere also carrieu out on the
effect of sample storage on phosphate analyses.
The results were erratic, but suggested that as

expected from the published experiments the soluble
phosphorus (P) as measurecl by the molybdate
reaction can decrease to 50 percent under the
conditions of storage used in this investigation.
The variation of our data for P is considerably
greater than this. In practice when measurements
are made for fisheries purposes, storage time of
sanrples is likely to be similar, and the methods
of analyses are not likely to be as accurate. Thus



though the values of P recorded here are probably
lower than the in sil¿¿ values, they would be com-
parable with values obtained in the normal practice
of water analyses for fisheries purposes.

TFIE PMÀX VALUES OBSERVEI)

The lakes sampled, period of sampling, and
location of sampling stations are given in Table 2.
The mean P,ou* yalues for each sampling date are
illustrated in Fig. 1, where results from the lakes
are shown in four groups having similar values in
each group.

Of the lakes with the highest P-o* values,
Lakes Ellesmere and Forsyth are shallow coastal
lakes which are brackish and normally have no
outlet. They are well stirred by winds, with a fairly
large water loss by evaporation. Lake Ellesmere
has an average inflow of about 320 cusecs from a
very fertile farming area. The water level inc¡eases
until the lake is opened to the sea (usually several
times a year). Thus residence time of the water is
shor.t, and this could be a factor in the relatively
small variation in value of P,,u* found in comparison
with the variation in other lakes.

Lake Forsyth has a small inflow and is open to
the sea only once every few years. Thus nutrients
are probably corrcentrated by evaporation and
added from the sea water which is washed over the
outlet spit by storms. A combination of nutrient
build-up and optimum salinity could account for
the very pronounced b,looms which occur, the values
for one of which in October are shown in Fig. L

Coleridge Lyndon Heron

TABLE 2: Time and localify of sampling

Lake Dates Locality Map ref.*

O¡akai 1912l'10-12111170 5 random

Forsyth 30l4l6s-2ilt0¡o sotiïJrlff"r'¿ Ss4 070 2t4
El'lesmere 2612170-24lt1lto ou*$iYr;.",o S93 840 270

Rohorua 23110169-17 ll l/70 Station A N76 754 097
Rotoaira 20ll170-20110170 5 random

camp t6l2t6s-23t3t70 5 :iÏäåtff

rutira telzl\o-12tttt?O 5 ìåÏäXlff

Clea¡water ttl2l6s-2313,70 5 :i*p;lff
Rotoiti 23ltol6e-liln/i0 EisIäpnlïa.in N76 88s 165

Georgina l'116169-814170 No¡thern end S74 059 829
Taupo 213170-28lt0l7o t 

61itå,iìl"u_*to, 
27o tts

Selfe 1316169-2916!70 South-eastern 566 022 916
endHeron 181216941370 5 ¡andom

Lyndon z6l2l6s-1sl7l'10 Mìå#Siesalons 574 1i6 844
Iake

Oo.leridge 2612169-2916170 Norwester Bay 574 022 854

* Department of Lands and Survey map series NZMS L

Lake Orakai is a very small shallow lake in fertile
farm land, and a high trophic state would be
expected.

Lakes Rotorua and Tutira are also situated in
well-developed catchments with rapid run-off and
erosion. Rotorua is open to wind stirring and there
is practically no stratification, but Tutira does
stra,tify, one of the few of the series to do so.

Selfe Toupo Comp Georgino Cleorwoie¡
Fig, I (above and right): The values of P** measured in all the lakes.
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Of the two lakes of this group with lower P-o,
values-Lake Rotoaira and Lake Rotoiti-Rotoaira
has a less productive catchment and Rotoiti has a
high proportion of its catchment in forest. Lake
Rotoiti stratifies.

The only North Island lake in the least productive
group is Lake Taupo, the largest lake in New
Zealand, and it is in a partially developed catch-
ment. The remainder are all situated in the South
Island high country, with tussock country and forest
in the catchments. As the base rock (greywacke)
does not weather easily, the inflows to the lakes are
low in nutrient.

Consideration of all the lakes shows that no
consistent seasonal pattern appears. Maxima and
minima occur at all seasons of the yoar. Though we
did not plan to collect sufficient data to establish
the causes of the difiering seasonal patterns, the
results i,ndicate that there could be logica,l explan-
ations in terms of the physical and chemical factors.

The differences between the two adjacent lakes,
Rotorua and Rotoiti, may result from Rotoiti's being
less exposed to wind, being deeper with a greater

Tuliro

volume to surface ratio, and being stratifred for
much longer (Fish and Chapman 7969).

Lakes Camp, Clearwater, and Georgina aÍe
all small lakes with low minimum temperatures
(Georgina 4.4" c, Camp 4.8'c) and we expect
this to affect the pattern. The chemical analyses
[or both Clearwater and Camp gave abnormally
high P levels in February 1969. As these were over
l0 times all subsequent values, r,ye were doubtful,
but these a¡eas could have received an increase in
nutrient, which could explain the high peak for
Clearwater.

Lake Selfe differs from all the others in having
two 'definite maxima, in spring and autumn.

Two of the highly oligotrophic lakes have no
definite seasonal variations, but Lake Lyndon does,
Lake Lyndon has the highest altiiude of lakes in
this series (832 m) and usually has ice cover for
part of winter. It has an outflow only when the
level is high, and there is a considerable fall in level
through evaporation. These physical changes in the
lake could relate to the occasional plankton blooms

EllesmereRotoiti Rotooiro ;;";

13

;,,;;; Orokoi

<.:o1
x
o
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Eig. 2z The P-"- values for Lakes
Rotorua and Rotoiti, showing
repetition of scasonal pattern,

which do occur. None of these South Island high
country lakes stratifies.

The results show the need to sample throughout
the year for an accurate measure of the trophic level.
However, in most of the lakes a reduction in the
number of samples taken would not have altered
their relative positions in the trophic scale signifl-
cantly.

Several seasonal cycles have now been recorded
for Lake Rotorua, and the repetition of seasonal
pattern is shown in trig. 2. The two check points
for Lake R.otoiti also suggest repetition.

The Lake Rotorua P-u* values have increased
considerably in the period of observation in contrast
to those of Lake Rotoiti, where the increase is
small.

The number of ín siÍu incubations was limited;
so column production for six lakes was calculated
(Table 3). Those listed cover our range of P,o*
values and give a guide to the values of column
production likely at various trophic levels.

ON
Monlh

PMAX ANÐ THE CHEMICAL F'ACTORS

The average values of the P-n* and the chemical
and physical data we measured for each lake are
given in Table 4. The lakes have been listed in
order of the average P.u* values.

This compilation shows that there are some
correlations possible. The chlorophyl\ a dafa follow
a very similar ranking to those of P,,,u*. High levels
of P and N occur at the top of the table. Correlations
between P,,,n* and each of the other factors were
carried out by using all the individual values
recorded in all lakes.
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Lake

Forsy'th

Rotorua
Rotoiti
Selfe
Blue Lake
Lyndon

1812170 830
7l4l7Ù 280

(mean of 8) 85.6
(mean of 4) 37.4

sls l7o 5.3
(rnean of 3) 2.7
25141'to 2.s

TABLE 3r Column proiluction
Column

P-"" PrcductionDate (pg CÄ.h) (msClmz. day)

5,963
2,957
2,373
1,605

273
240
202

l4



TA.BI-E 4: Mean values of P*." and other factors measured

Lake
Orakai
Forsyth
Ellesmere
Rotorua
Tutira
Rotoaira
Rotoi'ti
Clearwater
Ge'orgina
Camp
Taupo
Selfe
IIeron
Lyndon
Coleridgo

D

687.2
463.9
r34.6

58.9
39.9
2',7.5
16.5
9.2
7.6
1.2
6.1
5.8
2.3
1.6
1.0

C avail.
t1.4
18. I
2t.3

J. /
18.5
23.',|

5.3
6.5

10.3
t0.'7
12.9
11.r
'l,0
5.2
6.7

Chl. a Temp. (oc)
96.1 14.9'17.6 15.1
28.O 14.9
12.6 t5.2
9.2 11.8

13'4
4.0 13.1
5.4 tO.4
4.5 rO.7

15.9 12.5
0.5 '14.3

3.6 11.8
3.5 10.3
1.1 t1.1
0.8 tz.t

Cond. Reaotive N Soluble P

t5.2 0.t73 0.003
634.8 0.055 0.030
961.5 0.043 0.017t7.4 0.002
16.8 0.25 0,003
29.1 0.005
14.6
5.1 0.009 0.001
9.0 0.008
7.0 0 006 0.004
l2.o 0.003
10.6 0,003 0.ot2
5.6 0.008 0.002
4.5 0.003 0.001
6.4 0.002 0.002

P,,,".: Micrograms of carbon assimilated per litre per hour.
Chl. a: Chlorophyll ø bv Gol,terman (1969) me,thod (micrograms per li,tre)
C avail.: Carbon available (milligrams of carbon per litre).
Cond.: Conductivity (millisiemens per metre at 25" c).
Rea'ctive N: Nitrate nitrogen (milligrams per lirtre).
Soluble P: Phosphorus (milligrams per litre).

The first factor considered was the effect of
tenperature on the carbon assinilation rate.
[-aboratory incubations indicated that, as for other
l:riological processes, the rate for a given sample is
approximateiy doubled fo¡ a 10" c increase in the
incubation tenperature.

For some lakes there is a seasonal pattern of
P,o^* values (for example, see results from Lakes
Roiorua and Ro'.oiti in Fig. 2), but it was clear
from Fig. 1 that the patterns diftered from lake to
lake. If the P,,o* values varied in a regular seasonal
pattern, we would expect to get a positive correla-
tion with the water temperature. A regression
comparing all the lakes sampled was calculated from
all the raw data. The analyses did not give a
significant correlation between P,,,,,* and temperature.

We conclude that there was no general paitern of
seasonal variation and it is not valid to correct the
remainder of the analyses for tempelature. There-
fore we proceeded with the remainder of the analyses
without any attempt to compensate for the seasons.

The correlations between P,,o* and the remaining
factors, chlorophyll ¿, carbon available, conductivity,
reactive nitrate, and reactive phosphorus, weie then
tested. Tests were for hnear relationships, and for
log/linear and log/1og relationships, and the reçults
of the three significant relationships are shown in
Table 5. These were log P,,.^/log chlorophyll a,

TÁ.BI-E 5: The

Correlation coeff. R
Signiflcant at P
Formula
Variance of y
Variance of x

log P-,*/log N, and log P,"^*/log P. All the
individual values and the calculated regression lines
are illustrated in Figs. 3, 4, and 5.

EXPERIMENTS WITH LIMITING
NUTRIENTS

The limiting effect of micronutrients in Lakes
Coleridge and Lyndon are reported by Goldman
(1964). Fr¡rther trials along the same lines con-
frrmed Goldman's results with the qualification that
we could obtain stimulations in Lake Coleridge
only when carbon was added, either from the air
or by NaHCO. additions.

On 2l April 1966 the following stimulations over
control level were recorded: Zn, 154 percent;
Co, 145 percent; Fe, 201 percent; 1,4o, 172 percent.

In Lake Forsyth water sanples there was a sharp
decline in activity as the incubation tinte was
increased and an associated increase in the pH of
the sanrple (Table 6).

The effects of changing the pH by additions of
carbonate and acid were tried in two experiments,
the results of which are shown in Fig. 6.

Increasing the pH by addition of carbonate
decreased the activity considerably, and decreasing
the pH by addition of HCI gave a slight increase.

other factors
Log P",.-/log P

0.587
0.01

y:3.962 + 1.136x
1.076
0.287

significant results from analyses of relation between P-"" and

Log P*"./log chl. ø Log P,""-/log N
0.879 0.446

<0.01 <0,01y : 1.149x- 0.273 y - 2.455 I 0.57'1x
0.880 i 0.834
0.504 : 0.498

l5tl
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Fig. 3: The relation between chlore
phyll a and P-"- for all the data
recorded ¡nd the fomulae derived.
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fig. 4: The rel¡tion between reactive
nitrate and P^",. All data are
recorded and the formulae ilerived.
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Fig. 5: The relation between soluble
phosphorus and P-^*. All data are
recorded and the formulae derived,

TABLE 6: Effect of extended incubation (trake Forsfh
sample incubated on E/9/70)

To avoid the complication of changing levels of
available carbon the next trial started from a high
pH. Sodium carbonate was added until a pH of i0.5
was obtained. This increased the available carbon
lrom 47 mg/l to 174 mgll. The chloride concentra-
tion was 4,600 mgll. Additions of HCI were then
made to drop the pH in the steps shown in the
graph. The peak carbon assimilation rate recorded
is higher than any other value we obtained for
Lake Forsyth. The experimental effect has been a

slight increase in chlorides, a pronounced increase
in carbon, and a varying pH. We suggest that high
levels of available carbon, combined with optimum
pH, resulted in these high assimilation rates.

Lake Rotorua samples have been used for a

limited series of trials with P and N additions. The
immediate effect was measured by short incubations
with C14, and the delayed effect is a measure of the
carbon assimilation rate after an extended incubation
(.12 to 24h) with the added nutrients. The results,
expressed as percentage increases, are shown in
Table 7. In almost all of them some stimulation
was obtained by P and N, and in some the stimula-
tion was pronounced. The actual values cannot be
taken as the maximum possible, as we did not
examine a full range of stimulation levels.

Both P and N stimulate carhon assimilation, and
the combination usually gives an even stronger effect.

TABLE 7: Efiects of nutrient adtlitions in Lake Rotorua
water (percentage increase in P,""-)

Sho¡t incurbation l-ong,incub'ation
P N P N PandN

Time

(h) pH
0 7.86
1 8,24
2 8.55
4 8.90
6 9.10
8 9.16

Ca¡bon assimila:ti'on rate

(pe11.h)

569.8
503.3
445.2
190.0
245.7

Date P,""-

4lt0l7t 83.2
8ltl l'7 t9lt2l7t 78.8
t2lrl72 8s.2
t4l2l72 ',73,6

t3l4l72 rs2.8
1316172 65.0

158
143

108 108

108 0
284 290
193 245
135 1s4

178
104 148
130 158

0
279
168
130
zo3
t17
101

P,no* =?1ó0 x Pln3ó
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Fig, 6: Efiects of pH changes on a Lake Forsyth water sample.

Though available carbon is comparatively low in
Lake Rotorua, additions of NaHCO. had no
apparent effect. The levels of available carbon do
vary slightly from time to time, but though the
lowest levels coincide with the highest P-o" values,
a significant relationship did not appear. Similarly
though the lowest values occur near the surface in
the zone of high carbon absorption rates, a signi-
ficant relationship was not founC.

PlúÄX AI\D LIGHT TRANSMISSION IN
THE WATER

Light peneiration was measured on some ol the

lakes with a specially constructed integrating
photometer operating in the range of from 570 to
700 Å. Vertical extinction coefficients for some of
the lakes are given in Table 8.
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Obviously, light penetration decreases as P-^*
increasos, and the following forrnula was c¿lculated:
?.-,,, : 214 X (extinction coefficient)''08 with a
correlation coefficient of 0.91 (P<0.05).

The changes in transparency of the v¡ater must
also affect the depths at which P-u* occurs. This
can vary from 0.4 m, for & P-n* of 290 in Lake
Forsyth, to 2.0 m, for P-u* of 4I tn Lake Rotoiti,
and 6.0 m, for P-u* of 3.0 in Blue Lake. A1l values
available are plotted in Fig. 7.

PT.X AND THE DISSOLVED OXYGEN LEYELS

The measurement of oxygen absorption rates to
enable prediction of the low oxygen levels potentially
dangerous to fish stocks presents difficulties'
Measurements of oxygen assimilation and evolution
in relation to carbon assimilation rates have been
made for some lakes. In designing the experiment
there must be a choice between a short incubation
time with small oxygen differences which are difficult
to measure and a long period of incubation where
the differences are larger, but there is some doubt
about the application of the results; a sarnple

Fig, 7: The relation between the
value of P-.* and the depth below
the surface at which it occurs,

TÄBLE 8: Yertical extinction coefficients

I-ake Date
Ho¡owhenua ll2l72
Forsyth 2:213172
Rdtorua nl4n2
Okaro l2l4l72
Rotorua l2lll12
Rotorua 7ll2l7l
Rotorua l4l2l72
Rotoiti t5l2l72
Blue Lake 8ll2l7l

Extinotion
P","- ooefficient
1,601 1.42
528 '2.10

153 0.89
99 0.80
85 0.68
79 ù.62
14 0.84
22 0.45
2 0.33

x
o

ÀE

P-,- = 214 X (extinction coemcient)'3'08.
r :0.91.
P = <0.05.

enclosed in a small container is far from typical of
normal lake conditions. This is shown by the decline
in carbon assimilation rate with time, which occurs
wiih the longer incubation. This would not occur
in sitw because of mixing of the water, as only in
exceptionall¡r calm conditions would one lot of
water remain in the P-u* zone for long. Moreover'
our results show that the average oxygen absorption
rate over the first 6 h can be five times the average

measured for 120 h. Thus, though long-term incuba-
tion may be necessary to obtain results, they need
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be used with caution in the interpretation of
si¡ø conditions.
All the oxygen absorption rates measured are

ploited against the P-^* values in Fig. 8, and there
is a significant positive correlation.

An estimate of the oxygen balance for Lake
Roto¡ua was made with a combination of the light
and dark bottles oxygen technique and C1a measure-
ments. In January 7972,when P,,^* was 90 ¡"gCll.h,
we obtained the 24-h oxygen balancn shown in
Fig. 9. A daily gain in oxygen from photosynthesis
occurs only at depths of less Ihan 4 m. In the whole
water column there is a daily loss in oxygen of

0.45 mgll or 6.8 glm'.day. In the deeper water
(bclow 10 m) there is a loss of 'l2 mg/l.day.

In April 1972 tho P-"= value had risen to
152 p.g C/I.h, and higher values of oxygen absorption
were measured. The column loss was then
10.0 g/m'?.day and the average loss 0.66 mg/l.day.

Oxygen measurements in the lake at both times
showed no sìgn of depletion in the deeper water.
The lake is exposed to strong wind action, and in
January we were able to detect appreciable water
movement. Adequate oxygenation of the whole of
this lake can be explained only by surface oxygen
exchange with the atmosphere and a mixing of all

Fig. 8: The relati<¡n between P",""
and the rate at which oxygen is
absorbed in the dark.

s,

rJ
o)
ã-
x
oc

cL

y =J.Jp.1Qa"l'es

r=0'85

O, obsorbed (mgll.h)
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24-h profile of oxygen

production and assimilation for
I¿ke Rotorua on 14 January 1972.

waters to distribute the oxygen. From the results
we consider that a period longer than 4 calm days
in succession clu'ring la,te summer or eady autumn
could ¡esult in distress to trout through low oxygen
levels.

Approximations in which the correlation illustrated
in Fig. 8 is used show that for P,,,o* values of less
than 30 to 40 there is a daily gain in oxygen from
algal activity. For values of P-u" in excess of 100
the loss is about 0.5 mg/l.day, and this increasss
to2.0mgll.day at P^n* : 300.

An oxygen absorption ¡ate of 2.0 mg/l.day is
obviously a dangerous situation for a trout fishery,
where the minimum safe level in the water can be

5.0 mg/l.

O, chonge in 24 h (mg/l)

Thus as eutrophication increases, and the P-,*
increases, so the oxygen absorption rates increase.
Although higher productivity means greater oxygen
production during photosynthesis, it also means

decreased transparency of the 'water and the depth
at which P^n-. occurs moves closer to the surface.
Ihus though more oxygen is produced (the zone
of oxygen production becomes shallower), the rate
of absorption is higher, and the overall efiect for a

given lake is a distinct increase in the oxygen deficit
as the lake becomes more eutrophic.

Although further data are needed to give precision
to the results, we suggest tha¡ P-." values in excess

of 100 quickly lead to conditions unsuitable for trout
if there is insufficient aeration from the surface.

Column 02 -ó.8g/m2
(meon/24 h - 0.45)
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DISCUSSION

THE survey examined a series of lakes which
-À included a wide range of trophic levels. Lake

Coleridge had the lowest production, and an estimate
of the mean annual column production was 150 mg
Clm".day. Goldman and Carter (1965) after compar-
ing their data for l-ake Tahoe with o'ther Northern
Hemisphere lakes describe Lake Tahoe as ultra-
oligotrophic and give the average column production
as 99.24 mg C/m'.day. Considering the variability
of the data the Lake Coleridge estimated production
is about the same as Lake Tahoe production, and
we therefore classify Lake Coleridge as ultra-
oligotrophic.

The ratio of mean amual P,nu* values of the
lakes examined exceeds 600 to 1 and the range
includes those of other New Zealand lakes studied
by Mitchell (197I) and most of the ove¡seas values
also quoted by Mitchell.

At the upper end of the scale Lake Forsyth has
sustained algal blooms and should be classified as
highly eutrophic.

It is difficult to correlate the trophic state of a
lake with the success of a trout fishery. Eutrophic
cond,itions are usual in frsh ponds used for farming
some species. Howeve¡, it seems that salmonids
are less productive in eutrophic conditions. Fish
(1970) found that the outrophic lakes in the Rotorua
series of lakes he studied were the less suitable as
a trout environment. There have been many
attempts in North America to improve sport
fisheries by fertilisation of lakes and the results
were summarised by Maciolek (1954), who con-
cluded: "Although the fertilization of lakes has
increased their productivity capacity, its practical
succ,ess in terms of net ûsh yield to anglers is
doubtful." His views were reported as essentially
unchanged in 1964 (Calhoun 1966).

A ¡ecent study of a mesotrophic lake (Castle
Lake) in California shows that the addition of
molyMenum stimulated the standing crop of
phytoplankton, zooplankton, and bottom fauna.
Cordone and Nicolas (1970) roport on the changes
in the fish population, but do not appear to be able
to establish a causal relationship befween the fish
population changes and the primary production.

The lakes examined in this project have been
ranked by productivity, ,hrrt the clata available on
the t¡out fisheries a¡e not adequate for comparison.
Average sizes for fish caught by anglers and the
rate of c¿tdh data have been recorded, but there

is not a sufficiently accurate measure of the
popu,lation density.

In New Zealand the inla,nd sport fishe,ries ar€
almost entirel:, based on salmonids, which are more
readily affected by low oxygen levels than many
other species of fish. There is a need fo¡ more
information on the direct, and indirect, effects of
eutrophication on the trouts and for comparative
data documenting changes in trophic levels.

A search for earlier chemical data has yielded
tew of relevance.

When Lake Lyndon was examined by Parry
(1949\ the mean value for the carbon available
was 6.1mg/I. The mean value for P was 0.0012,
and that for N was 0.039. The available cafbon and
P values are similar to ours, but the N value is over
l0 times our values. The¡e is no evidence of an
rncrease in nutrients. In 1967 and 1968 a survey
of some South Island high country lakes by Stout
(1969) included Lakes Lyndon, Camp, Clea¡water,
Georgina, and Selfe. Her data and ours gave
similar figures for cond,uctivities, but usually our
chlorophyll a results were higher, especially in
Lake Camp. This could be due to different
techniques.

A relationship between P,,"- and the oxygen
budget of a lake has been demonstrated. There
were difficulties in the measurement of sho¡t-term
oxygen changes even in the eutrophic waters of
Lake Rotorua. The problems were partially over-
come by using a combination of the C'a technique,
and the light and dark bottle oxygen analyses, but
the experimental methods need further development.
Long-term recording of oxygen levels and weather
at lakes where oxygen conditions are marginal for
trout could be the most valuable approach.

The results to date indicate that the problem of
oxygen levels in these lakes is a complex one related
to the phytoplankton activity and to weather.
especially wind.

Pn,u^ is related to the transmission of light through
water and so this raises the question: When are
light levels too low for trout to feed?

Experiments on the feeding rate of young coho
salmon (Oncorhynchus kisutch (Walbaum)), des-
cribed by Brett and Groot (1963), showed that the
first indica,tion of interference from insufficient
light on the rate of feeding occurred at 0.01 ft-candle,
and that one-half of the maximum rate Ìyas still
possible at 0.0001 ft-candle. Extinction level was
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cÌose to 0.00001 ft-candle (about l/3,000 of the
intensity of bright moonlight). Measurements in
Lake Rotorua during Jauuary and February 1972
gave light le'.rels irigher than 0.0001 ft-candle at 15 m.

This indicates thai there is little direø interference
with feeding because of lack of light in this lake,
in which the oxygen levels are becoming low enough
to be a threat to the trout population (G. R. Fish
pers. conm.).

fnterference with feeding ability of trout would
occur at 10 m rvhen the extinction coeflficient is about
1.1" and at 5 m when it is 2.2.

P,,o.. is the maximum carbon assimilation rate
under optimum light and must reflect the availability
of the limiting nutrients. The data v¡e have do not
iustify a detailed discuss;on of the relations between
P,nu* and the P and N levels. Simple comparisons
between proCuction and standing crop are not
practicab'le. Fol example, when considering the
relation between phytoplankton activity and
phytoplankton standing crop, Goldman, Gerletti,
Javornicky, Melchiorri-Santolini, and de Amezaga
(1968) found that the smaller the biomass was the
higher was the productivity and concluded that
there was no simple rule relating oire to the other.
The main difficulty in this comparison is that P,,u,
is a rate of use, and the P and N values record only
the concentration present at a given instant: thus
relationship between these paraneters n'ust be
treated with caution. The deduction of cause and
efieot is also criticised on the grounds that the values
of P and N usually found in eutrophic lakes are
considerably higher than those needed for laboratory
culture of algae.

We have found that the neasured value of P can
decrease to 50 percent after 24 h storage, but the
value of P,no* does not decrease significantly.
Furthermore the preliminary results from bioassay
experiments inclicate a P rate of use in Lake Rotorua
of 0.5 þCll.h, when P.n* : 80,"g Clt.h. This rate
of use would be difficult to explain if a simple
relation is assumed with the low levels of soluble P
in the lake.

Of the alternative hypotheses, that presented by
Kuentzel (1969), in which he regards available
carbon as a limiting factor, does not seem to apply
to these lakes. Jn most of them there has been no
stimulation of phytoplankton activity by the addition
of carbon, and the calculation of availab'le carbon
from the titration agrees with that obtained when
samples were incubated with additions of carbon'
However, a clear instance of carbon as one of the
limiting factors is Lake Colericlge, where additional
carbon stimulated phytoplankton activity mainly
with the addition of other micronutrients, Co and

Zn, etc. There is some suggestion that available
carbon is important in Lake Rotorua, and there
should be further investigation of its role.

Lange (1961) discounts the role of P and N.
He demonstrates the effects of carbohydrates, but
in the experimental cultures P levels of 6.9 mg/l
and N levels of 81.7 mg/l were used. As these are
up to 1,000 times greater than the natural conditions
we are discussing, there is no valid cornparison.

The mean values of P in the lakes examined
(Table 4) show that the high levels of P occur ir-r

those lakes with a P-o* greater than 100. The
remainder vary considerably, and one of the lakes
causing concern at present, Rotorua, has a relatively
low level of P (Fish in press). This exception
emphasises that our results do not prove a callse
and effect relation between P and P,,,u", and \rye

would say only that there is an assoliation of ef;ects.
Hov¿ever, despite the doubts we have expressed on
the value of our measurements of P and N, and
though fisheries scientists would prefer to measure
rate of use of the nutrients, the values we have
measured are those we will have to use for some
time yet. Thus an attempt to correlate the levels
of P and N with conditions disadvantageous to trout
is essential for the fisheries scientist despite the
problems of interpretation.

The research of Sawyer in the United States of
America, and especially her paper of 1947, provides
a basis for standards of nutrient enrichment. After
examination of a number of lakes she states:

"The data concerning critical levels of inorganic
phosphorus, however, are much more decisive and
indicate that nuisance conditions can be expected
when the concentration of inorganic phosphorus
exceeds or equals 0.01 ppm."

In Fig. 5 this corresponds to a P,,,u* value of
about 50 for our data. Lakes in the P-u. range of
10-100 do have problems of actruatic weed, algal
blooms, and low oxygen levels. Of the lakes having
â P-o" in excess of 100, Lake Ellesmere supports a
good trout population, and as it is all very shallow
and open to wind acli:on, oxygen levels remain
adequa'te. Lake Forsyth is more prolected and trout
kills have been reported on several occasions. It
has a large eel population, but few trout probably
remain.

The results of the oxygen studies suggesf that
values of P,ou* in excess of 100 are potentially
dangerous to a trout population. We therefore
consider that the 0.01 ppm level of P proposed by
Sawyer does apply in general terms to New Zealand
lakes and is an acceptable guide to the danger level

tor P in New Zealand lakes.
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There are several possible methods for detecting
and measuring the onset of eutrophication. The
introduction to the proceedings of a symposium on
eutrophication (Anon. 1969) states: "Fish may
provide one of the most sensitive indices because
an early response to eutrophication is enhancement
in growth". If accurate methods of determining
growth and population numbers can be developed,
the state of the fish population has many advantages
as an indicator of ,the co,ndition of a lake. Howevsr,
there are pro'blems in population number estimation,
especially in larger lakes, and we cannot envisage
this as a practical method for extonsive studies. The
main advantage of fish production as a method of
assessmsrì.t is that it integrates the effects of time
and a,bundance of organisms in the lower trophic
levels. Rodhe (1969) considers that "trophy has the
dimension of rate and refers to the amount of
organic matter supplied in or to a lake per unit
tirne" and that "trophy should not be equated with
the status of the nutrient conditions".

Although an assessment can be made on the basis
of nutrients, for the fisheries sc.ientist this does
involve much effort and instrumentation. The
measuroment of oxygen budget is useful, but not
applicable to all lakes, especially those which do
not stratify, and a high proportion of Now Zealand
lakes would be included in this c¿tegory. Chlorophyll
extraction is a simple technique, but we have not
been a'ble to make it work on all of the lakes studied.
Golterman and Clymo (1969) state: "Accurate
measurement of the concentration of chlorophylls
is extremely difficult".

After considering the results of our investigation
we think that of the various parameters which can
be used as a guide to the trophic state the maximum
carbon assimilation rate (P-.,) is one of the most
practical for the fisheries scientist. It is directly
related to oxygen production and assirnilation and
to the transparency of the water-two of the direct
effects on trout.

'ile are satisfied that P-.* can be measured
accurately in labo¡atory incubations, and with the
equipment used in these experiments it is easy to

process samples from up to four lakes at once,
The collection of samples \ryas speeded up by the
use of a float plane, which enabled samples to be
collected and incubated the same day. With automa-
tion of the counting the aalculation of the results
takes little further time. In si/u measurements take
longer and we find that those from one or two
stations on one lake are a day's work. This was
especially so for some of the lakes where travelling
took several hours.

The laboratory incubation method does not give
a figure for column production, but a good
approximation can be made if the in situ lig;ht
attenuation is measured at the time of sampling.
Laboratory incubations are easily capable of higher
precision fhan in sifz incubations. The operation
does not depend on weather; for example, varying
light levels during the incubation period result in
a lower value than P,,n,; it is difficult to make
incubation time short and precise, and longer
incubation times in eutrophic lakes do not give
P-u*.

A satisfactory index for flsheries purposes would
combine P,.o* measurements with measurements of
pH, temperature, oxygen, conductivity, chlorophyll a,
P, and N. It is also desirable that long-term,
continuous recording of tomperature, oxygen, and
the extinction coefficient of the water should be
carried out on eutrophic lakes.

A further useful statistic would be the turnover
rate of P, and development of use of Ps'? could
lead to usef,ul measurements.

The C'n method has shown promise as a method
fo¡ the measurement of the rate of use of nutrients
and for the identification of limiting factors for
primary production. We have obtained increases
in the P-u* value of Lake Rotorua water by the
addition of P, N, and Co. Moreover, the normal
decline in carbon assimilation with time of incubation
in a closed bottle can be ar¡ested by additions of
P and N. With further development of the
techniques the method will yield the data essential
for the management of sport fisheries.
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SUMMARY

rnHE trophic leveis of i5 iakes in both isiands ot
I New Zealand were measured by the c¿rbon 14

technique. The lakes ranged from an ultra-
oligotrophic South Island high country lake (Lake
Coleridge) to highly eutrophic lakes (Forsyth and
Orakai). Relationships were established between
the carbon assimilation rate (P-") and the levels
of (1) chlorophyll a, (2) soluble phosphorus,
(3) reactive nitrate, (4) oxygen absorbed by
phytoplankton respiration, and (5) the transparency
of the water.

Low oxygen levels and low transparency of the

water are the two direct effects of eutrophication
on a trout fishery and both are directly related to
high P-"- values. The correlation between P"'",
and the P and N levels enables us to relate them
to the oxygen balance and to the transparency of
the lake v/aters. For these reasons 'we consider the
measurement of P*,, by the Ctn method to bc one
of the most useful nreasures of trophic state for
the fisheries scientist.

The results obtained in this study confirm the
contenti'on that amounts of inorganic phosphorus in
excess of 0.01 ppm can lead to nuisance conditions'
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