
0

Institute of
Freshwater
Ecology

LOCH LEVEN NNR: WATER QUALITY 1992-1994 WITH

SPECIAL REFERENCE TO NUTRIENTS AND
PHYTOPLANKTON

Principal Investigators:

A E Bailey-Watts, BSc, PhD, MIWEM (Project Manager)
A Kirika

Report to the Forth Purification Board
(March 1994)

Natural Environment Research Council



Natural
Environment
Research
Council



Institute of Freshwater Ecology

Edinburgh Laboratory, Bush Estate, Penicuik


Midlothian EH26 OQB, Scotland

Telephone 031 445 4343; Fax 031 445 3943

LOCH LEVEN NNR: WATER QUALITY 1992 AND 1993 WITH

SPECIAL REFERENCE TO NUTRIENTS AND PHYTOPLANKTON

Project Manager: A E Bailey-Watts


Final report to the Forth River Purification Board


March 1994

Principal Investigators:

A E Bailey-Watts, BSc, PhD, MIWEM
A Kirika.

Contract Completion Date: 31 March 1994
lks Project No.:
T11055s1

Scottkh atiwal Heritage and the
stitute or rreshwatr
Ecology

,

contrthuted funds vat Em
• .
s study

This is an unpublished report and should not be cited without permission, which should be
sought through the Director of the Institute of Freshwater Ecology in the first instance:
Winderrnere Laboratory, Far Sawrey, Ambleside, Cumbria LA22 OLP, UK. Tel.: 05394
42468; Fax. 05394 46914.

The Institute of Freshwater Ecology is part of the Terrestrial and Freshwater Sciences
Directorate of the Natural Environment Research Council.



LOCH LEVEN NNR: WATER QUALITY 1992 AND 1993 WITH

SPECIAL REFERENCETO NUTRIENTSAND PHYTOPLANKTON



Summary

In spite of a cutback by the end of 1987, of phosphorus-rich mill effluent previously oantributing approximately
6t P y', and subsequent, but un-quantified reductions in the P loading due to sewage treatment works upgrades, total
P levels in Loch Leven averaged ca 90pg 14 and 60pg 14 in 1992 and 1993 respectively. Releases of inorganic
phosphate (SRI)) from the sediments contributed to these figures, especially in 1992 which had the calmer and wanner
summer; mean annual SRP concentrations of 20pg 14and 30tig r' depending on sampling station, are calculated for
1992, while figures of between 7pg 14 and 8pg are obtained for 1993.

Although SRP levels were higher overall in 1992, the mean concentrations of chlorophyll, were very similar in
the two years i.e. 39pg 14 in 1992 and 36pg 14in 1993, and the maximum value achieved in both years was ca 100pg
14. However, the temporal patterns in pigment levels differed considerably between the two years with the main peaks
occurring in June in 1992, and October 1993.

Unicellular centric diatoms produced sizeable crops in spring and September in both years, but the autumnal
maximum in 1993 approximated to 50000 m14, while that of 1992 was estimated at just under 30000 mr. The
population maxima of a number of other phytoplankton species differed by an order-of-magnitude between the years.
For example, the diatom Fragilaria crotoncnsis produced a aop of 4000 cells mr in 1993, having been hardly
recorded at all in 1992. Of the blue-green algae, Anatmena formed the main blooms in summer 1992, while
Gomphosphaeria dominated the less noticeable aops in summer 1993.

While calm conditions enhanced the ability of the larger blue-green algae to form surface blooms and edge scums
in summer 1992, algal cell numbers had already exceeded 1000 mI4 over the loch as a whole by the previous spring,
these species thus have the ability to survive under conditions other than those traditionally associated with such
scums. Moreover, the lake-wide population densities in the summer could have been achieved by as few as two
doublings (cell divisions) of the spring crop. In terms of overall biomass (e.g.chlorophyll, concentration), some of the
aops of diatoms which are normally associated with well-mixed conditions and are thus distributed evenly over the
loch, constitute larger lake-wide populations than the blue-green algae. These considerations strengthen the view that
the blue-green algal problem stems not from biomass per se, but the peculiar ability of these organisms to rise to the
surface and perhaps accumulate further on a shore, when many other algae would sink onto the sediments.

Of the nutrients likely to be limiting the production of algal cells, P was the most important, although SiO,
influenced the seasonal performance of diatoms. Light availability does not appear to have been a major limiting
factor except perhaps in mid-wi nter. Rapid increases in the numbers of certain diatoms in February 1993 are attributed
more to wind-induced, re-suspension of cells from the sediments, than to true growth. Secchi disc transparency
readings ranged from ca Irn to 3m, indicating that for much of the year, the majority of the algal cells would have
been in the productive, 'euphotic' zone.

Of the loss' factors determining what fraction of the algal cells produced are observed as biomass in the water
column, flushing rate and zooplankton food preferences are considered, and the influence of the following are
discussed: the passage of a volume of water equivalent to >70% of the loch in January 1993 on cell washout; the
spells of very low flushing equivalent to 4.1 loch volumes mo4 in summer 1992 on SRP releases from the sediments
and accumulation of (blue-green) algal biomass; and the population dynamics of Daphnia in relation to the size
structure of the phytoplankton.

The annual mean concentrations of chlorophyll, in the two years covered here contrast with values of 21pg 14 in
1985, 50,ug I-I in 1990 and a60pg 11-1from 1968 to 1973 inclusive, but they do not differ significantly from the other
12 years for which suitably intensive data are available i.e. 1974 to 1983 inclusive, and 1988 and 1989. A major data
analytical programme is planned, and this will explore other features of the dynamics of nutrients and phytoplankton
that may indicate whether the P reduction strategies to date have been effective. It is also recommended that an
attempt be made to quantify the (assumed) reductions in P loading due to STW upgrades.
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1. GENERAL INTRODUCTION - SCOPE AND AIMS

This report presents the results from the latest phase of monitoring nutrient
levels, phytoplankton status and associated physico-chemical conditions in
Loch Leven. Table 1 summarises what has been measured and how often
samples have been taken. The work follows reductions in the external loading
of phosphorus (P) of some 6t y-1(equivalent to ca 30% of the total measured
in 1985) by the end of 1987, and subsequent reductions after upgrading of
various sewage treatment works in the catchment.

Table 1. Physico-chemical, nutrient and phytoplankton studies on Loch
Leven 1992/93.

determinand

water temperature

pH

conductivity

dissolved oxygen

nitrate-N


phosphorus fractions

silica fractions

chlorophyll,

algal species and cell

numbers

size spectra

numbers of samples and temporal
coverage 


Aprg May and June 1992: two samples per month from

the Sluices site (near the outflow) and from the edge of


the Kirkgate Pier, and the lower South Queich.

Additional, samples (e.g. edge scums) taken on an ad


hoc basis.

July 1992 to September 1993: sampling once in every

week (not necessarily at 7-day intervalsj, and alternating

between a 4-site programme (middle of West Bay due


south of Kirkgate Tier, mid-water south of Reed Bower,

the Sluices and the lower South Queich), and coverage


of these sites plus another 7 over the length and breadth

of thc loch.

October and December 1993: as above but fortnightly

sampling and at 3 loch sites and the lower South Queich


only.

Analyses: all determinands listed except that no

phytoplankton analyses are done on the Queich samples,


and while rapid checks are sometimes made on

cyanobacterial numbers in most samples when pigment

analyses indicate a patchy distribution, only one sample


is assessed fully for phytoplankton species and

abundance data.

The report covers the two calendar years 1992 and 1993 - although very few
samples were collected before April 1992. Funding for Loch Leven work in
1992 only commenced on 1 June as a direct result of certain blue-green algae
(cyanobacteria) becoming very abundant. Indeed, the main surveillance
programme that incorporated the large numbers of sampling sites indicated in
Table 1, was started in early July in order to assess as reasonably as possible
the lake-wide abundances of particularly the large blue-green species such as
Anabaena and Microcystis whose populations had by then reached bloom
proportions. Under favourable conditions, these organisms can buoy up to the
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surface and exhibit a heterogeneous pattern of abundance in the vertical
plane. At such times too, they are often distributed very patchily across the
loch.

Field and laboratory methods are only described in any detail for the
sediment work. Full accounts of the various procedures followed in the
plankton studies are given in a number of reports produced by this laboratory
for the Forth River Purification Board, Scottish Natural Heritage, The Nature
Conservancy Council for Scotland, The Nature Conservancy Council and the
original Nature Conservancy. Of major relevance, however, is that apart from
the algal and chemical samples taken from near the outflow of the loch
where a bucket was caste from the edge or dipped into the water from a boat,
water was collected by bucket in the case of sites <2m deep, and with a 2-m
long, 6-cm diameter Marley tube at stations deeper than 2m. Thus, the vast
majority of the concentrations of nutrients and algae reported here are
representative of at least the top 2m of the water column. Previous studies
suggest that such samples are representative of the whole water column on
most occasions.
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2. PHYTOPLANKTON ECOLOGY - GENERAL CONSIDERATIONS

Literature on aspects of phytoplankton ecology of special relevance to the
findings from the observations made in 1992 and 1993, has been recently
collated elsewhere (Bailey-Watts et al 1994).A considerable number of
physical, chemical and biotic factors control the observed sequences and
population density changes of many dozens of phytoplankton species
recorded. The algal growth patterns observed represent the net outcome of the
relative abilities of the different types to capitalise on, or cope with the ever-
changing scene as regards these factors. Over the two-year period covered
here, however, shifts in nutrients, flushing rate, the underwater light climate
and Daphnia abundance, explain many of the fluctuations in the
cyanobacterial and diatom species which dominate the assemblages.

There are three nutrients of major importance: dissolved nitrate (NO3-N),
inorganic phosphate (PO4-P, or soluble reactive P, SRP) and silica (Si02).
Where algal production overall is limited by a nutrient, SRP is the most
likely cause in this part of the world. It is the fraction of P that is most
immediately available for plant growth, and it is required by all plants.
Moreover, the general trophic status of the loch is determined by the total P
content (TP) and the interactions between SRP and the particulate fraction of
this total (PP). The other nutrients may fall to levels that limit algal
production, but in contrast to SRP, the production of specific groups of algae
only. SiO2 shortages will ultimately affect only the diatoms, as these are the
only algae having an absolute requirement for this nutrient; that is, even
nuclear division cannot proceed in the absence of SiO2 (Sullivan and Volcani
1981). NO3-N can be used by all plants, and is required by most, but with the
important exception of certain cyanobacteria which in the absence of nitrate
can fix atmospheric N dissolved in the water (Carr and Whitton 1982).

Physical factors are also important, not least in determining to what extent
nutrient supplies are utilised to support phytoplankton production and growth,
and influencing species sequences. Water clarity and the degree to which the
loch is mixed control production through their influence on the light
perceived by the cells of these photosynthetic organisms. The light climate
can also determine what types of algae are produced, there being 'light' and
'shade' species. The dynamics of the phytoplankton populations also mirror
well the observed changes in flushing rate. By determining for how long a
mass of water remains in the loch, the flushing regime certainly influences
the amounts (biomass) of algae observed. This factor could also affect the
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types of algae produced. The more rapid the flushing, for example, the faster
a species will have to grow in order to build up its population density.

The nature of the zooplankton can also explain certain aspects of
phytoplankton 'succession'. Studies at Loch Leven have highlighted the
influence of these animals on the success of relatively large algae - including
the most troublesome bloom-forming blue-green species - in summer.
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3. RESULTS ON PHYTOPLANKTON ECOLOGY

3.1 Temporal fluctuations in total and particulate phosphorus and
phytoplankton chlorophyll.

TP levels ranged overall (i.e. including the results for all sites sampled) from
ca 20/zgl-I to nearly 400/4g11 although few values exceeded 200/2g
(Figure la). The points plotted describe more-or-less simple wave-like curves
with 4 peaks. Mthough there are minor peaks of 80pg in March 1992 and
ca 95pg 0 in March 1993, the clusters of values averaging ca 150/4 P 0 in
late June-early July 1992 and ca 100/2g0 in September-October 1993 are the
main features of Figure 1. Annual mean values were approximately 90/2g
in 1992 and 60,ug 1-1in 1993. Changes in the concentrations of the particulate
P components describe a similar pattern to that of TP.

Inter-annual differences in the timing of, and to some extent the
concentrations of P achieved at, the TP maxima, are very marked. This is in
character with the year-to-year variation in the dynamics of the
phytoplankton, of nutrients and of such a basic feature as water clarity (see
below), in this waterbody.

Eight chlorophyll8 maxima including 4 which correspond to the TP peaks
identified above, are highlighted with the names of the main algae
contributing to them, in Figure lb. Temporal variation is considerable over
scales of weeks, months and seasons, and between years. Interestingly,
however, the annual mean pigment concentration of 39pg 0 calculated for
1992 is not significantly different from the corresponding value of 36mg
obtained for 1993. Wind-induced changes in the spatial distribution of
chlorophyll3 are discussed in Section 3.3.

3.2 Population dynamics of individual phytoplankton species

As already indicated by the variety of algal types associated with the
different chlorophyll. maxima (Figure lb), 1992 contrasts considerably with
1993 in the seasonal abundance patterns of even the dominant algae (Figure
2a). Within the cyanobacteria, the flos - aquae form of Anabaena flos - aquae
Breb. ex Born. et Flah. was present in almost pure stand in the blooms
recorded in June, July and much of August 1992. It had approached 103
individuals even in late March of that year (Figure 2a). A loch-wide

concentration in June 1992 of ca 5000 individuals m11 (i.e. a density
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equivalent to little more than 2 doublings of the spring population), is some
100 times the figures recorded during the same month in 1993.

In 1992, Microcystis aeruginosa Kutz. emend. Elenkin, succeeded A. f7os-
aquae and so did not dominate the scene until late August with a peak
biomass of ca 450 colonies mr (Figure 2b). The period of its main increase
in biomass in 1993 took place approximately one month later than that in
1992, and the maximum population density recorded was less than one-sixth
of the 1992 value.

While the two genera already discussed were less abundant during 1993,
another cyanobacterium - the colonial Gomphosphaeria (near G. lacustris
Chodat) - was much more common, and dominated the plankton in July and
August (Figure 2c).

Diatoms constitute the other main group of algae represented in the plankton
of Loch Leven. Spring growths of small unicellular centric ('pill-box') types
represented primarily by species of Stephanodiscus and Cyclotella, comprise
one of the few fairly consistent features of the phytoplankton calendar in this
loch. Figure 2d shows that they achieved population densities of at least
20000 cells ml4 in March 1992 and April 1993. Their production of
considerable autumnal crops which, as in the case of the two years covered
here, are larger than the spring ones, is not such a common feature, however.

Two species of the filamentous centric diatom Aulacoseira i.e. A. subarctica
(0. Mull.) Haworth (formerly Melosira italica subs. subarctica 0. Mull) and
A. granulata, and the colonial pennate diatoms Asterionella formosa Hassall
and Fragilaria crotonensis Kitton also produced very noticeable populations.
The marked contrasts in their respective dynamics, between 1992 and 1993,
are shown in Figures 2e, 2f and 2g.

Algal assemblages present when pigment levels were low, were generally
more diverse than those associated with the more-or-less pure stands of blue-
green algae and diatoms described above. For much the same effort that is
required to estimate the algal densities in such relatively species-poor but
dense growths, 20 or more different species could be recorded when
chlorophyll. concentrations were around 5 or 10,ug11 - as in early October
1992 and much of June 1993, for example. The species list for the whole
period reviewed here thus includes a variety of chrysomonads, cryptomonads,
and colonial, coenobial and unicellular green algae, as well as diatoms and
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cyanobacteria. Within the group of relatively sparse organisms however,
species of Rhodomonas and Cryptomonas (near C. erosa, reflexa, ovata and
marssonii) were the most numerous.

3.3 Spatial patchiness of the phytoplankton

Even in the warmer year 1992, when spatial differences in organisms would
be the more expected, diatom peaks correspond to relatively tight groupings
of chlorophyll, values (see Figure 1). Lake-wide average pigment
concentrations were then often considerably greater than when blue-green
algae formed the major part of the phytoplankton crop. Indeed, autumnal
diatoms constituted the peak annual biomass levels in both years. Yet, even
discounting the extraordinarily intense public awareness of the blue-green
algae in Loch Leven (in large part elicited by the SNH 'launch' in June
1992), the diatom populations passed unremarked. The 'algal problem' thus
appears not to stem necessarily from massive biomass production. Rather, it
is due to the peculiar ability of the large blue-green species such as
Anabaena and Microcystis to rise rapidly to, and concentrate at, the water
surface under calm conditions when many other algae would sink.

Although the number of sampling stations alternated each week between
three and ten, sharp changes in the degree of patchiness in algal distribution
over the loch are evident from the shifts in the range in chlorophyll,
concentrations (Figure lb). When the large cyanobacteria are dominant,
pigment values often range widely, that is, in the horizontal plane as well as
the vertical plane already noted. An extreme example of this concerns 9 July
1992 when values ranged from 10 to 20Qug 11.In contrast, pigment
concentrations differed very little one week earlier - in spite of the continued
dominance of large blue-green algae. This mixing event coincided with a
decrease of more than 5 Celsius degrees in both the daily maximum and
minimum air temperatures, following a protracted period of relatively stable
weather (Bailey-Watts et al 1994).

Although at the height of the Anabaena bloom in mid-June 1992, surface and
edge scums containing ca 106 individuals could be found, it is unlikely

that the mean, lake-wide, value ever exceeded about one two-hundredth of
this concentration. However, concern was expressed even when mean levels
of possibly only 3000 to 4000 m11 were present in summer. This is due to
the peculiarly visible nature of these algae, and the fact that more people tend
to be on or near the loch in summer than in winter, early spring, or autumn
when diatoms are usually most abundant. It is during the months in 1992
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when. In contrast to the situation described for 1992, pigment levels in 1993
remained much more uniform even when the blue-green alga
Gomphosphaeria was prominent. However, as this is considerably smaller
than the majority of Microcystis aeruginosa colonies and Anabaena
aggregations, it does not (indeed, on physical grounds, cannot - Reynolds and
Walsby 1975) rise very rapidly to the surface even under warm, calm
conditions when the water column may well stabilise and even stratify.

3.4 Factors controlling phytoplankton abundance and species composition

This section deals with the interactions between the phytoplankton and
nutrients, underwater light, flushing rate and certain aspects of the
zooplankton. As weather conditions impinge on all of these factors,
references to wind and temperature appear throughout.

3.4.1 Dissolved nutrients

As the SRP concentrations measured (Figure 3a) represent what has not been
sequestered by the phytoplankton at the instant of sampling, and assuming
that algal biomass was consistently limited by SRP availability, these
concentrations would be expected to fall or remain low as algal numbers
increased. This would appear to be the case during much of the first 6
months of 1992 and for somewhat longer in 1993. Indeed, the actual
concentrations of SRP (and chlorophyll.) over these periods are very
moderate for an 'infamous' waterbody - and perhaps reflect the effects of a
cutback of P inputs to the loch.

There are, however, two other periods in particular - early July 1992 and
September 1993 - during which both algae and SRP levels increased. A
closer examination of the data suggests that the sharp rise in SRP over the
period mid-June to early July 1992, coincides with a decrease in algal
biomass; chlorophyll1 levels on 2 July which (as noted above) was very
windy, were around 28ug 1' throughout the loch. SRP levels decreased
thereafter, sharply at first as Anabaena became more prominent again, and
less rapidly later on, and through to mid-September with the succession of
Microcystis and unicellular diatom populations. The autumnal maxima of the
diatoms Stephanodiscus and Aulacoseira (producing what was the loch-wide
peak phytoplankton biomass for 1992), eventually reduced the SRP levels
even further - to <5pg 11by mid-September.
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The mean annual SRP levels were considerably lower in 1993 (7.3-8.3/4 0
depending on sampling station) than in 1992 (20-30pg 0), and while a pulse
of high SRP was recorded in both years, that of 1992 was recorded in July,
while that of 1993 was observed in September. In both years, however,
phytoplankton densities were already high before the main peaks in SRP are
observed, though not as high as the crops that follow the SRP maxima. This
suggests that sediment-augmented P supply might have fuelled some
additional growth of algae - summer cyanobacteria in 1992 and autumn
diatoms in 1993.

Since Microcystis and diatoms succeeded Anabaena in 1992, the question
remains as to why Anabaena faded. The few nitrate data presently available,
suggest that the inorganic N to inorganic P (SRP) ratio was very low (0.5:1
to 3:1) at the beginning of July - as a result of enhanced inputs of phosphate
from the sediments and the removal of nitrate (probably) by de-nitrifying
bacteria. Yet, the ratio continued to decrease throughout July and August.
Such conditions would have been expected to favour Anabaena which is
capable of fixing the N2 in the water, over Microcystis which is usually
thought not to possess this ability. Diatoms almost certainly do not fix N in
this way, and their main resurgence in mid-September corresponded to
conditions of much higher nitrate levels. Their growth, though very marked,
was short-lived however, due in part at least to low P levels.

Changes in silica (Figure 3b) are very clear, with some long periods of
sustained increase or decrease. The following phases can be identified:-

in 1992
- April-May: values <1mg
- June, July and August: an increase from ca 0.5mg to 10-11mg
- September: a sharp decrease to ca 3mg 0, mainly within 3 weeks
- October, November and December: an increase to ca 7mg

in 1993
- January to mid-February: a decrease of ca 2mg
- mid-February to mid-March: a further, very sharp decrease of c

6 mg 0 to <0.1mg
- a more or less consistent increase of 2mg 0 (and thus, to ca 2mg

by mid-May
- an decrease of ca 1.5mg 0 to the beginning of July
- an increase of ca 1.5mg 0 to 2mg1-' again by mid-August
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a rapid drop to levels near the detection limit which prevailed for much
of September
a somewhat erratic rise in values to ca 2mg 14by the turn of the year.

Increases in 5102 usually corresponded to declines or nil growth in the
diatom populations, while decreases in the nutrient level often accompanied
vigorous increases in diatom biomass (Figures 2d-2g above). However, the
extensive build-up of Si02 in summer 1992 may well have been accelerated
by sediment release; some of the rise occurred over the calm, warm, period
during which P was also released. The silica release suggests that high pH
was a contributory factor - and pH values exceeding 9 units were recorded
around this time. Sediment release undoubtedly contributed to the
considerably higher mean concentration of Si02 calculated for 1992 i.e.
5.0mg 1cf 1.5mg 1-1in 1993. Even so, the contrast between the years is
generally mirrored in the greater prominence of diatoms in the plankton in
1993 (see above).

While low P was probably the main cause of the halt in the spring diatom
growth in both years, and of the autumnal diatom maximum in 1992, Si02
was also reduced to very low levels. Thus, even if P levels had been higher,
the available Si02 could not have supported but a fraction of a doubling in
diatom numbers. This is a situation found in a number of previous years. The
view that P is the main nutrient controlling algal production, however, is
borne out by the results of enrichment experiments (Bailey-Watts, Kirika and
Hakansson 1994). The only other time during which Si02 was likely to be the
major limiting factor was September 1993.

Nitrate analyses completed so far suggest that the 1991/1992 winter
maximum was ca 2.5mg 14. By mid-April 1992, levels of ca 0.4mg 14 were
recorded, and the decline continued more or less as in many other years, to
very low concentrations i.e. <100pg N 14by June. Even lower values (<20pg
0) were reached by August and these prevailed throughout that month and at
least the first half of September. Only in October 1992 did the concentrations
start to increase again - with some 200pg 11being attained by the end of that
month (the last occasion for which data are presently available).

3.4.2 The underwater light climate

The factors controlling the underwater light climate and the light field
perceived by planktonic algae are complex. Daylength and irradiance
determine the amounts of light energy hitting the water surface, while
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reflectance determines how much of this energy enters the water column.
Thereafter, the total energy, its distribution with depth and its spectral
composition are influenced by factors that attenuate the light. Included here
are detrital and other particles re-suspended from the sediments, and
planktonic organisms including the algae themselves.

For much of the year in Loch Leven, the phytoplankton constitutes the major
light-attenuating factor, accounting for an average of ca 75% of light
extinction at the highest phytoplankton densities (Bindloss 1974). Indeed, in
contrast to the peaty, humic-stained lochs which characterise much of
Scotland's freshwater resource, the water itself in Loch Leven is intrinsically
very clear. On occasions, however, this broad, exposed and shallow loch can
become turbid due to flash flooding bringing in soil particles, and to wind-
induced turbulence lifting material from the bottom deposits. Rapid increases
such as that observed in February 1993, in the numbers of the diatom
Aulacoseira, are thought to be due as much to wind-induced re-suspension of
the filaments from the sediments as actual growth. A similar situation has
been documented for the warm winter 1988-89 (Bailey-Watts 1990).

Open water clarity as measured by Secchi Disc ranged from ca 0.8m to just
over 3m (Figure 4a) and related to chlorophyll2 levels according to Figure
4b. In 1992, Secchi disc values remained <lm until mid-June before
increasing rapidly to a peak level of 2m with the mixing of the blue-green
algae by the end of that month. The water clouded again and the values
decreased to ca lm by mid-July. The water became clearer for a brief period
after this, but values of <lm were again recorded with the increase in diatom
numbers up to mid-September. Only after the collapse of these populations
over the next fortnight did the water clear again - and to the clearest for 1992
with a maximum value of 3.05m. While the first phase of the subsequent
decrease in water clarity right up to the end of 1992 is in line with increases
in a variety of algae and especially Cryptomonas, the later phase
corresponded to an overall decrease in phytoplankton.

Generally windy weather and turbulent conditions, and the associated
dominance by 'heavy' diatoms, resulted in low clarity persisting for much of
the first quarter of 1993. Not surprisingly in view of the considerable
contrasts identified between the years as regards phytoplankton abundance
and species composition, even the main peaks and troughs in water
transparency in 1993 differ from those in 1992. First, even though there are
few data for June 1992, it appears that the water during that month was
considerably cloudier than it was a year later. Conversely, at the same period
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in 1992 when the water was at its clearest i.e. October, Secchi disc readings
in 1993 were near the annual minimum value.

Bindloss (1976) found that Secchi disc transparency values over the period
1968-1971 were equivalent to approximately one-third of the euphotic depth,
that is, the depth at which there is no net production because photosynthetic
gains by algal cells are more or less balanced by respiratory losses. Only
when cells are circulated through, or are able to move into, the better-
illuminated zone above this depth, is net production positive. If the Secchi
disc transparency-euphotic depth relationship found by Bindloss holds for the
two-year period covered here, the euphotic depth has varied from marginally
less than 3m to approximately 9m, accounting for ca 35% and 93% of the
loch volume respectively (Smith 1974). There are thus few occasions on
which cells of planktonic algae are not within the euphotic zone. It has been
known for a long time too, that large areas of the loch bottom support
substantial crops of algae (Bailey-Watts 1974).

3.4.3 Flushing rate

Data on Loch Leven extending back some 25 years show that a number of
factors in addition to plankton losses by washout from the loch, are
controlled by, or associated with, different rates of water throughput (Bailey-
Watts et al 1990). Temperature maxima of the water (and the surface
sediment in this shallow loch) in summer tend to be higher during spells of
low flushing than in wetter periods; and fluxes of nitrate to, and - apparently
as a consequence of this - phosphate from, the sediments are also more
evident in low-flushing summers than wet summers. The contrasting flushing
regimes of the two years covered here, appear to have influenced
considerably the timing of SRP releases from the sediments (Figure 5a), and
the build-up of chlorophyll. levels (Figure5b).

A major feature of 1992 is the period May to August during which monthly
flushing rates did not exceed 0.12 loch volumes. It was also warm. The
conditions plainly favoured bloom formation of the blue-green algae which
had maintained a moderate biomass over the previous few months. It is worth
surmising in this connection that the dense blooms might not have occurred
had not the algal population been able to survive, if not actually grow, over
the previous months under conditions that would not normally be associated
with these species. Equally, while there is a strong link between blooms and
calm, warm weather, the material constituting the surface scums is often
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stressed (e.g. by high light intensity). By definition too, the time at which the
maximum numbers are recorded, heralds the decline in the population.

As May 1993 was wetter than May 1992, and an amount of water equivalent
to ca 70% of the loch volume had passed through in January 1993,
significant accumulation of phytoplankton biomass was somewhat curtailed in
comparison with 1993. Indeed, algal levels did not start to increase to any
significant extent until the beginning of July. However, with low flushing
during the following 8 weeks, and possibly for longer than this considering
rainfall figures (there being no flushing rate data available at the time of
writing), chlorophyll. concentrations approached 80yg 1-1which proved to be
the maximum for 1993.

While increases in flushing rate are commonly accompanied or closely
followed by declines in chlorophyll. levels, this is not always the case. In this
connection the effects of the extremely rapid throughput of water in January
1993 appears to be rather minor. However, low light (short days) at this time
of the year would suppress algal production even though (as is normally the
case) all major nutrients were at or near their annual maximum
concentrations.

There are also a number of instances during which the flushing rate falls but
chlorophyll. levels do not increase. This can be due to nutrient or light
limitation, or to the fact that while the overall phytoplankton density (as
measured by chlorophyll. levels) may not increase, a particular population
can be growing. As to why bloom-forming cyanobacteria were so sparse
during and following the low-flushing month of July 1993, is attributed to
other weather conditions and the fact that Gomphosphaeria was already
abundant. At this time in 1993, it was often very windy, and the later success
of a number of diatoms which favour well-mixed conditions reflect this. It is
possible too, that these species were able to capitalise more efficiently than
the large blue-green algae on the initially relatively low SRP concentrations.

•The increase in SRP at the end of August 1993 and over a period during
which pigment levels were on the increase, is interesting. As water
temperatures had dropped to ca 15°C, release from the sediments might not
have been expected to be so marked. However, as it seems unlikely that a
rise of some 60/4 P 11(which is equivalent to 3000kg over the loch as a
whole), stemmed immediately and so quickly from the catchment, recycling
from the loch deposits must be implicated. Some of the initial fall in SRP
levels may thus be due to re-sorption of phosphate as the water cooled
further and windy conditions prevailed. The remaining and subsequent falls in
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SRP are in line with the increases in chlorophyll, that were sustained through
September during which time the annual phytoplankton maximum was
recorded. By the end of the year phytoplankton levels were still at around
50ug l while, perhaps not surprisingly, SRP concentrations were very low.

The massive increase in S102 in early summer 1992 must be attributed to
sediment release, and the low flushing conditions allowing this nutrient (as
with SRP) to accumulate in the water column. However, while on resumption
of slightly higher flushing rates SRP levels decline at a rate indicating re-
sorption by the sediments, decreases in both of these nutrients correspond to
increases in a number of diatom populations.

3.4.4 Crustacean zooplankton with special reference to Daphnia

Loch Leven zooplankton studies carried out since the turn of the century, and
up to and including the two years of main concern in the present report, have
been recently reviewed by Gunn, May and Bailey-Watts (1994). Daphnia
hyalina Leydig is regarded as the main grazer of phytoplankton in Loch
Leven (Bailey-Watts 1982, 1986; Bailey-Watts and Kirika 1981). Changes in
its abundance correspond to seasonal, inter-annual and long-term fluctuations
in the size structure of the phytoplankton assemblages. As Daphnia increases
towards its peak densities the relative abundance of large phytoplankton -
including bloom-forming blue-green species - also increases. This is the
situation prevailing in June 1992 when the annual maximum numbers
Daphnia were recorded in the presence of an Anabaena-dominated
phytoplankton crop. In this respect, it is possible that the animal contributes
to the success of these troublesome algae. The prevalence of small
cyanobacteria in the summers of 1968-1970 during which time Daphnia was
never recorded in the loch, supports this view. However, the 1993 peak (in
May) was not accompanied by an increase in the relative abundance of large
algae, although it did follow the decline in the numbers of small diatoms. In
contrast to many of the other water quality features (including algal
composition) assessed so far, the annual maxima of Daphnia were somewhat
similar as regards their size and timing in the two years covered here (Figure
6).

More in line with the overall contrast between 1992 and 1993, are the
seasonal trends in the population of another micro-Crustacean - the cyclopoid
copepod Cyclops abyssorum Sars. 1993 was unusual in that the population
maximum occurred in the autumn rather than the spring. The reason for this
is unclear but it might be linked to an increase around this time, of the
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calanoid copepod Eudiaptomus gracilis Sars on which it preys (Fryer 1957).
Eudiaptomus in turn, was probably capitalising on the relatively high
phytoplankton levels (50-100mg chlorophyll,11) which prevailed at the time.
Moreover, the algal crop was dominated by 'nanoplankton' i.e. small centric
diatoms, with a background of small flagellates (Bailey-Watts et al 1994), on
which Eudiaptomus is also known to feed preferentially (Gliwicz,1969).
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4. CONCLUDINGREMARKSON NUTRIENTAND ALGAL ASPECTS

OF WATER QUALITY:ADVANCESIN KNOWLEDGEAND


THOUGHTSON FUTURERESEARCHREQUIREMENTS

The findings discussed above emphasise just how much information on
changes in nutrients and phytoplankton in a lake like Loch Leven, is gained
from a weekly/fortnightly surveillance programme. It is vital that such a
schedule is continued into the foreseeable future, if the following impacts on
the NNR are to be satisfactorily documented and explained: (i) the reduction
in P loading (ii) the ever-varying weather regime, and (iii) the recent
introduction of Rainbow Trout Oncorhynchus mykiss.

The work has begun to advance knowledge about the factors controlling the
particular sequences of phytoplankton species, as well as the changes in the
abundance of the different types in this loch. Attention has also been drawn
to the fact that some of the troublesome bloom-forming cyanobacteria are
quite capable of surviving conditions quite different from the warm, calm
situations traditionally associated with them. Indeed, while calm weather is a
pre-requisite to surface scum formation, it need not be warm. Anabaena
species have been recorded in Loch Leven even in mid-winter. The
observations made in 1992 illustrate how critical the timing of a particular
shift in the weather (such as the sudden mixing event on 2 July) can prove as
far as the success or otherwise of an algal population. The authors contend
that had the gentle breezes on 13 June 1992 (the day of the SNH 'launch')
not prevailed to the west and the fishing pier end of the loch, the high profile
subsequently attained by the 'blue-green algal problem' would probably not
have materialised.

Further insight has been gained into the role of phosphate re-mobilised from
the sediments. While low-flushing conditions associated with release events
will allow algae more time than otherwise to accumulate biomass, it appears
that some of the re-cycled P enhances algal production. Nevertheless, more
detailed studies are needed on the P content of algal cells over a period
covering the development and decline of sediment release pulses.

There is also an urgent requirement to assess more adequately than hitherto,
whether key chemical and biological features of water quality have changed
as predicted by Bailey-Watts et al (1987) and Bailey-Watts, Gunn and Kirika
(1993). Certainly, overall phytoplankton abundance as measured by the
annual mean concentrations of chlorophyll., have shown no consistent trend,
and certainly not one of decreasing values. The figures of 39pg 11 and 36pg

16



calculated for 1992 and 1993, respectively, are considerably less than the
values which ranged from ca 60pg to 90pg over the period 1968 to
1973 inclusive. However, apart from the concentrations of 21pg 11calculated
for 1985 which was characterised by an extremely wet summer (Bailey-Watts
et al 1987), and Mpg for the dry year 1990 (Bailey-Watts, May and Kirika
1991), the values range between 30pg r and 40,ug 11for the years 1974-1976
(Bailey-Watts 1978), 1977-1979 (Bailey-Watts a al 1983), 1980-1982
(Bailey-Watts 1982), 1983, 1988 and 1989 (Bailey-Watts, May and Kirika
1991).

A major data analytical programme is thus envisaged, which would aim to
establish whether there are any long-term trends superimposed on the very
prominent inter-annual and shorter-term fluctuations. The features that would
be examined include, as examples, winter P levels, the duration of dense
algal blooms, and aspects of the composition of the phytoplankton
assemblages, including species diversity and trophic scores.

An attempt still has to be made to quantify the (assumed) reductions in P
loading post-1987 i.e. following the major cutback of mill effluent
recommended by Bailey-Watts et al (1987), and covering tbe period during
which sewage treatment works have been upgraded.
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Figure 1. Changes at Loch Leven during 1992 and 1993 in the
concentrations of total phosphorus (a, upper pane)) and the overall

abundance of phytoplankton measured as chlorophyll. (b, lower panel) with

indications of the main species at various crop peaks (BG - Blue-green algae,

D - Diatoms, C - Cryptomonads). Vertical lines connect the data points for
all sites sampled on the same day.
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Figure 2. As Figure 1, for the populations of Anabaena flos - aquae (a, upper
panel), Mierocystis aeruginosa (b, middle panel) and Gomphosphaeria (c,
lower panel). These estimates refer to the open water site south of Reed
Bower, or in the case of very stormy weather, the sluices (outflow) station.
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Figure 2, continued. Unicellular centric diatoms (d, top left), Aulacoseira
species (e, top right), Asterionella formosa (f, bottom left) and Fragilaria
crotonensis (g, bottom right).
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Figure 3. As Figure 1 for the concentrations of soluble reactive phosphorus

(a, upper panel) and dissolved silica (b, lower panel).
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Figure 4. Changes in water clarity measured by Secchi disc at an open water

site in Loch Leven during 1992 and 1993 (a, upper panel), and the
relationship between Secchi disc transparency and chlorophyll. concentration
(b, lower panel).
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Figure 5. Changes in chlorophyll. (a, upper panel), and soluble reactive
phosphorus (b, lower panel) measured at an open water site in Loch Leven
1992-1993, with the corresponding monthly flushing rate values.
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Figure 6. Changes in Daphnia abundance and chlorophyll, concentration in
Loch Leven 1992-1993; data refer to the open water site south of Reed
Bower. The sharp fluctuations in chlorophyll, concentration in summer 1992
are thought to be not due to zooplankton grazing, but to primarily, the week-
by-week changes in the (patchy) distribution of the large blue-green algae
that were abundant over this period.
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