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ABSTRACT

During the period 1989-1990, phytoplankton blooms were observed in three lochs on
Mainland Shetland. Land improvement procedures were taking place in each of the
three drainage basins involved. The standing freshwaters of the Shetland Islands
constitute a limited resource, having amenity value in terms of brown trout fishing,
potable water supply and nature conservation. There was therefore concern that
deterioration in water quality might be occurring as a result of fertiliser usage within
loch catchment areas. In order to investigate this hypothesis, studies of current water
quality, phytoplankton and macrophyte community structure, soil and sediment

characteristics were undertaken.

Of the thirty one lochs examined, only six were oligotrophic in nature. This indicated
that twenty five lochs were at risk of developing excessive algal growth, as once total
phosphorus levels exceed 10 ug P L, this becomes increasingly likely. In addition,
monitoring of loch inflow waters of five drainage basins indicated that in catchment
areas incorporating improved grassland, cattle/dairy farming and septic tanks, P
concentrations were higher than those of both the receiving waters and the inflows in

other watersheds with little anthropogenic influence.

Examination of data collected from thirty one lochs on phytoplankton taxa and
numbers, combined with information on environmental parameters measured,
indicated that certain phytoplankton were associated with particular water column
conditions. Green algae were advantaged where enriched waters were relatively high
in total phosphorus (TP) and total ammoniacal nitrogen (TAN). Of the blue green
algae, Anabaena was found to be successful at the highest concentrations of TP and
TAN, in association with low total oxidised nitrogen (TON) levels.

Macrophyte community structure was not found to be a useful means to characterise
water column trophic status in the sites investigated. Examination of the macrophyte
communities was not therefore used in assessing the susceptibility of waters to
development of high phytoplankton biomass. This lack of explanation was partly due
to the direct influence of sediment quality on macrophyte community structure. Many

sediments represent an accessible nutrient source, whilst other types of bottom deposit



may either retain low levels of available nutrients, or inhibit macrophyte colonisation.
The types of macrophyte which tend to grow in oligotrophic water bodies have little
effect on nutrient cycling, whereas those associated with nutrient rich waters may act

as nutrient "pumps” from sediment to water column.

P adsorption tests indicated that soils with an organic content of >80% were likely
to retain little of the P added to them. Low soil pH (pH <4.00) also had a
deleterious effect on P retention capacity. P adsorption tests with sediment from four
lochs indicated that P retention within the upper 5 cm was related to organic content
and magnitude of previous P additions. Soils and sediments rich in Ca, Mg or Fe and
low in organic content retain a higher proportion of the P applied to them, than those
poor in cations and high in organic matter. The more organic soils and sediments also

release P which has been added to them previously.

After considering the literature on ameliorative measures in enriched loch systems,
it was concluded that implementation of appropriate catchment management
procedures in order to prevent development of nutrient enrichment difficulties was a
more appropriate approach than attempting to improve water quality after enrichment
has occurred. Using an established model, existing P loadings from five drainage
basins were estimated. In the watershed with the highest proportion of the catchment

undergoing pasture improvement, P export coefficients were found to be greatest.

The combined data from inflow water quality, soil and sediment nutrient retention and
estimates of nutrient runoff indicate that the freshwaters of Shetland are clearly
susceptible to enrichment. The deleterious effects which result are those of excessive
phytoplankton growth. In order to prevent further deterioration of water quality,
caution must be exercised in the management of both point and non-point nutrient

discharges in the future.
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CHAPTER 1: GENERAL INTRODUCTION

11 INTRODUCTION

1.1.1 Physical processes influencing in development of primary
4 production in freshwater lakes

1.1.1.1 Formation of lakes

Various mechanisms of lake formation are responsible for basin shape. Lake

morphometry influences development of primary production in standing freshwaters

as it determines the potential area of macrophyte colonisation and the volume of water

receiving sufficient light to support photosynthesis. Drift and solid geology of a lake

catchment area are important in determining lake sediment characteristics and water

chemistry. The three main classifications of lake basin are referred to as rock, barrier

and organic in origin (Maitland, 1990) and are created in essentially different ways.

Erosion of the Earth’s surface through glacial action can result in formation of rock
basins. Geomorphological indentations caused by ice scour and or alternate freezing
and thawing of water allow formation of lacustrine features when ice melts. A glacial
lake may also be formed if ice melts on erosional deposits associated with an ice
sheet. Examples of lakes formed by glacial action are the Great Lakes of North
America (Strahler and Strahler, 1973). Rock basins are also located in areas of
previous volcanic activity. Collapse of rock structures created by lava flows, or sites
of eruption, collect water from the surrounding watershed to form volcanic lakes, e.g.
Crater Lake, Oregon, USA and Lake Kivu, East Africa (Strahler and Strahler, 1973).
Movements of tectonic plates in the Earth’s crust may form depressions along fault
lines, at sites of folding processes or subsidence. In areas of upward movements of
the surface, where plates are colliding, changing hydrological patterns can result in
creation of new water bodies, in addition to those occurring due to stranding of
marine basins. Standing waters formed by such processes are termed tectonic lakes,
e.g. Lake Victoria and Lake Nyasa in East Africa (Strahler and Strahler, 1973). In
areas where geological strata consist largely of sodium chldride, calcium sulphate,
aluminium or ferric hydroxides and limestone, surface erosion and subsidence due to
disappearance of supporting structures may occur as a consequence of dissolution of
these minerals. The resulting lakes are known as solution lakes and include Deep
Lake, Florida (Butzer, 1976). Depressions in the Earth’s surface occurring as a result

of meteorite collision account for the final category of rock basins (Butzer, 1976).
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Barrier basins are formed by natural damming processes such as the blockage of a
valley by lava flows or the erosional products of glaciers (moraine), flowing waters
(alluvium) or wind (loess). For example, Slide Lake, Madison River, Nebraska was
formed after a landslide (Strahler and Strahler, 1973).

Organic basins are those occurring because of the action of living organisms.
Damming may occur as a result of formation of dense vegetation growth, a coral
atoll, beaver activity, or reservoir creation by man (Wetzel, 1983).

1.1.1.2 Light in lakes

The amount of radiation energy falling as incident light upon an aquatic system
depends on time of year, time of day, latitude and altitude of the site, climatic,
atmospheric and local weather conditions. Only 1.5% of light which is vertical in
incidence is lost (Maitland, 1990), but quantity of light reflected obviously increases
with increasing angle of incidence, such as occurs during early morning or evening
and during winter in temperate regions. Under these conditions, the depth to which
light pervades the water column is shallow. Penetration of water by light not reflected
at the surface is further dissipated through absorbance by matter in solution or
suspension, as well as by water itself. Approximately 53% of light penetrating the
water surface is converted to thermal energy within the upper 1 m of water column
(Wetzel and Likens, 1990). Shorter wavelengths of light generally penetrate further,
but light intensity decreases logarithmically with depth (Maitland, 1990). Depth of the
water column is also important as shallow lakes are more likely to have significant
quantities of resuspended material present and more likely to exhibit light effects due

to sediment characteristics.

1.1.1.3 Distribution of heat energy in lakes

Lakes are often characterised by their mixis i.e. the process df physical circulation
of the water column, through temperature dependent water density changes. Whereas
pure ice has a low specific gravity and therefore floats, at a temperature of
approximately 4°C, water is at its maximum density. Consequently, water of this
temperature sinks (Wetzel, 1983). The nature of heat distribution and consequent
stratification in lakes falls into several categories. Amictic lakes are located at high

latitudes and altitudes only. There is no water circulation in these lakes, which remain
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_permanently ice covered and below 4°C on an annual basis. In cold monomictic

lakes, seasonal ice formation occurs, winter temperature remaining greater at depth.

Mixis is initiated in summer, temperature never exceeding 4°C during this season.

Warm monomictic lakes are found mostly in areas of tropical climate, thermal
stratification taking place in summer and circulation occurring the remainder of the
year when temperature is never below 4°C (and normally considerably higher).
Equatorial oligomictic lakes occur only in areas where incomihg solar radiation
continually maintains water temperature significantly in excess of 4°C. Stratification
is disturbed infrequently by wind mixing only. Under conditions of strong chemical
stratification, inhibition of lake mixis may occur, despite uniform water temperature.
This type of lake is termed meromictic. In contrast, holomictic or polymictic lakes
are continually mixed.

In témperatc regions, such as the UK, a dimictic regime dominates. In autumn, water-
temperature is greater than 4°C and full mixing occurs. Inverse stratification is
present in winter and as in cold monomictic lakes, ice often forms at the surface. As
temperatures rise above 4°C in spring, overturn is initiated, wind mixing the entire
water column. Thermal stratification takes place in summer owing to greater heating
of surface waters. The warmest layer nearest the lake surface is the epilimnion and
is separated from the colder deeper water, or hypolimnion, by a zone of rapidly
changing temperature, the metalimnion. Circulation is then maintained in the
epilimnion by wind action. The hypolimnion circulates separately, induction of mixing
occurring through movement of the back current of the epilimnion or by internal
seiches (Macan and Worthington, 1990). In a shallow lake, mechanical mixing
through wind action makes it possible for the entire water column to be of constant
temperature, regardless of season. However, in deeper, narrower lake basins, the
restricted surface area:volume ratio encourages formation of discrete masses of water

of different temperatures.

1.1.1.4 Effects of physical factors on plant growth

Hydrodynamic considerations, such as water column stratification, turbulence and
water exchange rate, together with light intensity and temperature, all influence
phytoplankton productivity. As photosynthetically active radiation (PAR) decreases
with depth, phytoplankton biomass will be proportionally higher in broad, shallow
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lakes than in narrow, deep'basins. Similarly, the whole water column may be heated
to constant temperature in a shallow lake, so stimulating greater algal growth when
considering it in relation to lake mass. In lakes where stratification occurs,
phytoplankton growth tends to be concentrated in the epilimnion. As growth proceeds,
nutrient levels become limiting and high phytoplankton biomass may lead to light
limitation. During periods of wind induced turbulence, additional nutrient supplies
from the hypolimnion are distributed throughout the water column. This may
stimulate algal growth, but limitation of biomass is imposed by continual removal of
phytoplankton from the photic zone. Volume of a lake basin in comparison to volume
of water supply from its catchment determines flushing rate of a body of water, which
in turn influences time available to phytoplankton for growth. This is because flushing
rate determines length of time available for water and sediment interactions, for
concentration of nutrients from the watershed, loss of nutrients from the catchment
through lake outflow and rate of loss of particulate matter (including phytoplankton)

to sediment and outflow.

1.1.2 Nutrients of major importance to aquatic plant growth

Water chemistry is influenced by sediment and catchment characteristics and is of
considerable importancé to phytoplankton productivity and population dynamics. Four
other major elements are considered to be significant in determining productivity of
freshwater systems: Si, N, P and C.

1.1.2.1 Silicon

Silica (Si0,) is a requirement of all phytoplankton for protein and carbohydrate
synthesis (Reynolds, 1986), but is of major significance to diatoms and some species
of Chrysophyceae and Xanthophyceae (Round, 1973). In diatoms, a pair of siliceous
frustules are necessary for strengthening the cell wall and in chrysomonads, silica is
used to construct protective scales (Reynolds, 1986). Although fragile diatoms such
as Rhizosolenia may dissolve after death, silica cycling in lakes may be complicated
by the permanent loss of assimilated silica to sediments because of the insolubility of
phytoplankton structures. Such structures are soluble only in very acid (Wetzel, 1983)
or peaty conditions in the water and sediments (Round, 1973), where silica solubility
is increased by humic acids and formation of iron- and aluminium-silicate-humic

complexes (Wetzel, 1983).



At the time of maximum diatom growth (spring in temperate lakes), lake waters
exhibit a notable decrease in concentration of dissolved silica (Lund, 1950) Although
species succession may occur in response to this, it is generally unlikely that low
levels of silica inhibit diatom cell growth in freshwaters (Boney, 1989). Silicates are
abundant components of mineral structures of rocks, therefore silica is continually
supplied from catchment soils and geology. It is likely that other nutrients such as P
and N become limiting before silica decreases to concentrations which would restrict
phytoplankton growth.

1.1.2.2 Carbon

Carbon (C) cycling in lakes may be described as following the processes of
photosynthesis, grazing, detritus formation and subsequent release of dissolved
organic compounds from products of death and excretion of aquatic organisms (Moss,
1980). Bacterial transformations have a varying, but important role in C assimilation
in lakes. In terms of plant uptake for photosynthesis, there are species, especially
mosses, which can utilise C in its dissolved carbon dioxide (CO,) form. Aquatic
angiosperms may recycle respiratory CO, through their lacunar systems. However,
many species have the ability to incorporate H,CO, into cellular processes, rather than
COz. This is important as inorganic C compounds exist in a series of equilibria as
follows:

CO, + H,0 2 H,CO, & HCO; + H* & CO,* + H*

The relative quantitieS of CO,, H,CO;, bicarbonate (HCO;) and carbonate (CO;?)
influence pH changes in the water. A change in the proportion of one of these
compounds shifts the equilibrium, so that photosynthetic utilisation of CO, can lead
to increased pH, so allowing formation of CaCO; or MgCO; (Wetzel, 1983). When
pH is < 4, CO, and H,CO, are the inorganic C species present in the water column.
In contrast, at pH 10, CO,> formation is enhanced, little or no CO, or H,CO; being
present (Moss, 1980). In temperate lakes, during times of peak photosynthesis in
summer, temporary shortages in CO, can be compensated for by plant species capable
of assimilation of C from H,CO,, although a metabolic cost will obviously be
incurred. Increases in concentration of CO, in hypolimnetic waters cannot occur until
water column overturn. Although there is a continual C source from the atmosphere,
temporary dissolved CO, shortages due to photosynthesis or low levels in hard water

lakes (i.e. lakes which have high concentrations of Ca’* and or Mg?* ions) may
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nevertheless lead to changes in plant community structure.

1.1.2.3 Nitrogen
Nitrogen (N) in freshwaters exists in the following forms (Forsberg, 1977):
1 molecular N, in solution
(2)  dissolved inorganic ammoniacal compounds NH,* and NH,; and
oxidised forms of nitrate (NOy) and Mﬁim (NO,)
(3)  dissolved N in complex organic compounds of biological origin such
as peptides, purines, amines, amino acids and urea
(4) N which is particulate in nature through assimilation into the structure
of organisms within the water column or catchment area
N may also be present as inorganic forms which have been adsorbed to organic
matter (Wetzel, 1983), although most inorganic N salts are not readily bound to clay

minerals or organic matter in the sediments (Riemer, 1984).

N is necessary to aquatic organisms for formation of amino acids and proteins.
Organic N compounds also function in plant nutrition through their ability to act as
chelators. Soluble chelator complexes supply algae with metal ions such as iron (Fe**)
and molybdenum (Mo**) (Moss, 1980). Owing to the lower energy cost of utilising
more complex forms of N, most primary producers have the ability to use dissolved
organic N. Preference then falls to NH,* followed by NO;  then NO, (Forsberg,
1977). However, bacterial uptake accounts for much of the dissolved organic N,
particularly of smaller molecules e.g. amino acids, as they outcompete algae,
especially when organic N sources in the water column are at low concentrations
(Moss, 1980).

Relative amounts of different N sources in freshwaters are dependent upon the
processes of nitrification, denitrification, ammonification and N fixation. Ammonium
(NH,*) is generated within lakes as a product of heterotrophic bacterial break down
of organic matter (Salisbury and Ross, 1978). Generally it exists as NH,* and
undissociated NH,OH, molecular breakdown being dependent upon pH and
temperature (Wetzel, 1983). Nitrification involves conversion of N in a reduced state
(NH,*) through oxidation stages to NO;. These steps involve bacteria, fungi and

autotrophic organisms. Through molybdenum dependent enzyme systems, the
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converse of this process is carried out in aquatic plants. Denitrification also occurs
through biochemical reduction of oxidised N in bacterial oxidation of organic matter
(Wetzel, 1983).

Molecular N can be used only by prokaryotic microorganisms which can reduce N,
to NH,* in the process termed N-fixation (Salisbury and Ross, 1978). In many
temperate lakes, this form of N is relatively unimportant. Greater concentrations are
likely to occur in P-enriched systems where N-fixing algae have become important
(Moss, 1980). Increased phytoplankton biomass stimulated by P addition to the
system can result in other sources of N being exhausted, so favouring development

of a large population of N-fixers.

1.124 Phosphorus _
Phosphorus (P) is the element which most commonly limits primary production in
freshwater écosystems (Wetzel, 1983). Total P (TP) in the water column consists of
particulate P (PP) and dissolved P. PP may be further subdivided according to its
source. PP of a physicochemical nature comes from catchment rocks and soils and
may be present adsorbed to inorganic complexes such as clays, carbonates and ferric
hydroxides. P may also be found attached to organic matter. Organic P assimilated
in aquatic organisms commonly exists as nucleic acids, phosphoproteins, esters of
enzymes, vitamins and nucleotide phosphates (Wetzel, 1983). Organic P may also be
transported to a lake ecosystem from life forms within the drainage basin. Inorganic
water soluble P is present in the water column on organic or adsorptive colloids, in
polyphosphates and as phosphate ions (PO,*, H,PO,, HPO,>) (Moss, 1980).

1.13 Plant communities in temperate lake systems

1.13.1 Phytoplankton growth and succession in freshwater lakes

In temperate lakes, the relationships between physical and chemical parameters of
standing freshwater bodies result in an annual succession, with phytoplankton species
and abundance changing seasonally (Lund, 1950). During winter, lake water
conditions of lower thermal input, light intensity and availability, the phytoplankton
present are predominantly Bacillariophyceae and Chrysophyceae. These are usually
present in low numbers (NCC, 1990). Overwintering cells of species which become

abundant in spring (e.g. diatoms and desmids) comprise much of the plant life within
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the water column at this time (Boney, 1989).

With increasing light and water temperature levels in spring, a bloom dominated by
diatom species occurs, with algae utilising nutrients released from the hypolimnion
to the whole water column during spring overturn. Depletion of this nutrient store,
through increased water temperature and formation of a thermocline in summer
results in catastrophic reduction ("crash") of the spring population (Jeffries and Mills,
1990). Lake phytoplankton communities may exhibit productivity peaks of green,
blue-green and dinoflagellate species throughout summer to autumn (NCC, 1990).
There may be great species diversity in the epilimnion, resulting from biological
pressures on the phytoplankton population. Cryptophyceae may be present in large
numbers, along with different forms of green algae, desmids, unicellular and colonial
flagellates and non-flagellates (Boney, 1989). In Scotland, there may be periods of
dominance by Chrysophyceae (Bailey-Watts and Duncan, 1981a).

When hypolimnetic water mixes with the epilimnion during autumn, a further
phytoplankton peak may be stimulated by higher nutrient concentrations, despite
reduced light intensity and water temperatures. Blue-green algae may flourish in
autumn before grazing, greater mixing and a less favourable light climate reduces

numbers to winter levels.

Biological processes within the water column exert a "top down" pressure on
phytoplankton communities. Examples of these are grazing by zooplankton or
predation by fish, destruction of algal cells by disease or parasites, and competition

between species for available resources.

1.1.3.2 Macrophyte zonation in freshwater lakes

Rooted aquatic plants occupying the area from lake shore to the littoral zone have
developed a number of anatomical and physiological adaptations to their environment.
The exposure of the rhizosphere to anaerobic conditions in the sediment and changes
in lake water level (the latter being especially important in summer in reservoir
waters), are important in defining aquatic plant community structure. Area of lake
sediment available for colonisation is dependent upon lake basin shape together with
depth of light penetration. Primary production of rooted plants in the littoral zone of
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a deep lake with steeply sloping sides and large volume, will be relatively small in
comparison to that in a shallow lake.

Plants which grow in the land-water interface may be divided into three groups
depending upon situation within this gradient (Wetzel, 1990). These categories are (a)
emergent, (b) floating leaved and (c) submersed. Outwith this classification are free-
floating macrophytes, which do not root in sediment and include species of Lemna
and Utricularia. Emergent plants such as species of Scirpus, Phragmites and Typha
are found growing both above and below the water level. These plants are generally
perennials of a rhizomatous or cormous nature which are located in the region where
the water table range is approximately -0.5 m to +1.5 m (Wetzel, 1983). Floating
leaved macrophytes have leaves which reside on the water surface despite petiole
(e.8. Nuphar and Nymphaea species) or petiole pluS stem attachment (e.g.
Potamogeton natans) to rhizomes in the sediment (Wetzel, 1983; Moss, 1980). These

plants are mainly angiosperms and may be present to a water depth of ¢. 3.0 m.

Submersed plants comprise a diverse group, which exhibit considerable variability in
leaf form both within and between species and include pteridophytes (e.g. Isoetes),
mosses (e.g. Fontinalis) and stoneworts (e.g. Chara) as well as flowering plants.
They occur between the water line and the depth at which light becomes limiting.

1.14 Nutrient enrichment in standing freshwaters

Nutrient enrichment, or eutrophication, may be defined as "natural or "man-made®*"
and "is the response in water to overenrichment by nutrients, particularly phosphorus
and nitrogen.” (OECD, 1982).

Natural waters may receive increased nutrient loadings from anthropogenic sources
such as industrial developments, sewage systems, forestry and-agriculture. Nutrients
from agricultural sources include those from fertiliser, silage and dairy waste. Such
artificial inputs of nutrients cause eutrophication to proceed at a higher rate than
would occur naturally. General characteristics of lakes of different nutrient status are
presented in Table 1.1 (Maitland, 1990) and Table 1.2 (Ratcliffe, 1977), where lakes
of low and high water nutrient concentrations are referred to as oligotrophic and

eutrophic respectively, the term mesotrophic indicating the intermediate state.
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Table 1.1

lakes (Maitland, 1990)

Characteristic
Basin shape

Lake substrate
Lake shoreline

Water
transparency

Water colour

Dissolved solids
Suspended solids

Dissolved
oxygen

Phytoplankton

Macrophytes

Zooplankton

Zoobenthos

Fish

Dystrophic
small, shallow
peaty silt
stony, peaty

low

brown

low
poor in Ca

low

high

few species
low numbers

few species
some abundant
in shallow water

few species
low numbers

few species
low numbers

very few species
often none

Oligotrophic
narrow, deep
stony,inorganic silt
stony

high

green or blue

low
poor in N

low

high

many species
low numbers
Chlorophyceae

typical

few species

rarely abundant
found in deep water

many species
low numbers

many species

low numbers

10

few species
Salmonidae
characteristic

General characteristics of dystrophié, oligotrophic and eutrophic

Eutrophic
broad, shallow
fine, organic silt
weedy

low

yellow or green

high
much N and Ca

high

high at surface
low under ice
or thermocline

few species

high numbers
Cyanophyceae
typical

many species

abundant in
shallow water

few species
high numbers

few species
high numbers

many species
Al Cvorinid



Table 1.2

Trophic
state

Dystrophic

Oligotrophic

Mesotrophic

Eutrophic

Marl
(calcareous)

Brackish

General characteristics of lakes of different trophic states

(Ratcliffe, 1977)
Alkalinity = Winter pH
(meq L)

0-0.04 <6.0
0-0.2 6.0-7.0
0.2-0.6 c.7.0

>0.6 >7.0
>2.0 >7.4

high ionic  variable
concentration

Water colour

brown
peat stained

clear

slight green
algal colouration

often discoloured
by algae

extremely clear

usually clear

11

Productivity

extremely low
limited by Ilow
nutrient
concentration and
light penetration

low, limited by
low nutrient
concentrations

moderate to high
possibly some
hypolimnetic .
oxygen depletion’
during summer in
deeper lakes

high, hypolimnetic
oxygen depletion in
deeper lakes

extremely low
phytoplankton
production  high
macrophyte
production

variable
phytoplankton,

generally sparse



Dystrophic lakes are those which are yellow/brown in colour, owing to the influence

of organic soils in the catchment area.

Lakes formed in rock basins of glacial, volcanic or tectonic origin frequently exhibit
the characteristics of deep water, nutrient deficiency, poor sediment and stony shores
(although volcanic areas may also produce rich lakes). Often anthropogenic influence
is minimal, as areas where these types of lakes predominate are generally
inhospitable. Nutrient status therefore remains low. In contrast, lakes of low mean
depth occurring on sedimentary rocks or deposits of wind, alluvium or glacial drift,
have naturally enriched waters due to the supply of nutrients from catchment geology.
Suitability of surrounding land for agriculture increases the potential for artificially
enhanced inputs from such sources as fertiliser run-off and sewage from centres of
population, leading to enrichment of these water bodies (Granberg, 1986; Kauppi et
al., 1990). Although sedimentation is a natural process in lakes, it is accelerated in
catchments such as these. Accretion of littoral sediment and subsequent development
of macrophyte communities, may result in further sediment accumulation. Basin shape
is also important as it influences the effect of sediment characteristics on the
overlying water and vice versa. In shallow lakes a greater proportion of water mass
is in contact with the sediment. Similarly, mean depth:volume ratio is important in
considering effects of solar radiation on a lake, the latter being the energy source

responsible for driving production in aquatic systems.

Potential for P recycling is parﬂy dependent upon the sediment area:water volume
ratio. Limited opportunities for P recycling occur in narrow, deep basins, compared
with shallow, broad basins. In oxygenated waters, it is possible for an aerobic surface
layer of sediment to act as a sink for P with formation of trivalent iron phosphate and
trivalent iron hydroxide. In nutrient enriched productive waters, there is the
possibility that oxygen depletion in the hypolimnion will result in an anoxic
sedimentary cnviroﬁment. Consequently, destruction of this barrier layer may occur
when oxygen is absent from hypolimnetic waters. Ferric iron may then be reduced
to more soluble ferrous iron, thereby leading to release of P from sediment to
hypolimnion. The released P may then become available to the entire water column
at overturn (Mortimer, 1941). As a consequence of depleted oxygen reserves, there

may also be elevated concentrations of ammoniacal N through reduction of oxidised
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sources and metal ions e.g. Fe?* and Mn**. Therefore, in addition to importation of
nutrients from the drainage basin, plant growth in enriched waters may also be
supported through internal lake sources of sediment nutrient release.

Increasing nutrient concentrations in lakes can cause significant augmentation of
biomass of macrophytes, periphyton and phytoplankton. Enhanced algal growth in
particular may result in deterioration of water quaiity through changes in pH,
transparency, dissolved oxygen concentrations and suspended solids within the water
column. Increased productivity and phytoplankton numbers occur in eutrophic water
bodies (Tables 1.1 and 1.2). Table 1.3 (Wetzel, 1983), synthesised from published
information (Hutchinson, 1967), illustrates general associations between water type
and phytoplankton groups present in the water column. In oligotrophic waters,
desmids, diatoms, dinoflagellates and chrysophytes tend to dominate phytoplankton
assemblages, whereas in nutrient enriched waters certain diatoms and blue-green algae
generally assume dominance. Species of cyanobacteria have been found to produce
poisons (NRA, 1990). Therefore, through eutrophication, water quality can also
deteriorate because of the development of populations of toxin producing
phytoplankton in the water column.

1.1.5 The freshwater resources of the Shetland Islands

Morphometric characteristics of Shetland water bodies are such that the smaller lochs
have high area:depth ratios whilst conversely, larger lochs possess lower area:depth
ratios, when compared with lochs on the Scottish mainland (George and Maitland,
1984). Of the freshwater lochs in the Shetland Islands, Loch of Cliff has the greatest
catchment area, Loch of Strom the largest surface area, but Loch of Girlsta contains
the greatest volume of water (Murray and Pullar, 1908). However, when
morphometric characteristics of the large Shetland lochs are examined in a global
context, or even in terms of Scottish water bodies, they are relatively small (Table
1.4). From a study of Ordnance Survey 1:63 360 scale maps, the total number of
standing freshwaters in Shetland is 1569 (Lyle and Britton, 1985).
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Table 1.3

Trophic
status

Oligotrophic

Oligotrophic

Oligotrophic

Oligotrophic

Oligotrophic

Mesotrophic
or Eutrophic

Eutrophic

Eutrophic

Phytoplankton associated with different lake types (Wetzel, 1983)

Characteristics

slightly acid;
very low salinity

neutral to slightly
alkaline;
nutrient poor

neutral to slightly
alkaline;
nutrient poor

neutral to slightly
alkaline;
generally nutrient
poor e.g. shallow
Arctic lakes

neutral to slightly
alkaline; nutrient
poor or seasonally
nutrient poor

neutral to slightly
alkaline;

annual dominants or
seasonally under
eutrophic conditions

usually alkaline
lakes with nutrient
enrichment

usually alkaline;
nutrient enriched
common in warmer
periods in
temperate lakes or
perennially in
tropical lakes

Phytoplankton of water type
Dominant Present
Staurastrum, Sphaerocystis, Gloeocystis,

Staurodesmus

diatoms especially
Cyclotella and
Tabellaria

Botryococcus or
Oocystis

dinoflagellates
especially
Peridinium spp.,
Ceratium spp.

chrysophytes
especially
Dinobryon,

some Mallomonas

dinoflagellates,
some Peridinium
spp. and Ceratium

Spp.

diatoms much of
the year especially
Asterionella spp.,
Fragilaria
crotonensis,
Stephanodiscus,
Melosira granulata

blue-green algae
especially
Microcystis,
Aphanizomenon,
Anabaena

14

Rhizosolenia, Tabellaria

some Asterionella spp.,
some Melosira spp.,
Dinobryon

diatoms

small chrysophytes,

cryptophytes
and diatoms

chrysophytes
e.g. Synura, Uroglena,
Tabellaria

many phytoplankton
including
Glenodinium

many phytoplankton
especially greens and
blue-greens during
warm periods;
desmids if dissolved
organic matter
relatively high

other blue-green

algae; euglenophytes if
organically enriched or
polluted



Table 1.4  Morphometric characteristics of large lakes of Shetland, Scotland,

Europe and the World
Lake Location Volume Surface Mean Max Ref
(km®) area depth depth
(km?) m) (m)
Caspian Sea Russia 79,319 436,400 182 946 1
Baikal Siberia 23,000 31,500 730 1741
Tanganyika Africa 18,940 34,000 557 1470
Superior North 12,000 83,300 144 307
America

Constance  Germany 49.3 540 91 252
“Balaton Hungary 1.8 596 30 4.0
Windermere England 0.35 14.8 240 67.0
‘Tjeukemeer Holland 0.03 20.0 1.5 3.0
Lomond Scotland 2.6 71.1 37.0 189.9 2
Awe Scotland 1.2 38.5 32.0 93.6

~ Ness Scotland 7.5 56.4 132.0 229.8
Morar Scotland 2.3 26.3 86.6 310.0
Shiel Scotland 0.8 19.6 40.5 128.0
Girlsta Shetland 0.009 0.91 9.6 226 3
Strom Shetland 0.003 1.34 2.1 4.0
Cliff Shetland 0.003 1.04 33 6.4
Spiggie Shetland 0.003 0.98 3.5 125

KEY:

approximate figures

Goldman and Home (1983)
Smith ez al. (1981)
George and Maitland (1984)

W N =
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The density of standing freshwater bodies in Shetland compared with mainland Britain
is therefore relatively high, accounting for as much as 30% of the land area in North
Roe (Britton, 1974) and at least 3% of the land area in the Shetland Island group as
a whole (Lyle and Smith, 1994). However, compared with the other regions of
Scotland, in terms of numbers, accumulated area and volume, the Shetland region is
relatively poor in freshwater resources (Lyle and Smith, 1994). The standing
freshwaters of Shetland are therefore important, as they represent a limited resource
in the Scottish context.

1.1.5.1 Water quality problems in the Shetland Islands

From 1989-1990, the Environmental Health Department of Shetland Islands Council
(SIC), in its capacity as River Purification Authority (RPA), received reports of
excessive algal growth in three lochs on Mainland Shetland. Of these, only one,
Strand Loch (NGR: HU 432 460), had given any previous indication of possible
problems, having for some years exhibited substantial growth of filamentous algae.
During 1989, Turdale Water (NGR: HU 307 529) was found to have a dense
population of algae. Although this was not investigated further, a bloom forming in
mid May 1990 was diagnosed as being mainly Anabaena which is potentially toxicto
fish and mammals. This was present for approximately two weeks before a period of
weather associated with a zone of high pressure ended and the nuisance algae
dispersed. A second bloom occurring in mid July, 1990, at Punds Water (NGR: HU
325 757), was also identified as being a dense colony of Anabaena. Finally, a late
season "pea soup” was found at Strand Loch on 28-29 September, 1990.

Although SIC information on land use indicated that a significant nutrient input to
Strand Loch from sewage and agricultural sources such as silage was likely, Turdale
Water had possibly only one septic tank discharge and Punds Water had none. The
lack of obvious point sources of nutrients at Turdale and Punds Water, together with
the knowledge that Strand Loch had not previously suffered phytoplankton blooms,
led to consideration of the possibility that fertilisation of land to improve sheep
grazing (reseeding) might stimulate dense phytoplankton populations, as all three

catchments had ongoing reseeding operations.
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1.1.5.2 Land use in Shetland

According to statistics (SIC, 1991) for the period 1971 to 1990, the amount of land
used for grassland and crops in the Shetland Islands increased from 8,407 to 12,840
ha. Rough grazing also increased from 129,019 to 130,736 ha, although greater areas
were in use during the early/mid 1980s. It may be that the difference from early to
mid 1980s was a result of rough grazing being converted to grassland; from 1986-
1989 approximately the same area of land was lost from rough grazing as was gained

to grassland.

As part of SIC’s 10-year Agricultural Plan, the Council’s Charitable Trust operated
an agricultural loans scheme which began in 1982. Grants are also available from the
Scottish Office Agriculture and Fisheries Department (SOAFD); those not qualifying
for SOAFD grants may apply for a 50% grant from SIC. In practice, most aid comes
from SOAFD (G. Petriec, SOAFD, pers. comm., 1991). Reseeding development
projects in 1989 were approved for 3664.4 ha at a gross cost to the SIC loans scheme
of £1,238,152.

1.1.5.2.1 Reseeding procedures

A standard method of reseeding is implemented for those receiving SOAFD grants.
Most of the work is carried out by a contractor; therefore adjacent tracts of land
owned by different grant holders are often treated at approximately the same time.
As a consequence of this practice total fertiliser load to a particular catchment may
be increased substantially. SOAFD recommend procedures for land regeneration
which are also the qualifying criteria for grant aid and include heavy harrowing or
discing, application of lime, additions of fertiliser and finally, provision of grass
seeds. Application of at least 5 t of limestone per hectare is compulsory unless soil
is found to require less by the College of Agriculture. A balanced compound fertiliser
must then be used, providing at least 110 kg per hectare of nutrients as N, P,Os and
potash, before a subsequent addition of 150 kg P,Os as ground mineral phosphate or
basic slag per hectare. Fertiliser additions are made during May, June and July and
sceds are broadcast before 31st July. Proportions of Kent Wild White Clover,
Aberystwyth White Clover and Huia White Clover are stipulated and use of lower
grade seed prohibited. In the second year, balanced compound fertiliser must again
be applied, providing at least 110 kg nutrients as described above per hectare. Grant
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aid is not provided in cases where nitrogenous fertiliser alone is applied in the second

year.

According to the Scottish Agricultural College, the time of surface seeding is usﬁally
during early to mid July when increasing humidity and showers, together with warm,
moist soil promote efficient germination and growth of grass and clover. Provision
of lime and fertiliser plus any cultivation occurs prior to sowing while the weather
is dry. Initial nutrient addition therefore occurs coincidentally with early summer
phytoplankton growth in the lochs.

1.1.6 Problems of algal blooms for water supply authorities

Increased algal biomass can cause significant problems for potable water supply
~ authorities. Water treatment filters may become blocked and it is possible for algal
toxins to pass into the consumer supply. Wholesomeness of water received at the tap
can deteriorate badly with respect to taste and odour. Table 1.5 lists algae which have
been associated with polluted water, filter clogging, taste, odour (APHA, 1989) and
toxicity problems (NRA, 1990). Finally, when considering public health issues, the
production of trihalomethanes (THMs) can occur with chlorination of cyanophyte

infested waters.

Blue-green algae and humic substances which are present in peaty lochs produce
THMs as carcinogenic by-products of traditional disinféction methods. Pre'sent EC
legislation provides a low non-statutory guideline of 1 ug L rather than a standard
(Foster et al., 1991). Water authorities in England have been investigating alternative
treatment processes to chlorination in order to alleviate THM problems. It is now
generally accepted that treatment with ozone and granular activated carbon deals with
THM precursors and removes taste and odour problems. Ozone is a powerful oxidant
which alters organic substances in raw supply water to produce aldehydes, ketones
and acids which are more biodegradable. This process increases available organic
carbon which can be removed in a subsequent biological treatment stage (Foster ez
al., 1991).
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Table 1.5

Algaé associated with polluted water, filter clogging, taste and

odour problems (APHA, 1989) and toxicity (NRA, 1990)

Polluted water

Phormidium
Carteria
Lepocinclis
Lyngbya
Gomphonema
Stigeoclonium
Chlorella
Microcystis
Oscillatoria -
Tetraedron
Nitzschia
Anabaena
Euglena
Spirogyra
Chlamydomonas
Merismopedia

Filter clogging

Synedra
Asterionella
Tribonema
Oscillatoria
Trachelomonas
Rivularia
Cyclotella
Chlorella
Navicula
Dinobryon
Tabellaria
Diatoma
Spirogyra
Fragilaria
Palmella
Closterium
Microcystis
Anabaena
Cymbella
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Taste and odour

Tabellaria
Anabaena
Uroglenopsis
Synedra
Ceratium
Gomphosphaeria
Synura
Pandorina
Volvox
Dinobryon
Aphanizomenon
Peridinium
Hydrodictyon
Microcystis
Nitella
Mallomonas
Staurastrum
Asterionella

Toxicity

Anabaena
Microcystis
Oscillatoria
Nostoc
Cylindrospermum
Aphanizomenon



1.1.7 Control of water quality in Scottish standing freshwaters

The River Purification Authorities (RPAs) are the primary réglilatory organisations
responsible for water quality in fresh and coastal waters in Scotland. These RPAs are
constituted of seven River Purification Boards and three island councils. RPA criteria
for maintaining freshwater resources in Scotland involve the setting of an
environmental quality objective (EQO). An EQO is decided depending upon the
~ present or predicted amenity value of the water body, based on water quality
parameters. Environmental Quality Standards (EQS) are then set in accordance with
the EQO and appropriate EC Directive on water quality criteria (e.g. if the objective
is to support freshwater fish life, Directive 78\659\EEC would be consulted). In the
absence of EC directives, standards such as those of the European Inland Fisheries
Advisory Commission (EIFAC) may be employed. However, where EC standards do
exist, these must be met regardless of other guidelines. Where a water body has more
than one usage, ¢ompliance must be with the most stringent user requirements. In the
case of interconnected water bodies (e.g. the catchments of Brow-Spiggie and
Tingwall-Asta), it is required that upstream water quality is of a standard sufficient
to meet all downstream EQS.

In cases of identifiable point or diffuse effluents to water bodies, the discharger must
apply to the RPA for Consent to Discharge under the Control of Pollution Act (1974),
Part 2, Section 34. Conditions for Consent to Discharge are set by RPAs with
reference to méintaining the appropriate EQS for that water body. Information
relating to the discharge is therefore required on such parameters as nutrient loading,
concentration of metals and biochemical oxygen demand (BOD) of the intended

discharge before Consents can be granted.

However, practices relating to the application of fertiliser on forest or agricultural
land do not require clearance from RPAs. In order to limit such activities, a request
to the Secretary of State would be required, stating application of fertiliser as a
prescribed activity under Section 31(4), Schedule 23 of the Water Act (1989). Forth
River Purification Board (FRPB) (pers. comm.) indicated that this situation was under
reconsideration by RPAs, both locally and nationally, but that the Secretary of State
would ultimately decide on applicability of regulations to these activities. Two RPAs
in Scotland (Clyde and North East) (pers. comm.) considered that data they possessed
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indicated no cause for concern with regard to these inputs. Scottish Natural Heritage

(pers. comm.) foresee no change in current circumstances under present Government

policy.

However, in small loch systems such as those of Shetland, it is possible that any
addition of nutrients from fertilised land may have an impact on receiving water
bodies. In small drainage basins, it is conceivable that the fertilised area may make
up a considerable proportion of total catchment area. In shallow lakes, the sediments
already represent a potentially important internal nutrient source as a consequence of
low mean depth and wind mixing. Although little information exists concerning
‘integrated catchment studies of the fate of agricultural fertiliser, possible deleterious
effects of forestry practises are well documented (Bailey-Watts er al., 1987a).

1.1.8 Project aims

The potable water supplieé of the Shetland Islands rely upon water treatment systems

which are largely unsuitable for dealing with waters affected by algal blooms. In

addition to this, there are at present no guidelines as to an acceptable level of algal

toxin present in a potable water supply. The water supply in Shetland is not on a grid

system, therefore no alternative water source exists for a community should

abstraction from a reservoir be interrupted because of increased algal biomass. A full

investigation was therefore undertaken to assess the following points:

(@)  present status of water quality in Shetland Island lochs

(b)  susceptibility of Shetland standing waters to excessive primary production
problems associated with nutrient enrichment

(c) the potential for fertiliser applications on land to cause nutrient enrichment of
standing freshwaters

(d) possible preventative or remedial measures to preserve water quality should

problems of elevated plant productivity occur.

1.1.8.1 Catchments chosen for study

The first year of the project consisted of a broad study to enable the classification of
lochs and soils and identification of five catchment areas for more detailed
investigation in the second and third years. Lochs from all over Shetland were chosen

for the baseline study; from Mainland, Unst, Yell, Fetlar, Whalsay, Bressay and Papa
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Table 1.6 Freshwater lochs in Shetland included in 1991 survey
Water body Map reference Amenity value

1 Arthurs Loch HU 270 565 WS (West Burrafirth)

2 Bu Water HU 548 620 WS (Whalsay)

3 Loch of Brindister HU 433 370 F WS (Gulberwick/Quarf)
4 Loch of Brough . HU 513 407 F WS (Bressay)

5 Loch of Brough HP 530 029 F WS (Cullivoe)

6 Loch of Brow HU 384 157 SSSI

7 Loch of CIliff HP 600 120 F

8 Eela Water HU 330 785 WS (Sullom Voe/Northmavine)
9 Loch of Gonfirth HU 385 623 WS (Voe)

10 Gorda Water HU 167 607 WS (Papa Stour)

11 Gossa Water HU 303 457 F WS (Skeld)

12 Helliers Water HP 610 047 F WS (Unst)

13 Loch of Huesbreck HU 389 139 WS (Sumburgh)

14 Loch of Huxter HU 556 622 F WS (Whalsay)

15 Loch of Kettlester HU 513 806 WS (Burravoe/South Yell)
16 Lunga Water HU 234 527 F WS (Walls)

17 Mill Pond HU 386 334 WS (Burra Isle)

18 Papil Water HU 604 904 F

19 Punds Water HU 325 757 F
20 Roer Water HU 336 863 F WS (Sullom Voe/

Northmavine)

21 Sand Water HU 416 545 F SSSI
22 Sandy Loch HU 450 403 F WS (Lerwick/Scalloway)
23 Skutes Water HU 623 920 F WS (Fetlar)
24 Loch of Snarravoe HP 570 015 F
25 Loch of Spiggie HU 371 170 F SSSI
26 Strand Loch HU 432 460 F
27 Loch of Tingwall HU 417 430 F SSSI

28 Turdale Water HU 307 529
29 Loch of Ustaness HU 399 434 F WS (Whiteness/Weisdale)
30 Loch of Watlee HP 593 055 F WS (Unst)

31 Whitelaw Loch HU 385 540 WS (Aith)

KEY:
Numbers 1-31 refer to Figure 1.1

SSSI  Site of Special Scientific Interest

WS  potable water supply loch

F trout angling (from Burrows and Hoseason, 1982)
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Figure 1.1

Map of Shetland Islands and locations
of study lochs 1991-1993
(see Table 1.6 for code numbers)
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Stour (Table 1.6 and Figure 1.1). This was in order to reflect effécts of different
catchment geologies (the geology of Shetland is complex and variable), soil types and
management practices in the results. All twenty one water supply lochs were visited,
whilst ten sites were chosen as they were of interest to SIC for the following reasons.
Papil Water on Fetlar, Lochs of Cliff and Snarravoe on Unst had all supported fish
farm operations; Lochs of Tingwall, Brow and Spiggie and Sand Water were Sites
of Special Scientific Interest, whilst Turdale Water, Strand Loch and Punds Water
were included as the three "problem” lochs mentioned previously. The five lochs
chosen for further study in 1992 and 1993 were Loch of Gonfirth, Helliers Water,
Loch of Tingwall, Sandy Loch and Turdale Water.
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CHAPTER 2: LIMNOLOGY AND WATER QUALITY OF SHETLAND
FRESHWATER LOCHS

2.1 INTRODUCTION

2.1.1 Chemical status of Shetland waters

There has been much interest in small lakes in Scandinavia and North America,
especially those high in water colour (Jackson and Schindler, 1975; Jones, 1990;
1992a). In contrast, little work has been carried out on the standing waters of
Shetland and much of the data collected to date remains unpublished. The status of
fresh waters in the Islands has been estimated from information on geology of
catchment areas (Table 2.1). The majority of lochs are those which are highly
coloured (yellow/brown) by peaty substances, such as humic and fulvic acids. Britton
(1974) claims these water bodies are characterised by low nutrient concentrations, low
biological productivity and are generally small, for with increasing size it becomes
more likely that mineral soils will form part of the catchment. However, waters of -
this lake type tend to exhibit higher total P concentrations than comparable clear
water lakes (Hutchinson, 1957; Wetzel, 1983), but phytoplankton production and
biomass development is frequently lower than expected from the P concentration.
This being the case, many Shetland lochs, although largely free from anthropogenic
influences, may be expected to exhibit relatively high nutrient concentrations.

It is possible that in highly humic lakes an appreciable proportion of phosphate P may
be present as part of a dissolved humic matter-Fe-P complex, ratﬁer than immediately
biologically available phosphate P (Jones ef al., 1988). Free phosphate can be
progressively released from these complexes as ambient free phosphate P
concentration declines, thereby possibly providing a long term buffer against P
deficiency (Jones er al., 1990). In shallow and/or nutrient-rich lakes of this type,
phosphorus release from the peaty sediments is dependent upon mineralisation of
organic matter (Sinke er al., 1990). As a large reservoir of dissolved organic carbon
exists in humic waters, higher microbial activity may be sustained, so allowing

nutrient regeneration through the food chain (Jones et al., 1990).
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Table 2.1 Classnficatlon of Shetland Island lochs according to geology
(Britton, 1974)

Loch type Number of lochs % of total
Dystrophic - 547 34.7
Oligotrophic 661 419
Mesotrophic 212 13.4
Eutrophic 111 7.0
Brackish 45 : 2.8
Marl 1 0.1
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Table 2.2  Range of water quality parameters from 53 lochs in Shetland
(Carter and Bailey-Watts, 1981)

Nutrient Concentration
NO,-N trace - 100 pg N L
NH;-N trace - 400 ug N L!
PO,-P trace - 400 ug P L
Si0,-Si trace - 2 mg Si L!
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Carter and Bailey-Watts (1981) undertook a synoptic survey of Shetland lochs. In a
wide range of lochs, P concentration was found to be similar to, or in excess of, that
of inorganic N (Table 2.2). This situation may encourage algae which fix N (i.e.
certain species of cyanobécteria), although once enrichment occurs, dependent upon
relative quantities of N and P, this advantage may be lost. Subsequently, non N-fixing
cyanophytes may bloom and in cases of great hypernutrification, green phytoplankton
may dominate. As N levels are generally low.in Shetland lochs, the addition of a
N+P+K fertiliser, rather than P alone may be important, as it is possible that in
some circumstances primary production may be N-limited.

2.1.2 Aims
Before management decisions regarding land use in catchment areas of Shetland
freshwater lochs are possible, it is necessary to know the current limnological status
of the water bodies concerned. From the information on ranges of nutrient levels in
Shetland lochs of Carter and Bailéy-Watts (1981), it is likely that a variety of water
types exist, water quality being influenced by different geology, soil type and land
use. When current status of a water body has been determined, it is possible to
recognise its amenity value and therefore attempt to comprehend the limitations to be
imposed on nutrient inputs. The aims of this section of work were therefore as
follows.

(@  Determine the status of the thirty one lochs in terms of a number of different
physical and chemical variables, i.e. conduct a synoptic survey of these water
bodies.

(b)  Compare results of the synoptic survey with existing standards of water
quality required for drinking water and for the purpose of supporting
freshwater fish.

(©  Using existing standards, classify the water bodies surveyed in terms of
trophic status and likelihood of phytoplankton blooms.

(d  From the first year’s data, select five water bodies incorporating a range of
water types for further study. Examine variation in total P and chlorophyll a
concentrations, during the period of the year when phytoplankton growth is
expected to be elevated, i.e. from March to October.

(e)  Ascertain whether inflow waters of selected water bodies are likely sources of

nutrient enrichment.
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2.2 MATERIALS AND METHODS
22.1 Field procedures .
During summer 1991, each of the thirty one lochs was visited on three occasions.
Three sites were chosen mid water in each water body. Water collection was
undertaken using a Van Dorn self closing sampler throughout the survey. Depending
on water depth, samples were taken at 0, 2 and 5 m (Table 2.3). These samples were
composited, except for vsubsamples taken for discrete measurements of pH and
conductivity (HMSO, 1980). Dissolved oxygen and temperature readings were
recorded in situ to water collection depth, whilst light readings were taken with a
PAR meter to 1 m depth only. The oxygen probe was of the Mackereth type and was
agitated continuously whilst readings were taken using a pHOX Model 62 oxygen
meter. The light attenuation coefficient (LAC) was calculated according to Moss
(1980):

(Inl, - InL)/z =
where:
I, PAR reading in surface water
I, PAR reading at depth
z depth of PAR reading
7 negative extinction coefficient (light attenuation coefficient)
Variables of 1991 water samples measured in the laboratory were pH and
conductivity values, total phosphorus (TP), total dissolved phosphorus (TDP) and
dissolved reactive phosphorus (DRP) concentrations, total ammoniacal nitrogen
(TAN), total oxidised nitrogen (TON), calcium (Ca), magne;sium (Mg), sodium (Na),
potassium (K) levels, colour and chlorophyll a (chl a).

Sampling in 1992 was more detailed and intensive; five visits were made from March
to October, to each of the five study lochs, the entire water column being studied at
the same three sites per water body as used in the 1991 survey (Table 2.3). Discrete
samples and readings of dissolved oxygen and temperéture were taken at intervals
from surface to deep water. In 1993, lochs were visited on four occasions between
March and October, sampling continuing as in 1992, though at one site only (with the
exception of Loch of Tingwall where there was one site in each of the two
basins)(Table 2.3).
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Table 2.3  Sites and dates of water sampling 1991, 1992 and 1993
: (all sampling carried out between 09:00 and 16:30)

1991

Site Depth (m) Date

Arthurs Loch 0 16/07/91, 14/08/91, 25/09/91
Bu Water 0 15/07/91, 18/08/91, 28/09/91
Loch of Brindister 0,2 12/07/91, 17/08/91, 18/09/91
Loch of Brough (Bressay) 0 16/07/91, 22/08/91, 27/09/91
Loch of Brough (Yell) 0 17/07/91, 21/08/91, 28/09/91
Loch of Brow 0 13/07/91, 22/08/91, 20/09/91
Loch of Cliff 0,2 18/07/91, 20/08/91, 22/09/91
Eela Water 0,2 21/07/91, 16/08/91, 26/09/91
Loch of Gonfirth 0,25 20/07/91, 16/08/91, 26/09/91
Gorda Water 0 22/07/91, 27/08/91, 01/10/91
Gossa Water 0 16/07/91, 14/08/91, 20/09/91
Helliers Water 0 18/07/91, 20/08/91, 22/09/91
Loch of Huesbreck 0,2 14/07/91, 17/08/91, 18/09/91
Loch of Huxter 0,2 15/07/91, 18/08/91, 28/09/91
Loch of Kettlester 0 17/07/91, 19/08/91, 21/09/91
Lunga Water 0,2 20/07/91, 14/08/91, 25/09/91
Mill Pond 0 13/07/91, 15/08/91, 27/09/91
Papil Water 0,2 19/07/91, 25/08/91, 23/09/91
Punds Water 0,2 21/07/91, 16/08/91, 26/09/91
Roer Water 0 25/07/91, 28/08/91, 29/09/91
Sand Water 0 15/07/91, 15/08/91, 19/09/91
Sandy Loch 0 12/07/91, 15/08/91, 18/09/91
Skutes Water 0 19/07/91, 23/08/91, 23/09/91
Loch of Snarravoe 0,2 17/07/91, 21/08/91, 22/09/91
Loch of Spiggie 0,2 14/07/91, 17/08/91, 18/09/91
Strand Loch 0 13/07/91, 15/08/91, 19/09/91
Loch of Tingwall 0,2,5 13/07/91, 26/08/91, 19/09/91
Turdale Water 0 15/07/91, 14/08/91, 25/09/91
Loch of Ustaness 0 24/07/91, 28/08/91, 29/09/91
Loch of Watlee 0 18/07/91, 20/08/91, 22/09/91
Whitelaw Loch 0 23/07/91, 29/08/91, 30/09/91

1992 and 1993 water sampling locations

Sampling dates for

Water body Site Depth (m) each site and depth
Loch of Gonfirth 1 02,5 10 23/03/92
2 0,25, 10,15,20 11/05/92
3 0,25, 10,15 23/06/92
20/08/92
07/10/92
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Table 2.3 (cont.)
Sampling dates for
Water body Site - Depth (m) each site and depth

Loch of Gonfirth
2 0, 2,5, 10, 15, 20 22/03/93
20/05/93
25/07/93
03/10/93

1 0 19/03/92
2 0 12/05/92
3 0 20/06/92
23/03/93
23/05/93
28/07/93
02/10/93

Helliers Water

Loch of Tingwall 0,2,5,10 22/03/92
0, 2,5, 10, 15, 20 13/05/92
0,2,5, 10, 15 24/06/92

22/08/92

08/10/92

W N -

0,2,5,10 24/03/93

2 0, 2,5, 10, 15, 20 21/05/93
26/07/93

04/10/93

0,2 - 21/03/92
0,2,5 - 10/05/92
0,2,5 20/06/92
21/08/92
10/10/92

Sandy Loch

W N e

3 0,2,5 21/03/93
22/05/93
27/07/93
01/10/93

18/03/92
12/05/92

ot § S

18/06/92
21/08/92
09/10/92
24/03/93
22/05/93
29/07/93
05/10/93

Turdale Water

W N
OO
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Records of Secchi disc depth were taken instead of light readings in 1993. Variables
of 1992 and 1993 samples determined in the laboratory were pH, conductivity,
alkalinity, TP, TDP, DRP and chl a levels. Samples of loch inflow and outflow
waters were taken during each visit from May 1992 to October 1993 (Positions
marked in Figure 3.1). The same parameters were measured in these samples as in
the loch samples, with the exception of chl a concentration. '

Bathymetric surveys of the five study lochs were carried out in May, 1992. This was
conducted using a Lowrance X16 echosounder and motorised boat. Depending upon
the surface area of the water body, between six and thirteen sounding tracks were
taken in each loch. A "flying start” (Hékanson, 1981) was practised for each transect.
From an identifiable point on the shoreline, direction was maintained using a compass
reading. Constant engine speed was sustained during all soundings. Echosoundings
were conducted parallel and at right angles to the shoreline. Depth contours were then
constructed using the echogram and the appropriate 1:25 000 OS map for each loch.

222 Treatment and storage of samples

All bottles involved in sample collection and storage were pre treated in 1.2 M HCI.
Polyethylene sampling bottles were rinsed in deionised water then thoroughly rinsed
in loch water prior to use. Water for TP analysis was decanted into iodised
polyethylene bottles rinsed with deionised, double distilled and sample water. Rinsing
procedure was the same for all other storage bottles. Subsamples for metals analysis
were decanted into polyethylene bottles. Water samples were filtered through
prewashed 0.45 um cellulose nitrate papers (1991) or 1.2 um GF/C papers (1992 and
1993) shortly after sampling and stored for measurement of dissolved parameters at
the laboratory. Filtrate was stored in polyethylene bottles. All filtered samples were
stored frozen in darkness until analysis.

223 Laboratory measurement of environmental parameters
All glassware utilised in the following techniques was pretreated with 1.2 M HCI then
Decon 90 P-free detergent before rinsing in deionised and double distilled water.

2.2.3.1 Alkalinity
A 100 mL sample was decanted into a conical flask. A few drops of BDH 4.5
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indicator were added to the sample and titration carried out using 0.01 M HCl to the
pink pH 4.5 end point. The first sample of each loch water titrated to pH 4.5 was
retained for reference colour. Volume of acid titre was multiplied by a factor of 0.1

in order to express results in terms of meq L.

2.2.3.2 Phosphorus

Total phosphorus (TP), total dissolved phosphorus (TDP) and dissolved reactive
phosphorus (DRP) determinations were performed with 15 mL aliquots of sample, TP
analyses being carried out on unfiltered water, TDP and DRP on filtrate. After a
sulphuric acid/potassium persulphate digestion in an autoclave for 30 minutes at 15
p.s.i. (Phillips, 1985a), TP and TDP were measured spectrophotometrically as DRP
using a molybdenum blue complex technique with ascorbic acid as the reducing agent
(Phillips, 1985a). Absorbance was read at 690 nm, using a 4 cm cell. All DRP results

were colour corrected.

2.2.3.3 Nitrogen

Total ammoniacal nitrogen (TAN) was determined using an automated technique
based on Method F, HMSO (1982a). Hypochlorite was generated in situ, by alkaline
hydrolysis of sodium dichlorocyanurate. Ammonia and hypochlorite were reacted with
a phenolic compound i.e. the salicylate ion, to form a blue colour. Sodium
nitroprusside was used as the catalyst and trisodium citrate was utilised as a
complexing agent to prevent interference from métals such as Mg. Total oxidised
nitrogen (TON) was determined using an automated technique modified from Method
D, HMSO (1982b). Nitrate was reduced to nitrite by passing samples through a
copper coated cadmium coil, after addition of ammonium chloride. TON was
subsequently measured as nitrite using an NED/sulphanilamide procedure. TAN and
TON were determined simultaneously, using a Technicon II autoanalyser at 640 and
70 nm respectively.

2.2.34 Calcium and magnesium

Ca and Mg determinations were carried out by atomic absorption spectroscopy, using
a direct air acetylene flame technique after installation of appropriate lamp,
wavelength and slit width and optimisation of lamp alignment for each element. All

samples were diluted to within standard range. All solutions including distilled water
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bianks were made up to have a final concentration of 1% strontium (Sr), using
SrCl,(6H,0) and of 1% ’Spectrosol’ grade nitric acid (HNQ;). Standards were made
by dilution of Spectrosol stock 1000 mg Ca L! and 1000 mg Mg L™ to within the
ranges 1-5 mg Ca L* and 0.1-0.5 mg Mg L respectively. Samples for Ca analysis
were diluted (sample volume: water volume) 1:1 to 1:19, those for Mg determinations
generally 1:9, though by as much as 1:49. All dilutions were carried out with distilled
water.

2.2.3.5 Sodium and potassium

Concentrations of Na and K in water were determined by flame emission
spectroscopy. Standards for Na determinations were made by dilution of Ciba
Corning 1000 mg Na L! stock to within the range 10-50 mg Na L', whilst those for
K measurement were in the range 1-5 mg K L, having been diluted from Ciba
Corning 1000 mg K L™ stock. For each element, the most concentrated standard was
aspirated and the machine set to give a reading of 100 units. Similarly a distilled
water blank was used to set the instrument to zero. Samples were diluted where
necessary to within standard range. All dilutions were carried out using distilled

water.

2.2.3.6 Colour
The colour in filtered water samples was measured spectrophotometrically at 400 nm
(HMSO, 1984), using 4 cm cells.

2.2.3.7 Chlorophyll a

Chl g was used as an estimate of phytoplankton biomass within the water column. Up
to 2 L of water was filtered through a 1.2 um GF/C filter paper. The filter paper was
then stored frozen in darkness until analysis. Chl a was extracted from each filter
paper using 14 mL 100% methanol neutralised with MgCO;. Methanol was added to
centrifuge tubes containing the filter papers. These tubes were subsequently heated
in a water bath at 62 +2°C for 5 minutes. Centrifuge tubes were then shaken and
placed in a centrifuge for 5 minutes at 3,000 rpm. Absorbance of each chl a extract
was measured spectrophotometrically at wavelengths 665 nm and 750 nm, using 4 cm
glass cuvettes. To correct for phaeophytin, 11 mL of extract was then decanted into
a test tube and 0.11 mL 3% HCI added. After 5 minutes, this extract was neutralised
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with 0.11 mL 0.3 M dimethylaniline (organic base in methanol). Each extract was

then reread at 665nm and 750nm to allow correction for phaeophytin. Chl a

concentration was then calculated using the equation of HMSO (1983), modified for

the particular conditions of the techniques used. The equation was as follows:
Chla = (13.9x 3.0 (A, - A)) X v)/ dV

where:
A, absorbance of extract at 665 nm, minu§ extract absorbance at 750 nm
Vv initial volume of extract (mL)
d cell path length (cm)
\'% sample volume (mL)

13.9 constants associated with properties of
3.0 the solvent, methanol
i =((v+022) X A)/v
where:
\ volume of acidified extract (mL)
0.22 total volume of additions to the acidified extract (mL)
A, absorbance of acidified extract at 665 nm minus
absorbance of acidified extract at 750 nm

2.2.3.8. Presentation of survey data
Data from each loch and each environmental variable were summarised using the

range or mean (1 2 standard errors) (n=3).

2.3 RESULTS
2.3.1 Water chemistry and physical characteristics of Shetland lochs in
1991

All + values accompanying mean values given in the following text represent + 2
standard errors (+ 2 s.e.). Similarly, Figures 2.1-2.8 present the parameter mean
+ 2s.e..

23.1.1 Dissolved oxygen concentration and temperature (Table 2.4)

In 1991, daytime dissolved oxygen concentrations measured ranged from 6.5 mg L?!
(63.7%) in Lunga Water during August, to 12.5 mg L (116.4%) in Loch of Brow
in September.
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Table 2.4 Ranges of summer water column temperatures and dissolved
oxygen concentrations in the 31 lochs of the 1991 survey

Water body Temperature (°C) Dissolved oxygen
(mg O, L")
min max min max
Arthurs Loch 9.6 17.7 6.9 11.6
Bu Water 8.9. 16.1 9.1 114
Loch of Brindister 12.2 15.0 9.3 109
Loch of Brough
(Bressay) 9.0 147 9.3 10.8
Loch of Brough
(Yell) 83 159 9.1 11.2
Loch of Brow 12.1 15.2 10.4 125
Loch of Cliff 11.6 16.7 8.7 10.7
Eela Water 104 154 9.0 10.6
Loch of Gonfirth 10.8 15.2 9.3 104
Gorda Water 8.3 15.7 9.0 11.4
Gossa Water 12.1 16.6 6.7 11.3
Helliers Water 4 11.0 16.3 9.8 109
Loch of Huesbreck 120 16.1 10.4 123
Loch of Huxter 9.7 16.0 8.8 11.2
Loch of Kettlester 11.6 17.7 9.3 10.8
Lunga Water 10.8 15.6 6.5 11.1
Mill Pond 9.1 15.2 9.5 109
Papil Water 10.9 16.6 89 111
Punds Water 10.0 15.7 89 10.7
Roer Water 8.8 142 9.4 10.7
Sand Water 11.8 16.1 9.3 10.9
Sandy Loch 11.8 154 9.0 11.0
Skutes Water 9.7 159 9.5 10.4
Loch of Snarravoe 11.6 16.8 9.0 10.9
Loch of Spiggie 125 15.8 8.8 11.2
Strand Loch 124 16.1 10.0 11.6
Loch of Tingwall 12.4 16.1 9.4 10.6
Turdale Water 99 16.8 7.1 11.2
Loch of Ustaness 10.6 149 9.2 10.6
Loch of Watlee 11.3  17.7 9.3 10.7
Whitelaw Loch 74 142 10.0 11.3
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Only three readings of < 7.0 mg L' were observed, the remaining two occurring in
Arthurs Loch (6.9 mg L', 68.4%) and Gossa Water (6.7 mg L, 66.4%) during
August. Temperature was at its lowest recorded level of 7.4°C in Whitelaw Loch
during the September sampling visit. Maximum temperature observed in 1991 was
17.7°C, which was measured in Arthurs Loch and Lochs of Kettlester and Watlee in
July. Water temperature was generally highest in July, decreasing to lower levels in
September. Exceptions were Strand Loch and Lochs of Brow and Whitelaw.
Temperature remained approximately the same in July and August in Loch of Brow,
whereas higher temperatures were recorded in August than July in Strand Loch and
Loch of Whitelaw.

2.3.1.2 Light attenuation (Table 2.5)
Light penetration was greatest in Gorda Water and Loch of Snarravoe, which each
had a mean LAC of 0.09. However, light penetration was poor in several of the lochs

studied. On average, the LAC was > 3.00 in Mill Pond, Lochs of Strand, Brough

(Yell) and Brow, Sand Water and Sandy Loch. Mill Pond was the darkest of these
water bodies, with a mean LAC of 4.94. Intermediate between waters of relatively
low and high light penetration were those with a mean LAC of between 1.00 and 2.00
i.e. Bu, Gossa and Turdale Water, Lochs of Ustaness and Kettlester.

2.3.1.3 pH (Table 2.6)

The highest recorded mean summer pH was 9.38 in Loch of Brow. Gorda Water was
found to have the lowest mean summer pH of 5.49. All measurements of pH of Roer
Water and Loch of Ustaness were also < 6.00. Although the pH of Mill Pond
exceeded pH 6.00 during the 1991 study, mean summer pH in this water body was
5.83. Lochs in this study were mostly either between pH 6.00 and pH 7.00 or in the
range pH 7.00 to pH 8.00. The more acid water bodies were Arthurs, Sandy and
Whitelaw Lochs, Lochs of Brough (Bressay, Yell), Gonfirth and Kettlester, Bu, Eela,
Lunga and Gossa Water. Lochs of Brindister and Huxter and Punds Water were all
near neutral pH. Average water column pH values which were more alkaline in
nature were those of Lochs of Cliff, Huesbreck, Snarravoe, Spiggie, Tingwall and
Watlee, Helliers, Papil, Sand, Skutes and Turdale Water and Strand Loch. Strand
Loch water had a great pH range of pH 7.00 in September to pH 8.06 in August.
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Table 2.5

Ranges of light attenuation coefficients and water colour

determined in the surface waters of the 31 lochs of the 1991 survey

Water body

Arthurs Loch

Bu Water

Loch of Brindister
Loch of Brough
(Bressay)

Loch of Brough
(YelD)

Loch of Brow
Loch of Cliff
Eela Water

Loch of Gonfirth
Gorda Water
Gossa Water
Helliers Water
Loch of Huesbreck
Loch of Huxter
Loch of Kettlester
Lunga Water

Mill Pond

Papil Water
Punds Water
Roer Water

Sand Water
Sandy Loch
Skutes Water
Loch of Snarravoe
Loch of Spiggie
Strand Loch
Loch of Tingwall
Turdale Water
Loch of Ustaness
Loch of Watlee
Whitelaw Loch

KEY: * missing data

Light attenuation
coefficient
min max mean

0.08 0.25 0.25
0.33 1.48 1.29
0.16 1.17 0.90

0.06 0.36 0.19

244 376 3.32
0.17 3.62 3.14
0.06 0.60 0.33
0.15 0.69 0.41
0.11 0.52 0.47
0.07 0.14 0.09
039 172 1.51
0.07 0.24 0.16
0.06 0.19 0.12
0.19 0.30 0.26
0.53 1.29 1.06
0.17 0.73 0.1
1.78 5.33 4.94
0.10 0.47 0.26
0.11 030 0.29
0.10 0.13 0.11
0.35 3.45 3.09
2.76 3.54 3.27
0.08 0.46 0.25
0.08 0.09 0.09
0.11 057 0.38
0.46 5.01 4.53
0.08 0.64 0.47
0.71 242 1.97
0.12 1.28 1.01
0.12 0.19 0.16
024 117 0.79
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Water colour

(absorbance at 400 nm)

min max mean

0.027 0.126 0.069
0.340 0.401 0.379
0.185 0.198 0.191

0.045 0.099 0.068

0.457 0.643 0.527
0.079 0.125 0.100
0.106 0.186 0.135
0.153 0.180 0.164
0.114 0.122 0.118

0.014 0.040 0.027

0.275 0.323 0.299
0.030 0.066 0.046
0.141 0.166 0.152
0.228 0.280 0.246
0.272 0.417 0.330
0.192 0.208 0.200
0.434 0.887 0.610
0.044 0.079 0.056
* *

0.048 0.118 0080
0.300 0.578 0.459
0.490 0.530 0.506
0.037 0.219 0.100
0.052 0.056 0.054
0.057 0.064 0.060
0.174 0.525 0.298
0.063 0.068 0.065
0.201 0.620 0.355
0.105 0.110 0.108
0.086 0.152 0.108
0.142 0.305 0.229



Table 2.6  Summer water column pH and conductivity in the lochs of the 1991

survey

Water body

Arthurs Loch

Bu Water

Loch of Brindister
Loch of Brough
(Bressay)

Loch of Brough
(Yell)

Loch of Brow
Loch of CIliff
Eela Water

Loch of Gonfirth
Gossa Water
Gorda Water
Helliers Water
Loch of Huesbreck
Loch of Huxter
Loch of Kettlester
Lunga Water
Mill Pond

Papil Water
Punds Water
Roer Water

Sand Water
Sandy Loch
Skutes Water
Loch of Snarravoe
Loch of Spiggie
Strand Loch
Loch of Tingwall
Turdale Water
Loch of Ustaness
Loch of Watlee
Whitelaw Loch

pH
min

6.54
5.97
6.40

6.39

5.96
8.40
7.29
6.13
6.20
6.35
5.09
6.78
7.70
6.30
6.48

6.20 -

5.51
7.34
6.56
5.57
6.88
6.25
7.26
7.15
7.44
7.00
7.11
7.18
5.64
7.53
6.22

max

6.90
7.24
7.27

6.62

6.83
9.80
7.41
6.56
6.52
6.71
5.82
7.44
7.88
7.48
6.65
6.38
6.11
7.55
7.06
5.7
7.23
6.90
7.90
7.61
7.94
8.06
7.86
7.97
5.67
7.64
6.59

mean

6.75
6.84
7.00

6.48

6.63
9.38
7.37
6.41
6.34
6.51
5.49
7.30
7.81
7.07
6.56
6.27
5.83
7.35
6.93
5.69
7.11
6.77
7.61
7.48
7.72
7.80
7.72
7.69
5.65
7.59
6.38
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Conductivity (uS cm™)
min max mean

250 268 261
317 340 328
200 246 225
307 429 357
238 296 273
441 463 449
324 349 334
194 206 199
167 274 205
259 266 263
418 455 438
269 319 290
563 695 633
298 331 317
241 269 259
221 228 225
347 397 366
342 369 353
246 259 251
164 181 175
151 242 205
241 255 248
316 403 368
364 396 379
569 617 594
256 17410 10795
328 380 355
257 318 295
227 252 242
335 376 352
176 195 188




The smallest variation in pH values was observed in Loch of Ustaness, the range
being from pH 5.64 in July to pH 5.67 in August.

23.14 Conductivity (Table 2.6)

Mean summer conductivity in Shetland lochs ranged from 175 uS cm™ in Roer Water
to 10795 uS cm™ in Strand Loch. Conductivity in Whitelaw Loch and Eela Water was
< 200 xS cm’. The majority of water bodies studied had conductivity values of
between 200 uS cm? and 300 xS cm™. In this category were Arthurs and Sandy
Lochs, Lochs of Brindister, Brough (Yell), Gonfirth, Ustaness and Kettlester and
Gossa, Helliers, Lunga, Punds, Sand, and Turdale Water. With higher conductivity
of between 300 xS cm™ and 400 uS cm™ were Lochs of Brough (Bressay), Cliff,
Huxter, Snarravoe, Tingwall and Watlee, Mill Pond, Skutes and Bu Water.
Conductivity was observed between 400 S cm™ and 500 uS cm™ in Loch of Brow
and Gorda Water. The highest conductivities measured, with the exception of Strand
Loch, were 594 ;S cm™ in Loch of Spiggie and 633 uS cm™ in Loch of Huesbreck.
Variation in conductivity occurred throughout the summer, those with the greatest
changes in conductivity being Lochs of Brough (Bressay) (+30.0), Gonfirth (+28.1)
and Huesbreck (1108.5), Sand (122.5) and Skutes Water (+21.6) and Strand Loch
(£4349.0).

2.3.1.5.1 Total phosphorus (Figure 2.1)

Ten of the lochs in this study exhibited mean summer TP concentrations of < 10 ug
P L' There was very little variation throughout the summer in water TP
concentrations in these low TP lochs, which comprised Arthurs Loch, Lochs of
Brindister, Gonfirth, Huesbreck, Tingwall and Ustaness, Eela, Helliers, Roer and
Lunga Water. Of these water bodies, Loch of Ustaness was most TP poor, having an
average concentration of 5.0 ug P L. Loch of Gonfirth TP concentration varied least
between sampling dates (mean: 5.2 ug P L' +0.16). Other lochs in which TP
concentration vaﬁed little were Loch of Huxter, Whitelaw Loch and Eela Water,
although TP concentrations were higher in Lochs of Huxter and Whitelaw than those
lochs above. Greatest mean summer water TP concentration was determined for
Turdale Water (mean: 83.2 ug P L' +25.2), which also had the most variation in its

TP concentration.
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KEY TO FIGURES 2.1-2.8:

Loch name

Arthurs Loch

Bu Water

Eela Water

Gorda Water
Gossa Water
Helliers Water
Loch of Huxter
Loch of Brow
Loch of Gonfirth
Loch of Snarravoe
Loch of Spiggie
Loch of Cliff
Loch of Brough (Bressay)
Loch of Huesbreck
Loch of Brough (Yell)
Loch of Kettlester
Loch of Watlee
Loch of Brindister
Loch of Ustaness
Loch of Tingwall
Lunga Water

Mill Pond

Papil Water

Punds Water

Roer Water

Sand Water

Sandy Loch
Skutes Water
Strand Loch
Turdale Water
Whitelaw Loch

Loch Code

Bu
Gor
Gos
Hel
Hux

Gon

Hue
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Figure 2.1 Mean summer total phosphorus levels in the thirty one Shetland
lochs studied in 1991 (n=3)
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Sandy Loch, Mill Pond, Bu Water, Lochs of Brow and Brough (Yell), all exhibited
sufficient variation between sampling visits that the standard errors of the mean TP
concentrations coincided with those of Turdale Water, thus indicating the high TP

levels in these water bodies.

2.3.1.5.2 Total dissolved phosphorus (Figure 2.2)

Though present at lower concentrations, TDP levels followed a similar pattérn to TP
concentrations. Generally, less variation of water TDP concentrations was evident
between sampling dates than had been in TP levels, although Turdale Water (mean:
59.2 ug P L' +£26.5), Strand Loch (mean: 11.8 ug P L' 13.0) and Mill Pond
(mean: 30.8 ug P L' +3.5) exhibited high deviations from their mean values.
Average summer water TDP concentration was greatest in Turdale Water, followed
by Mill Pond and Sandy Loch (mean: 30.3 ug P L' 1+0.5), whilst Bu Water, Lochs
of Brough (Yell) and Brow also had elevated levels of TDP in comparison to the
remaining study sites. The lowest level of TDP was determined in'Loch of Ustaness,
which had both the smallest summer average TDP concentration of 2.8 ug P L and
the minimum individual TDP concentration for one sampling date of 1.5 ug P L.
Seven other lochs contained < 5 ug P L on average, these water bodies being
Arthurs Loch, Lochs of Brindister, Gonfirth, Huesbreck and Watlee, Roer and
Helliers Water.

2.3.1.5.3 Dissolved reactive phosphorus (Table 2.7)

Generally, the concentration of DRP in the lochs studied was < 1 ug P L. There
were few exceptions. In July, Eela and Gorda Water, Loch of Snarravoe and
Whitelaw Loch had DRP levels of 1.3 ug PL!, 29 ug PL!, 4.1 ug PL" and 2.4
ug P L respectively. During September, DRP was again detected in Loch of
Snarravoe at 1.3 ug P L. In Turdale Water, DRP levels ranged from < 1 ug P L!
in July, to 90.8 ug P L in September.

2.3.1.6.1 Total oxidised nitrogen (Table 2.8)

The highest mean water column TON concentration in 1991 was 254 ug N L' for
Loch of Gonfirth. Three other water bodies had mean TON of > 100 ug N L,
These were Roer Water, Sandy Loch and Loch of Ustaness which had average water
TON levels of 139 ug N L, 129 ug N L' and 144 ug N L respectively.
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Table 2.7 Range of dissolved reactive phosphorus concentrations present in

the thirty one lochs studied in summer 1991 (n=3)

Site

Arthurs Loch
Bu Water
Loch of Brindister

Loch of Brough (Bressay)
Loch of Brough (Yell)

Loch of Brow
Loch of Cliff
Eela Water

Loch of Gonfirth
Gorda Water
Gossa Water
Helliers Water
Loch of Huesbreck
Loch of Huxter
Loch of Kettlester
Lunga Water

Mill Pond

Papil Water
Punds Water
Roer Water

Sand Water
Sandy Loch
Skutes Water
Loch of Snarravoe
Loch of Spiggie
Strand Loch

Loch of Tingwall
Turdale Water
Loch of Ustaness
Loch of Watlee
Whitelaw Loch

Range (in g P LY

all <1.0
<1.0-2.9
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
<1.0-1.3
all <1.0
<1.0-2.9
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
all <1.0
<1.04.1
all <1.0
all <1.0
all <1.0
<1.0-90.8
all <1.0
all <1.0
<1.0-2.4

Note: limit of detection 1.0 ug P L)
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Table 2.8  Range of total organic nitrogen concentrations present in the thirty
one lochs studied in summer 1991 (n=3)

Site Range (in ug N L)
Arthurs Loch <5-11

Bu Water all <5

Loch of Brindister 80-85

Loch of Brough (Bressay) all <5
Loch of Brough (Yell) <5-51

Loch of Brow all <5
Loch of Cliff 7-13
Eela Water 58-74
Loch of Gonfirth 249-258
Gorda Water all <5
Gossa Water <5-17
Helliers Water all <§
Loch of Huesbreck <5-40
Loch of Huxter <5-11
Loch of Kettlester <5-82
Lunga Water 82-116
Mill Pond 13-161
Papil Water <5-7
Punds Water 18-20
Roer Water 111-169
Sand Water <5-18
Sandy Loch 114-159
Skutes Water all <5
Loch of Snarravoe <15-10
Loch of Spiggie all <5
Strand Loch 40-87
Loch of Tingwall <5-13
Turdale Water <542
Loch of Ustaness 134-154
Loch of Watlee <5-13
Whitelaw Loch <59

Note: limit of detection 5.0 ug N L
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TON levels in Loch of Brindister, Eela and Lunga Water and Strand Loch were
greater than those of the remaining lochs with the exceptions of Turdale Water, Loch
of Kettlester and Mill Pond, each of which exhibited high variability in TON
concentration between sampling trips. The majority of water bodies in the 1991 study
were low in TON with twenty two lochs having an average TON concentration of <
20 ug N L. The lowest mean TON levels occurred in the following waters which
had mean summer TON concentrations of < 5 ug N L: Lochs of Brough (Bressay),
Brow, Snarravoe and Spiggie, Bu, Gorda, Helliers, Papil and Skutes Water.

2.3.1.6.2 Total ammoniacal nitrogen (Figure 2.3)

Generally, there was a high degree of variation in TAN concentrations in individual
lochs between sampling dates. Greatest mean summer TAN concentration was in Mill
Pond (Mean 103.0 +55.7), followed by Turdale Water (Mean 101.0 £32.7). Several
water bodies had mean TAN levels which were 20-40 ug N L i.e. were intermediate
in comparison with values for other lochs in the study. Loch of Brough (Yell) and
Punds Water exhibited average values of 63.0 ug N L' +0.9 and 55.7 ug N L
+2.4, respectively, with little variation around the mean. Lochs of Brough (Bressay),
Brow, Huxter and Spiggie, Gorda, Gossa and Sand Water, Sandy and Strand Lochs
and Mill Pond also had intermediate mean TAN concentrations, but high variability
over the summer. Lowest mean summer TAN concentrations found for waters in the
study were for Arthurs Loch (16.0 ug N L' £0.9), Loch of Ustaness (13.7 ug N L*!
+2.0) and Roer Water (13.3 ug N L'! +1.1), with little variation occurring through

the summer.

2.3.1.7.1 Calcium (Figure 2.4)

The highest mean Ca concentration (196.8 mg Ca L' +152.1) was calculated for
Strand Loch. The highest mean recorded for a water body which did not have a direct
sea water input was 68.5 mg Ca L' £9.4 for Loch of Huesbreck. Lochs of Tingwall,
Brow and Spiggie and Turdale Water all had mean Ca concentrations which were
elevated compared to the remaining lochs, with the exception of Sand Water which
showed relatively high variability in its summer Ca concentration range. Twenty four
of the lochs studied had mean Ca concentrations of < 10 mg Ca L', lowest average
Ca levels being recorded in Loch of Ustaness and Whitelaw Loch, both of which had

mean Ca concentrations of 2.6 mg Ca L,
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Figure 2.3 Mean summer total ammonical nitrogen levels in the thirty one

Shetland lochs studied in 1991 (n=3)
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Figure 2.4 Mean summer calcium levels in the thirty one Shetland lochs
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2.3.1.7.2  Magnesium (Figure 2.5)

The highest mean Mg concentration for summer 1991 was 177 mg Mg L' +252.1
for Strand Loch. There was much variation in Mg content of this water body between
July and September. Of the remaining lochs which had no direct sea water input,
Loch of Watlee had the highest mean water Mg concentration of 20.3 mg Mg L.
Lochs of Brow, Cliff, Huesbreck, Snarravoe and Spiggie, Helliers and Skutes Water,
all exhibited average water Mg levels of > 10 mg Mg L'. Minimum average
summer water Mg concentration was 3.1 mg Mg L! for Loch of Gonfirth, the
following lochs also having mean Mg levels of < 5.0 mg Mg L?: Arthurs and
Whitelaw Lochs, Lochs of Brindister and Ustaness, Eela, Roer and Sand Water.

2.3.1.7.3 Sodium (Figure 2.6)

Lochs of Brow, Huesbreck and Spiggie, Gorda Water and Mill Pond exhibited mean
summer Na concentrations which were > 40 mg Na L, although Na levels in Mill
Pond fell below this level in September. Maximum average Na conéentrition was
52.8 mg Na L™ for Loch of Spiggie. Five lochs were observed to have average Na
concentrations of < 30 mg Na L. These water bodies were Eela, Roer and Sand
Water, Whitelaw Loch and Loch of Gonfirth. Minimum calculated mean summer Na
concentration was 23.8 mg Na L for Sand Water.

2.3.1.7.4 Potassium (Figure 2.7)

The following five lochs had mean summer K concentrations of = 2.0 mg KL Bu,
Gorda and Turdale Water, Mill Pond and Loch of Spiggie. The latter exhibited the
maximum average water K level of 3.2 mg K L. Variation in K levels in Bu Water
and Mill Pond was such that the range of concentrations through the summer in these
lochs coincided with levels in water bodies with lower mean summer K concentrations
e.g. Lochs of Huesbreck, Huxter and Tingwall. Four lochs in the study had mean
summer K concentrations of < 1.0 mg K L. These water bodies comprised Loch
of Gonfirth (0.9 mg K L'!), Whitelaw Loch (1.0 mg K L"), Roer (0.9 mg K L) and
Sand Water (1.0 mg K L),

50



Figure 2.5 Mean summer magnesium levels in the thirty one Shetland lochs

studied in 1991 (n=3)
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Figure 2.6 Mean summer sodium levels in the thirty one Shetland lochs
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23.1.8 Colour (Table 2.5)

Water colour at 400nm ranged from 0.014 in Gorda Water to 0.887 in Mill Pond.
Other lochs which exhibited at least one colour reading of <0.100 were Arthur’s
Loch, Helliers, Papil, Roer and Skutes Water, Lochs of Brough (Bressay), Snarravoe,
Spiggie, Tingwall and Watlee. Water colour of >0.400 was observed in several
water bodies: Lochs of Brough (Yell) and Kettlester, Bu, Turdale and Sand Water,
Strand and Sandy Loéhs and Mill Pond.

23.1.9 Chlorophyll a (Figure 2.8)

Lochs with higher mean summer chl a levels tended to exhibit greater variability in
chl a concentrations through the summer than those which were observed to have low
levels. Although seven lochs had mean chl a concentrations of > 8 ug chl a L, only
those of Lochs of Spiggie and Brow resulted from determinations of chl a which all
- exceeded this level. Chl a concentration in the other water bodies of Lochs of Brough
(Yell), Huesbreck and Cliff, Turdale Water and Mill Pond was < 8 ug chl ¢ L
during at least one sampling trip. The highest mean water chl a concentration was
19.2 ug chl a L™! for Loch of Brow. Second to this was 16.8 ug chl @ L! for Turdale
Water. Lochs with intermediate average levels of chl a (2.5-8.0 ug chl a L), but
which were recorded as being variable in chl a concentration between July and
September were Strand and Sandy Lochs, Papil, Punds and Bu Water and Loch of
Tingwall. Minimum average chl a concentration was 1.2 ug chl a L!, observed in
Roer Water. Arthurs Loch, Loch of Gonfirth and Helliers Water also had mean chl
alevels of < 2.0 ug chl g L.

23.2 Water chemistry and physical characteristics of the five Shetland
lochs studied in 1992 and 1993 '

The following water bodies were selected for further study as they represented a

range of water column conditions: Loch of Gonfirth, Helliers Water, Loch of

Tingwall, Sandy Loch, Turdale Water.
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Figure 2.8 Mean summer chlorophyll a levels in the thirty one Shetland

lochs studied in 1991 (n=3)
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2.3.2.1 Bathymetry of the five study lochs of 1992 and 1993

Figures 2.9 and 2.10 present maps of the bathymetry of the five study lochs of 1992
and 1993. Table 2.9 shows characteristics of the five study lochs. The shallowest
water body was Turdale Water, which was of relatively uniform depth, having a
mean depth of 0.9 m. This basin also had the lowest volume of water (58,951 m®).
Helliers Water had the smallest catchment and loch surface area, but had a maximum
depth of 2.3 m. The combined volume of the two basins of Loch of Tingwall
accounted for the highest volume of water of the five lochs (1,971,770 m®). Loch of
Gonfirth was the deepest water body, mean and maximum depths being 7.8 and 25.5
m respectively. Despite the depth of Loch of Gonfirth, the surface area of Sandy
Loch (41.4 ha) meant that the latter was of greater volume.

2.3.2.2 Dissolved oxygen and temperature profiles in the five study lochs
during 1992 and 1993

Generally, there was little or no difference in temperature and DO from surface to
deep water at the sites. No evidence for stratification was observed in Helliers Water,
Turdale Water or Sandy Loch. Profiles exhibiting greatest changes in DO
concentration and temperature with depth are presented in Tables 2.10 and 2.11.
Owing to instrument malfunction, no readings of DO are availabie for the August
1992 field visit to Loch of Tingwall. However, temperature remained constant
throughout the water column. Greatest changes in temperature and DO concentration
in the water column of Loch of Tingwall were noted in July 1993. At Site 1, DO and
temperature decreased by only 0.72 mg DO L and 0.4°C respectively. DO was
supersaturated at all depths. However, between surface and 20 m depth at Site 2, DO
was diminished by 4.05 mg DO L' and temperature decreased by 2.2°C. DO
saturation decreased from 115% at surface, to 715 in deep water. Greatest change in
temperature and dissolved oxygen occurred between 13 m and 15 m depth (Table
2.10). In Loch of Gonfirth during June 1992 and July 1993, a discontinuity was noted
in DO concentration between 13 m and 15 m depth. Temperature change from surface
to 20 m depth was 1°C in June 1992 and 1.4°C in July 1993. Diminution of DO
concentration from surface to 20 m depth was 2.03 mg DO L (21%) in June 1992
and 1.08 mg DO L (13%) during July 1993 (Table 2.11).
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Figure 2.9 Bathymetric maps of Loch of Gonﬁrth, Helliers and Turdale
Water (depths in metres)

Turdale Water

Helliers Water

Loch of Gonfirth
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Figure 2.10 Bathymetric niaps of Loch of Tingwall and Sandy Loch
(depths in metres)

58

Loch of Tingwall

Sandy Loch



Table 2.9  Physical characteristics of the five lochs studied in 1992 and 1993

Water body Catchment Loch Loch Max Mean
area (ha) surface volume depth depth
area (ha) (m*) (m) (m)
Helliers Water 40.8 4.4 61,092 23 1.4
Loch of Gonfirth . 63.6 14.6 1,131,100 255 7.8
Loch of Tingwall 309.6 46.3 1,971,770 225 43
Sandy Loch 287.3 41.4 1,503,058 79 3.6
Turdale Water 92.7 6.4 58,951 1.5 0.9
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Table 2.10 Temperature and dissolved oxygen concentration profiles exhibiting
incomplete mixing of the water column of Loch of Tingwall

(26/07/93)
Site Depth Temperature Dissolved oxygen
(m) (°C) (mg O, L") (% saturation)
1 (North Basin) 0 142 11.38 111.1
1 143 11.42 111.7
2 144 11.49 112.6
3 142 11.42 111.5
4 14.0 11.32 110.0
5 14.0 11.12 108.1
7 139 11.04 107.1
9 138 10.87 105.1
10 138 10.66 103.1
2 (South Basin) 0 148 11.59 114.6
1 14.6 11.67 115.0
2 144 11.50 112.7
3 141 11.42 111.2
4 140 ' 11.35 110.3
5 139 11.38 110.4
7 138 11.18 108.1
9 137 11.02 106.4
11 135 10.86 104.4
13 13.2 10.01 95.6
15 128 9.11 86.2
17 12,6 8.46 79.7
19 125 7.71 72.5
20 126 7.54 71.0



Table 2.11

Date

23/06/92

25/07/93

Temperature and dissolved oxygen concentration profiles showing
incomplete mixing in Loch of Gonfirth (Site 2)

Depth Temperature Dissolved oxygen
(m) (°C) (mg O, L") (% saturation)
0 12.3 10.85 101.5
1 12.3 10.83 101.3
2 12.3. 10.82 101.2
3 12.3 10.86 101.6
4 12.3 10.90 102.0
5 12.3 10.90 102.0
7 12.1 10.86 100.9
9 12.1 10.87 101.0
11 11.9 10.73 99.4
13 11.6 10.72 98.7
15 11.5 8.87 81.5
17 11.4 8.76 80.3
19 11.4 8.63 79.1
20 11.3 8.82 80.6
0 12.2 11.06 103.2
1 12.1 11.11 103.4
2 12.1 11.09 103.3
3 12.0 11.08 103.0
4 12.0 11.08 103.0
5 12.0 11.09 103.1
7 12.0 11.10 103.2
9 11.9 11.09 102.8
11 11.9 11.03 102.2
13 11.9 11.01 102.0
15 11.5 10.85 99.6
17 11.1 10.43 94.9
19 10.9 10.12 91.7
20 10.8 x 9.98 90.2
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2.3.2.3 pH, conductivity and alkalinity of waters in 1992 (Table 2.12)
Mean water column pH in Loch of Gonfirth ranged from pH 6.04 in March to pH
6.30 in June. Average water alkalinity in this loch showed its minimum of 0.09 meg
L in March, buffering capacity being greatest during August and October, when
alkalinity was 0.11 meq L. In contrast, the highest mean water column conductivity
of 222 uS cm™ was recorded in May, the lowest of 173 uS cm™ in October.

In Helliers Water mean pH ranged from pH 6.42 in October to pH 6.87 during May.
Highest mean alkalinity was measured as 0.70 meq L in August, lowest average
alkalinity being 0.14 meq L in March samples. The highest conductivity of 350 uS
cm™ was also detected in August, whilst the minimum of 252 uS cm? was recorded
in May.

Average water column pH in Loch of Tingwall remained > pH 7.00 throughout the
sampling program, ranging from pH 7.52 in June to pH 8.00 in May. Compared with
the South Basin, variation in pH was more extreme in the North Basin, where mean
pH values extended from pH 7.25 in October, to pH 8.15 in May. Mean conductivity
measured for both basins was 362 uS cm” in March and 377 uS cm? in August.
Again, more extreme mean conductivity values of 352 xS cm™ (March) and 377 uS
cm! (October) were recorded for the North Basin. Mean alkalinity for Loch of
Tingwall ranged from 1.06 meq L' in May to 1.75 meq L in August. Greater
variability was noted in the South Basin than the North Basin, maximum and
minimum values in the former being 1.76 meq L (August) and 0.94 meq L' (May)

respectively.

In Sandy Loch, mean water column pH was greatest in May (pH 7.09) and lowest in

June (pH 6.79). Minimum conductivity measured was 257 uS cm™ in May, the

highest mean conductivity of 271 uS cm subsequently being observed in August. .
Water buffering capacity was poorest in March, when average alkalinity was 0.26

meq L. During October, alkalinity was at its highest level (0.38 meq L*).
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Table 2.12 Mean water column pH, conductivity and alkalinity ranges of the
five study sites, 1992

Site pH Conductivity Alkalinity
uS cm?) (meq L)

Loch of Gonfirth 6.04-6.30 173-222 0.09-0.11
Helliers Water 6.42-6.87 252-350 0.14-0.70
Loch of Tingwall 7.52-8.00 362-377 1.06—1.75
(both basins)

Sandy Loch 6.79-7.09 257-271 0.26-0.38
Turdale Water 6.50-9.30 256-334 -0.26-1.33
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Great variation occurred in mean water column pH values for Turdale Water, ranging
from pH 6.50 during October to pH 9.30 in June. Mean conductivity readings varied
from 256 uS cm™ in March to 334 uS cm™’ in August. Mean alkalinity was also
highly variable, ranging from 0.26 meq L* in March to 1.33 meq L in August.

2.3.2.4 Phosphorus and chlorophyll @ concentrations of lochs and their
inflows in 1992

Changes in TP, TDP, DRP and chl a concentrations over time are presented in

Figures 2.11-2.20. These figures represent the water column parameter mean + 2

s.e. for each sampling date.

2.3.24.1 Loch of Gonfirth

Average water column TP concentration changed little from March to June sampling
dates. Maximum recorded TP level was 4.9 ug P L' in May. This decreased to a
minimum of 3.4 ug P L' determined in samples taken in October. Mean water
column TDP concentration was observed to decrease from 3.2 ug P L'! during March
to 1.3 ug PL" in October, greatest change occurring between March and May, when
TDP was present in the water column at 2.3 ug P L'! (Figure 2.11). Concentration
of DRP in water from Loch of Gonfirth was < 1 ug PL?in every sample analysed.
Mean water column chl a concentration increased from its minimum level of 0.5 ug
chl a L in March to peak chl a content of 1.8 ug chl @ L! in May (Figure 2.12).
From May to October average water column chl a concentration decreased to 1.3 ug
chl a L. Chl a content therefore exhibited a similar pattern to TP concentration
during 1992.

2.3.24.2 Loch of Gonfirth inflow waters (Table 2.13)

Maximum recorded TP concentration of a Loch of Gonfirth inflow was 23.9 ug PL?,
determined for Inflow 3 during May. A relatively high TP concentration was also
found in Inflow 5 at this time (15.6 ug P L"). Least TP was present in Inflow 1 in
May (5.3 pg P L). During June, only Inflow 6 had sufficient water flow to allow
sampling. TP was determined at 5.3 ug P L' in this inflow. In August TP
concentration ranged from 7.2 pug P L' in Inflow 1 and Inflow 6 to 9.1 ug P L' in
Inflow 3.



Figure 2.11 Phosphorus levels in Loch of Gonfirth, 1992 sampling season
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Figure 2.12 Chlorophyll a levels in Loch of Gonfirth, 1992 sampling season
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Table 2.13 Inflow water quality for the five study lochs, 1992
(all data reported as ug P L)

(site details given on Figure 3.1)

Loch of Gonfirth
Site Inl In2 In3 In4d InS5 Iné6
Date
20.03.92
TP ,
TDP no samples taken
DRP
11.05.92
TP 5.3 85 239 7.8 156  n.s.
TDP 3.3 46 11.0 6.5 8.4
DRP nd. nd. nd nd nd
23.06.92
TP n.s. ns. ns. ns. ns. 5.3
TDP 2.7
DRP ' 4 n.d.
20.08.92 )
TP 7.2 ns. 91 ns. ns. 7.2
TDP 4.0 6.5 6.5
DRP n.d. n.d. n.d.
07.10.92
TP 5.9 ns. ns. 34 59 178
TDP 5.9 1.5 4.7 4.7
DRP n.d. nd. nd. nd.

67



Table 2.13 (cont.)

Helliers Water

TP
TDP
DRP

TP
TDP
DRP

TP
TDP
DRP

TP
TDP
DRP

TP
TDP
DRP

Site
Date
19.03.92

12.05.92

20.06.92

21.08.92

10.10.92

Sandy Loch

TP

Site
Date
21.03.92

Ini In2 In3

no samples taken

7.8
33

n.d.

n.s.

4.0
1.4

n.d.

2.7

n.s.
n.d.

In1

TDPno samples taken

DRP

P

10.05.92

TDPno samples taken

DRP

TP
TDP

nep

AFARA

TP
TDP
DRP

TP
TDP
DRP

23.06.92

19.08.92

06.10.92

47.7
32.0

n.d.

48.0
35.9

n.d.

64.3
54.2
12.0

16.8 n.s.

2.0

n.d.

n.s. 10.4
5.9
n.d.

34 n.s.

1.4

n.d.

2.7 n.s.

1.5

n.d.

In2 In3

n.s. n.s.

32.1 n.s.

16.1

n.d.

35.7 19.2

29.1 14.1

n.d. n.d.
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Table 2.13 (cont.)
Loch of Tingwall

TP

Site
Date
22.03.92

Inl In2 In3

TDPno samples taken

DRP

TP
TDP
DRP

P
TDP
DRP

P
TDP
DRP

TP
TDP
DRP

13.05.92

19.06.92

22.08.92

~08.10.92

Turdale Water

TDP
DRP

TDP
DRP

TDP

DRP

TDP
DRP

TDP
DRP

Site
Date
18.03.92

12.05.92

18.06.92

21.08.92

09.10.92

49.6 14.3
39.0 9.7
n.d. n.d.
31.0 18.8
21.8 n.s.
nd. n.d.
27.0 123
19.9 11.0
n.d. n.d.
41.4 199
27.3 14.1
3.8 n.d.
Inl In2

no samples taken

2223

172

1464 150
971 97
n.s. 120.0
97.7
n.d.

n.s. 66.5
51.2
n.d.

20.9 119.0
12.9 111.0
nd. 69.9

In4d InS

143 2.1 9.8

6.5 ns. n.s.

nd. nd. n.d.

36.1 n.s. 13.6

12.2 11.6

n.d. n.d.

n.s. n.s. 11.7

9.7

n.d.

ns. ns. 97

6.6

n.d.

In3 In4d InS§

904 1223 n.s
892 1059
352 733

n.s. n.s. 16.2

9.7

n.d.

n.s. n.s. 18.0

13.6

n.d.

561.0 n.s1336.0

n.s. n.s.

503.4 n.s.
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The depths of remaining inflows were too shallow for samples to be taken. During-
October, Inflow 4A exhibited a concentration of 3.4 ug P L. This was the lowest
TP concentration determined in Loch of Gonfirth inflow waters. Maximum TP
concentration of waters collected at this time was 7.8 ug P L! in Inflow 6. Greatest
TDP levels were found in the same samples as highest TP concentrations. During
May, Inflow 3 and Inflow 5 contained 11.0 ug TDP L*! and 8.4 ug TDP L™
respectively, whereas lowest TDP levels in May were observed in Inflow 1 (3.3 ug
P L). During June TDP concentration was 2.7 ug P L in Inflow 6 and a relatively
restricted range was noted in August, from 4.0 ug P L (Inflow 1) to 6.5 ug P L
(Inflow 3 and Inflow 6). As with TP, Inflow 4A during October accounted for the
lowest recorded concentration of TDP of 1.5 ug P L, whilst Inflow 5 and Inflow 6
were each observed to have 4.7 ug TDP L, the maximum TDP level for this

sampling visit.

2.3.243 Helliers Water

At 4.8 ug P L', mean water column TP concentration was low during March and
August. Two peaks were also observed in TP levels, the greater of 9.8 ug P L
during May, the other of 7.0 ug P L' in October (Figure 2.13). Average water
column TDP concentration did not follow the same pattern as exhibited by TP. Little
change in TDP levels occurred between sampling dates. Mean concentration increased
from 2.9 ug P L?! in March to the maximum level of 3.3 ug P L durihg May and
June. Greatest change was observed from June to August, when TDP concentration
decreased to its lowest value of 2.1 ug P L. October levels were similar to those
found in March. No P was detected in the DRP form in any of the samples collected
(Figure 2.13). From 1.9 ug chl a L March, mean water column chl a concentration
decreased t0 0.9 ug chl @ L' in May (Figure 2.14). In comparison, chl a levels were
elevated in June, average water concentration being 2.7 ug chl @ L!. Maximum levels
were detected in the October samples. From a concentration of 1.8 ug chl @ L in

August, chl a levels rose to 3.9 ug chl a L.
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Figure 2.13 Phosphorus levels in Helliers Water, 1992 sampling season (n=3)
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Figure 2.14 Chilorophyll a levels in Helliers Water, 1992 sampling season
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2.3.2.4.4  Helliers Water inflow waters (Table 2.13)

Shortage of water during summer resulted in SIC pumping water from Loch of
Watlee to Helliers Water. Although transference of water occurred intermittently from
May to August, the inflow from Loch of Watlee was in operation during the June
survey only. TP and TDP concentrations in this inflow (Inflow 3) were determined

as 10.4 ug P L' and 5.9 ug P L' respectively. At this time, Inflow 1 and Inflow 2

had insufficient flow to allow collection of water samples. Concentration of TP in
these inflows decreased from March to October, when TP level in each was 2.7 ug
P L. Maximum concentrations of TP were 7.8 ug P L' and 16.8 ug P L in Inflow
1 and Inflow 2 respectively. TDP concentrations in Inflow 1 ranged from 1.4 ug P
L' in August to 3.3 ug P L during May. TDP level in Inflow 2 also ranged from
1.4 ug P L' in August to 2.0 ug P L' in May. DRP concentration was < 1 ug P L

in all inflow water samples analysed.

2.3.24.5 Loch of Tingwall

Mean water column TP concentration decreased in both North and South Basins from
March to October. In the North Basin, maximum and minimum average TP levels
were 20.6 ug P L and 10.5 ug P L respectively. Mean water TP concentration
range in the South Basin was from 14.7 ug P L' down to 8.5 ug P L! (Figure 2.15).
Mean range for both basins combined was 16.4 ug P L' t0 9.1 ug P L', Mean water
column chl a concentration in Loch of Tingwall North Basin decreased from 8.8 ug
chl @ L in March to levels between 3.6 ug chl a L and 4.2 ug chl a L during the
other sampling visits. South Basin chl @ concentrations decreased from 8.1 ug chl a
L in March to 1.9 ug chl a L during May. From this minimum concentration, chl
a levels increased to 5.7 ug chl a L' in June. During August and October, chl a
concentration remained at 4.0 ug chl a L. Average chl a range for the entire loch
was from 8.3 ug chl @ L in March to 2.5 ug chl a L in May (Figure 2.16).

2.3.2.4.6 Loch of Tingwall inflow waters (Table 2.13)

The greatest concentration of TP determined for Loch of Tingwall inflow waters was
49.6 ug P L' in Inflow 1 during May. Inflow 4 exhibited a TP concentration of only
2.1 ug P L at this time, which was the minimum measured. In June, greatest TP
concentration of 36.1 ug P L' was found in Inflow 3A, Inflow 5 having the lowest
TP concentration at this time of 13.6 ug P L.
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Figure 2.15 Phosphorus levels in Loch of Tingwall, 1992 sampling season
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Figure 2.16 Chlorophyll a levels in Loch of Tingwall, 1992 sampling season
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Of samples taken during August and October, TP content was highest in Inflow 1 and
lowest in Inflow 5. TP levels ranged from 11.7 ug P L to 27 ug P L in August and
9.7 ug P L' to 41.4 ug P L' in October. TDP levels detected in samples taken in
May were greatest in Inflow 1 (39.0 ug P L) and least in Inflow 4 (0.9 ug P L).
As with TP concentrations, samples from Inflows 1 and 4 demonstrated the extremes
of TDP levels for all the Loch of Tingwall inflow samples analysed. The following
ranges of TDP concéntmtions were observed in inflow water of the remaining
determinations: 11.6 ug P L' to 31 ug P L (June), 9.7 ug P L to 27 ug P L
(August), 6.6 ug P L' to 41.4 ug P L (October). DRP was < 1 ug P L1 in all
inflow samples analysed in May, June, August and October, with the exception of
Inflow 1, which had a DRP concentration of 3.8 ug P L during October.

2.3.2.4.7 Sandy Loch _

- Average water column TP concentration in Sandy Loch was 33.6 ug P L during
March, decréasing to 24.8 ug P L'! in June. From this level, mean water column TP
then increased to 32.3 ug P L' in October (Figure 2.17). Average TDP levels
decreased from 24.3 ug P L! in March to a minimum of 12.9 ug P L'! in May. Mean
TDP concentration then increased to the maximum of 25.2 ug P L! in October.
During October, DRP was detected at levels of 2.7 ug P L™ and 1 ug P L in surface
samples from Site 1 and Site 2. Two peaks were noted in chl a concentrations in
Sandy Loch water samples (Figure 2.18). The first of 8.1 ug chl @ L occurred in
May, the second of 11.6 ug chl a L in August. Lowest mean chl a concentration of
2.7 pg chl a L was detected in October.

2.3.24.8 Sandy Loch inflow waters (Table 2.13)

In samples taken from Inflow 1, TP concentration ranged from 47.7 ug P L' in June,
to 64.3 ug P L' in October. TP concentrations determined in the two samples taken
of Inflow 2 waters were 32.1 ug P L and 35.7 ug P L"! for August and October,
respectively. The October sampling of Inflow 3 exhibited a TP level of 19.2 ug P L1,
of which TDP constituted 14.1 ug P L'!. TDP concentration in Inflow 1 ranged from
32.0 ug P L' in June to 54.2 ug P L in October, whilst that in Inflow 2 was present
at 16.1 pg P L' and 29.1 ug P L' in August and October respectively.
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Figure 2.17 Phosphorus levels in Sandy Loch, 1992 sampling season (n=8)
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Figure 2.18 Chlorophyll a levels in Sandy Loch, 1992 sampling season (n=8)
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23.2.49 Turdale Water

Commencing at 159.0 ug P L*! in March, mean water column TP concentration
increased to a maximum of 203.4 ug P L' in May. TP levels were then depleted to
36.5 ug P L' in August, before increasing once more to 127.4 ug P L in October
(Figure 2.19). TDP concentrations followed a similar pattern to TP levels, exhibiting
maximum (134.2 g P L") and minimum (23.1 ug P L") concentrations in May and
August respectively. Mean water column DRP concentration increased from 68.1 ug
P L*in March to 115.4 ug P L in May, but was below the limit of detection of 1.0
ug P L during June and August. However, DRP returned to a mean level of 46.7
ug P L1 in October (Figure 2.19). Mean chl a levels in Turdale Water increased from
12.1 ug P L to 284.6 ug P L in June. Minimum chl a concentration of 5.2 ug chl
a L' was observed in August, after which chl a increased to 9.7 ug chl @ L! in
October (Figure 2.20).

2.3.2.4.10 Turdale Water inflow waters (Table 2.13)

Maximum recorded TP concentration in Turdale inflow water was 2.22 mg P L in
Inflow 1 during May. Lowest TP concentration detected at this time was 172.3 ug P
L! in Inflow 2. In June, Inflow 2 and Inflow 5 exhibited concentrations of 120.3 ug
P L* and 16.2 ug P L™ respectively, the latter being the minimum TP level recorded
in a Turdale inflow in 1992. In August TP had decreased to 66.5 ug P L! in Inflow
2, but increased to 18.0 ug P L in Inflow 5. TP content of samples collected in
October ranged from 20.9 ug P L' in Inflow 1 to 1.34 mg P L"! in Inflow 5. TDP
concentration in May ranged from 149.9 ug P L in Inflow 2 to 1.46 rﬁg PL'in
Inflow 1. The latter TDP concentration was the highest recorded TDP level in
Turdale inflow waters during 1992. In samples of Inflow 2 and Inflow 5 collected in
June, TDP contents were found to be 97.7 ug P L' and 9.7 ug P L respectively,
whilst in August the corresponding values were 51.2 ug P L'! and 13.6 ug P L.
Greatest TDP concentration in October occurred in the Inflow 3 sample (545.2 ug P
L), the lowest in the Inflow 1 water (12.9 ug P L"). In May, DRP content of inflow
waters collected ranged from 96.6 ug P L' in Inflow 2 to 0.97 mg P L in Inflow
1. Concentration of DRP was < 1 ug P L in Inflow 2 and Inflow 5 during June and
August. However, in October, DRP levels measured were between < 1 ug P L in
Inflow 1 and 503.4 ug P L! in Inflow 3.
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Figure 2.20 Chlorophyll a levels in Turdale Water, 1992 sampling season
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2.3.2.5 pH, conductivity and alkalinity in the five study lochs in 1993
(Table 2.14) -

In Loch of Gonfirth, mean water column pH ranged from 6.23 during March to 6.35
in August, pH values in May and October being 6.34 and 6.26 respectively. Average
water column conductivity was 185-189 uS cm’, falling to 177 uS cm™ in August
only. Buffering capacity was lowest during August, when mean alkalinity was 0.09
meq L. Subsequently, average alkalinity increased to the maximum of 0.15 meq L
during October.

Average water column pH values for Helliers Water increased from 6.80 during
March to 7.01 in August and October. Lowest average water column conductivity of
252 uS cm™ was recorded in May, whilst greatest mean conductivity of 324 uS cm™!
occurred in October. An increase in buffering capacity was observed from the
minimum mean alkalinity in March of 0.18 meq L! to 0.61 meq L* in October.
Mean pH values in Loch of Tingwall increased from 7.50 in March to 7.95 in
August, before decreasing to 7.80 in October. In August, the high pH of the waters
of the North Basin resulted in the elevated mean water column pH for Loch of
Tingwall. The pH in the water column of the North Basin ranged from 8.02 to 8.22,
whereas pH 7.66 and pH 7.85 were the extremes noted in the South Basin.
Conductivity in the water column decreased from 371 uS cm™ during March to 323
uS cm? in May, rising to 385 xS cm™ in October. Maximum and minimum average
watcr‘ alkalinity levels were recorded in March (1.43 meq L!) and May (1.50 meq
L") respectively.

Average water column pH values in Sandy Loch ranged from 6.89 during August
down to 6.48 in October. Lowest average conductivity of 221 uS cm™ occurred in
May, greatest of 284 uS cm™ during October. Buffering capacity within the water
column increased from 0.29 meq L' in March to 0.35 meq L' in August,
subsequently decreasing to 0.34 meq L in October. In Turdale Water a great change
in average water column pH was noted. The pH increased from 6.75 in March to
9.02 in May, exhibiting values of pH 7.60 and 7.50 in August and October
respectively. Conductivity decreased from 253 uS cm™ in March to 239 uS cm! in
May, before rising to 375 uS cm™ in October.
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Table 2.14 Mean water column pH, conductivity and alkalinity ranges of the
five study sites, 1993

Site

Loch of Gonfirth
Helliers Water

Loch of Tingwall
(both basins)

Sandy Loch

Turdale Water

pH

6.23-6.35
6.80-7.01

7.50-7.95

6.48-6.89

6.75-9.02

83

Conductivity

(uS cm™)
177-189
252-324

323-385

221-284

239-375

Alkalinity
(meq L)

0.09-0.15
0.18-0.61

1.43-1.50

0.29-0.35

0.24-1.24



A large change also occurred in alkalinity, values of 0.24 meq L and 1.24 meq L*
being noted in March and October, respectively.

2.3.2.6 Phosphorus and chlorophyll a concentrations of lochs and their
inflows in 1993

Changes in TP, TDP, DRP and chl a concentrations over time are presented in

Figures §.21-2.30. These figures represent the water column parameter mean + 2

s.e. for each sampling date. |

2.3.2.6.1 Loch of Gonfirth
Maximum average TP concentration was recorded in March, that value being 4.4 ug
P L. Minimum average TP concentration of 1.9 ug P L' was found in the May
sample. Mean TP concentration rose to 3.8 ug P L during July, before decreasing
once more to 2.3 ug P L' in October (Figure 2.21). Concentrations of TDP
“determined in Loch of Gonfirth water samples followed a similar pattern to those of
TP. Maximum average water column TDP concentration of 2.7 ug P L! was
recorded in March, levels dropping to 1 ug P L'! in May, the minimum determined.
Water column average TDP concentration then increased to 1.7 ug P L' in July,
before decreasing to 1.4 ug P L in October. Of the samples taken, in March, May,
July and October, none had detectable levels of DRP i.e. concentration was always
< 1 pug P L (Figure 2.21). Chl a concentrations recorded from water samples from
Loch of Gonfirth indicated a minimum mean water column value of 0.6 ug chl a L
during March and the maximum level of 2.4 ug chl a L in May (Figure 2.22). A
less pronounced peak of 1.4 ug chl @ L was observed in October, mean chl a
concentration having risen from 0.9 ug chl @ L*! in July. Water column concentrations
of P and chl a exhibited peaks and troughs at different times i.e. when TP and TDP
concentrations were elevated, chl a concentration was at lower levels and vice versa
(Figures 2.21 and 2.22).

2.3.2.6.2 Loch of Gonfirth inflow waters (Table 2.15)

The range of TP concentrations found in Loch of Gonfirth inflow waters in March
was from 2.8 ug P L! in Inflow 1 t0 5.9 ug P L! in Inflow 4A. In May, Inflow 1
was again observed to have the lowest TP concentration, whilst the highest TP level
of 9.3 ug P L'! was recorded in Inflow 3.
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Figure 2.21 Phosphorus levels in Loch of Gonfirth, 1993 sampling season
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Figure 2.22 Chlordphyll a levels in Loch of Gonfirth, 1993 sampling season
(n=6)
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Table 2.15 Inflow water quality for the five study lochs, 1993
(all data reported in ug P L")

Loch of Gonfirth

P
TDP
DRP

TP
TDP
DRP

TP
TDP
DRP

TP
TDP
DRP

(site details given on Figure 3.1)

Site
Date
22.03.93

20.05.93

25.07.93

03.10.93

Helliers Water

TDP
DRP

TDP
DRP

TDP

nn
AFE

TDP
DRP

Site
Date
23.03.93

23.05.93

28.07.93

02.10.93

Inl

2.8
n.s.
n.d.

2.8
0.8
n.d.

n.s.

4.8
34
n.s.

In 2

4.0
4.0
n.d.

34

0.8 -

n.d.

n.s.

54
4.8
n.s.

In 2

In3 In4A In4B InS

34 59 40 4.0
nd. 47 nd 2.1
nd. nd. nd. nd.

93 4.1 4.1 4.1
34 2.8 28 4.1
nd. nd. nd. n.d.
ns. ns. ns. 4.0

2.0

n.d.
23.8 8.7 8.7 12.0

146 6.7 7.4 113
n.s. ns. ns. ns

In3

n.s.

n.s.
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In 6

53
2.8
n.d.

8.0
6.7
n.d.

6.5
4.6
n.d.

10.0
10.0
n.s.



Table 2.15 (cont.)

Sandy Loch

™
‘TDP
DRP

™
TDP
DRP

TP
TDP
DRP

™
TDP
DRP

Loch of Tingwall

TDP

DRP

TDP
DRP

TDP
DRP

4 A

TDP
DRP

Site
Date
21.03.93

22.05.93

27.07.93

01.10.93

Site

Date
24.03.93

21.05.93

26.07.93

1 04.10.93

Inl In2 In3 In4 InS Drain
48.6 12.8 6.5 15.3 35.4 188.6
31.6 8.4 6.0 12.2 17.8 181.0
14.9 nd. nd. nd. nd. 147.6
45.8 n.s. 26.2 n.s. 16.5 98.7
38.6 12.5 11.2 92.8
234 5.0 n.d. 48.5
499 350 28.6 n.s. 29.2 13.0
422 29.2 189 234 11.1
20.2 n.d. n.d. n.d. n.d.

90.8 25.1 19.2 n.s. 59.3 73.1
31.7 9.4 9.4 8.7 38.3

n.d. n.d. n.d. n.d. n.d.

Inl In2 In3AIn3BIn4 In5 Iné
20.3 24.1 21.0 28.5 n.s. 36.0 26.0
134 160 12.8 22.9 10.3 18.5
nd. n.d. n.d. n.d. 1.9 n.d.
23.0 10.6 n.s. ns. ns. 165 111.7
19.7 7.3 11.9 745
nd. n.d. n.d. 3.8
n.s. 20.2 n.s. n.s. ns. ns. 7416

13.7 n.d.

n.d. 4544
64.5 29.7 12. n.s. n.s. 29.1 2430
25.8 17.2 10.0 19.2 2496
nd. n.d. n.d. n.d. n.d.
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36.7
8.4
n.d.

n.s.

n.s.
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Table 2.15 (cont.)

Turdale Water
Site Inl In2 In3 In4 InS
Date
24.03.93
™ - 703.2 167.2 318.5 470.4 75.9
TDP 700.1 146.5 305.3 413.3 67.4
DRP n.s. 120.5 240.2 348.1 42.0
22.05.93
TP : ns. 328 ns.  ns. 210
TDP 28.2 11.2
DRP 10.0 n.d.
29.07.93
P ns. 163 ns. ns. 13.0
TDP 12.4 9.1
DRP n.d. n.d.
05.10.93
TP 1254 285 1169 719 167
TDP 1166 259 1077 624 122
DRP n.s. ns. NnS. NS NS
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In all inflows on the west side of the catchment (Inflows 4A, 4B and 5), TP
concentrations were 4.1 ug P L. In July, only two inflows were of sufficient depth
to allow water samples to be taken. Inflow 5 had a concentration of 4 ug P L!, whilst
that of Inflow 6 was 6.5 ug P L. Maximum recorded TP concentrations occurred in
the October samples. Concentration of TP determined in Inflow 3 water was
relatively high at 23.8 ug P L', As in March and May, lowest TP concentration of
4.8 pg P L was measured in the sample of Inflow 1. As with TP, all inflows
exhibited maximum TDP concentrations in the October samples. TDP concentration
ranged from 3.4 ug P L in Inflow 1 to 14.6 ug P L in Inflow 3. In July, TDP
levels in the two inflows sampled were 2 ug P L' and 4.6 pug P L for Inflow S and
Inflow 6 respectively. In samples taken during May, a range of 0.8 ug P L'! (Inflows
1 and 2) to 6.7 ug P L! (Inflow 6) was observed. The maximum TDP concentration
in March, which occurred in Inflow 4A, was 4.7 ug P L!, although TDP
concentrations in Inflows 4B and 1 were the lowest determined, at 2.0 ug P L.

2.3.2.6.3 Helliers Water ‘

Average water column TP concentration ranged from 4.9 ug P L in the March
sample to 8.1 ug P L in July. Mean values observed for TP in May and October
were similar, concentrations being 6.4 ug P L and 6.9 ug P L™ respectively (Figure
2.23). Water column TDP levels did not follow TP concentrations, minimum TDP
concentration occurring in May (1.2 ug P L), maximum in October (3.4 ug P L"),
Concentrations in March and July were 2.0 ug P L' and 2.9 ug P L™ respectively.
In all samples collected, DRP concentration was < 1 ug P L' (Figure 2.23). In
March, lowest mean water column chl a concentration of 2.0 ug chl @ L' was
detected. Subsequently chl a content rose to 3.2 ug chl @ L in May (Figure 2.24).
Greatest mean chl a concentration of 5.4 ug chl a L was recorded in the October
sample, levels having risen since July, when water collected was found to contain,
on average, 2.6 pug chl a L. Maximum mean concentrations of TP and chl a did not
coincide, although minimum values did, and maximum TDP concentration was

concurrent with that of chl q.



a1ep Bujdweg

Figure 2.23 Phosphorus levels in Helliers Water, 1993 sampling season (n=3)
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Figure 2.24 Chlorophyll a levels in Helliers Wat

er, 1993 sampling season
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2.3.2.6.4 Helliers Water inflow samples (Table 2.15)

Maximum concentrations of both TP and TDP were found in water from Inflow 3 i.e.
from Loch of Watlee during July. Levels of P determined were 7.2 ug TP L and 4.6
pg TDP L. Lowest recorded TP concentration was 1.4 ug P L! in samples from
Inflow 1 and Inflow 2 in July and May respectively. Minimum TDP concentration ( <
1.0 ug P L") was also detected in Inflow 2 in May. Peak TP and TDP levels were
determined for Inflows 1 and 2 in water collected in October. Analyses found DRP
to be < 1 ug P L? in all inflow water samples. |

2.3.2.6.5 Loch of Tingwall

TP concentration in Loch of Tingwall was greatest during March, with a mean water
column concentration for both basins combined of 13.3 ug P L. Average TP in the
South basin decreased from 12.3 ug P L in March to 8.8 g P L in October, whilst
that of the North basin exhibited a maximum of 14.6 ug P L' in March and a
minimum of 9.6 ug P L in May. Mean water column TP concentration then showed
a secondary peak in the North basin of 13.5 ug P L in July, before falling to 10.5
ug P L1 in October (Figure 2.25). Average TDP concentration for both basins
combined was greatest in March at 6.9 ug P L and lowest in May at 4.4 ug P L.
In the North basin, TDP maximum concentration (8.0 ug P L") occurred in July,
having risen from the minimum (4.2 ug P L') in May. In the South basin, TDP
ranged from 6.9 ug P L in March down to 5.4 ug P L'! in May. All determinations
of water column DRP concentration were < 1 ug P L (Figure 2.25). Mean chl a
concentration for both basins combined ranged from 11.2 ug chl a L'! in March down
to 2.6 ug chl a L during October (Figure 2.26). Considering the basins separately,
average water column chl g concentration in the North basin decreased from 10.7 ug
chl a L'! in March to 3.6 ug chl @ L' in October. That of the South basin decreased
from 11.6 ug chl a L' in March to 3.5 ug chl @ L'! in May. A small peak of 5.3 ug

chl a L"! occurred in July, before levels declined to the minimum of 2.0 ug chl a L.

2.3.2.6.6 Loch of Tingwall inflow waters (Table 2.15)

Water collected from Inflow 6 had the highest concentration of TP, TDP and DRP
from May onwards. Maximum concentration of TP recorded for a sample of a Loch
of Tingwall inflow was 7.42 mg P L'\. This was determined in water collected from
Inflow 6 in July.

93



d)ep bujdwes

Figure 2.25 Phosphorus levels in Loch of Tingwall, 1993 sampling season
(n=10)
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Figure 2.26 Chlorophyll a levels in Loch of Tingwall, 1993 sampling season
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Greatest TDP aﬁd DRP concentrations were also measured in this sample, accounting
for 697 mg P L and 4.54 mg P L™ x_;mpectively. The lowest concen&ation of TP,
10.6 pug P L', was found in the Inflow 2 sample taken in May. Minimum TDP
concentration of 7.3 ug P L' was also found in this sample. DRP concentration was
found to range from < 1 ug P L' in all samples except those of Inflow 5 (24/03/93)
and Inflow 6 (21/05/93, 26/07/93, 04/10/93).

2.3.2.6.7  Sandy Loch

The range of mean water column TP concentrations determined in Sandy Loch was
from 33.7 ug P L! in March down to 21.0 ug P L in May. Average water column
TP levels then increased to 24.2 ug P L in July and 27.7 pg P L? in October
(Figure 2.27). In contrast, greatest TDP concentrations were found in the samples
from July and October, levels reaching 20.6 ug P L and 20.3 ug P L™ respectively.
From a mean water column TDP concentration of 17 ug P _L‘1 in March, TDP
decreased to the minimum recorded level of 14.5 ug P L. DRP concentration in all
samples collected were < 1 ug P L! (Figure 2.27). Minimum average water column
chl a concentration was found in March, 4.9 ug chl @ L being measurable in the
water analysed. Chl a levels then increased to 7.6 ug chl a L' in May. Highest
recorded mean chl a concentration was 8.7 ug chl a L! during July, decreasing little
to 8.4 ug chl a L in October (Figure 2.28).

2.3.2.6.8 Sandy Loch inflow waters (Table 2.15)

During each sampling date, concentrations of TP, TDP and DRP were greatest in
water from Inflow 1, with the exception of DRP in October, as it was < 1 ug P L
in all inflows. DRP was detectable in Inflow 1 only, greatest recorded concentration
being 23.4 ug P L! in May. Maximum TP concentration of 90.8 ug P L' was
recorded in October, the lowest inflow concentration occurring in March, when 6.5
pg P L' was present in Inflow 3. In contrast, highest TDP concentration (42.2 ug P
L) was found in July in Inflow 1, though the lowest concentration (6.0 ug P LY
coincided with that of TP in Inflow 3. Water in a drain to Inflow 1 from the land in
the north east of the catchment area exhibited levels of TP ranging from 13.0 to
188.6 ug P L. A high proportion of the TP concentration was in the dissolved
fraction, the levels of which ranged from 11.1 to 181.0 ug P L.
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Figure 2.27 Phosphorus levels in Sandy Loch, 1993 sampling season (n=3)
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Figure 2.28 Chlorophyll a levels in Sandy Loch, 1993 sampling season (n=3)
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232.6.9  Turdale Water

Mean watér column TP concentration was at its maximum of 250.5 ug P L during
March. Thereafter it decreased to 124.1 ug P L! in May and 34.6 ug P L in July,
before rising to 43.7 ug P L in October (Figure 2.29). TDP followed a similar
pattern to TP, maximum mean water column concentration of 88.8 ug P L' occurring
in March, falling to 25.8 ug P L' during May. TDP remained at similar
concentrations of 23.4 ﬁg P L' and 23.8 ug P L! in July and October respectively.
Like TP and TDP, greatest average DRP concentration was detected in the water
column in March. During May and October, DRP levels decreased to < 1 ug P LY,
but a second peak occurred during July, when DRP was present at 4.5 ug P L
(Figure 2.29). Mean water column chl a concentration in March samples was 24.4
pg chl @ L. This increased to 100 ug chl a L'! in May, decreasing thereafter to 6.9
ug chl a L in July. Levels were slightly increased in the October samples, mean chl
a concentration accounting for 8.7 ug chl a L (Figure 2.30).

2.3.2.6.10 Turdale Water inflow waters (Table 2.15)

Greatest TP and TDP concentrations were determined as 1.25 mg P L* and 1.17 mg
P L respectively in Inflow 1 during October. Minimum concentrations of TP (13 ug
P L") and TDP (9.1 ug P L") were measured in the sample taken from Inflow 5 in
July. DRP concentrations ranged from < 1 ug P L' (Inflow 2, 29/07/93; Inflow S,
22/05/93; Inflow 5, 29/07/93) to 669.4 ug P L' (Inflow 1, 24/03/93).

2.4 DISCUSSION
2.4.1 The suitability of the techniques used in water analysis
2.4.1.1 Filtration of water samples

A sample volume of up to 2 L was filtered to ensure that at least 1 pg chl a was
retained on the filter paper (Stirling, 1985), in order to achieve meaningful estimates
of phytoplankton biomass (Stockner et al., 1990). Samples were filtered within 24
hours of collection in order to minimise degradation processes in suspended matter,
including phytoplankton, and consequent release of dissolved nutrients to the water
sample. Storage of algae overnight at < 5°C can result in significant release of
orthophosphate (Fitzgerald and Faust, 1967).
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Figure 2.29 Phosphorus lev%% in Turdale Water, 1993 sampling season (n=3)
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Figure 2.30 Chlorophyll a levels in Turdale Vg.ater, 1993 sampling season
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Choice of filter paper is extremely important as it defines what is measurable in the
filtrate. Of particular importance are the filter aperture size, the speed at which water
can pass through the filter and a lack of contamination effects. In the 1991 field
season, use of 0.45 um cellulose nitrate filters was recommended (Pulford and
Flowers, University of Glasgow, pers. comm.). However, for a number of reasons
detailed below, GF/C 1.2 um papers were used thereafter. Filter papers may ’leak’,
as aperture size is rarely constant and may be larger than the pore size stated, in glass
fibre, cellulose nitrate and cellulose acetate varieties (Stockner ef al., 1990). Initial
leakage from GF/C 1.2 um papers is reduced as holes clog, whereas filtering with
0.45 um filters is not practical for large volumes of water as pores block completely.
The 1.2 um papers filter water at a faster rate and recover the same amount of chl
as 0.45 um membrane filters from a variety of waters (Holm-Hansen and Riemann
1978). Vacuum pressure used during filtration is an important determinant of size of
particle retained on a filter paper. Low pressure filtration minimises "drag through”
or lysis of cells. Cell damage during filtration can cause elevated levels of dissolved
nutrients in the filtrate (Rigler, 1968). There is therefore an error involved in
employment of vacuum filtration apparatus, when using GF/C or 0.45 ym membrane
filters.

Cellulose nitrate filters have been shown to exhibit significant leaching of DRP and
to increase TDP concentration in filtrate, despite prewashing of the filters with 250
mL distilled water. Cellulose acetate papers are reported to generate almost no
leaching, whilst GF/C papers demonstrate only a small leaching effect within the
error range of the P analysis (Bloesch and. Gavrielli, 1984). Cellulose nitrate papers
should not be used if determinations of dissolved nitrogen compounds are intended,
as they may cause contact contamination (HMSO, 1982b). In addition to these
problems, membrane filters dissolve in alcohol, producing turbidity in chl extracts

and consequent difficulties in determination.

It is recognised that filter pore sizes in normal use (> 0.4 um) are inadequate in their
separation of particulate and dissolved fractions in natural waters, especially those of
high colloidal content such as bog, forest, or estuarine waters (Danielsson, 1982). It
was concluded that although both 0.45 ym and 1.2 um filters are likely to undertrap

particulate matter, operational disadvantages associated with the membrane filters
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made them unsuitable for this investigation. Ease of filtration with GF/C papcrs is
extremely important when time available for field work is restricted. The same filter
papers should obviously be used for chl g retention as for obtaining filtrate for -
determination of dissolved parameters, so allowing direct comparison of the different
variables measured.

2.4.1.2 Storage of water samples

Deterioration of water samples stored frozen occurs as a result of two main processes
(a) exchanges of determinands to and from container walls and (b) transport of
elements from ice to the air cavity within each bottle. P and N are affected primarily
by these processes (APHA, 1989) respectively. No reliable method of preservation
of water samples for N analysis is known (HMSO, 1982b), therefore it is possible for
N compounds measured to be different to actual concentrations. However, freezing
should minimise processes of conversions between different N compounds such as
TAN and TON (denitrification and nitrification). Samples were retained in a freezer
separate from those containing sediment, soil, plant matter or animal remains in order
to minimise possibility of N uptake through the ice surface. Owing to the relatively
low levels of inorganic nitrogen compounds present in the samples and the rapidity
of freezing after filtration, any changes in concentrations of TON and TAN were
likely to have been small (Avanzino and Kennedy, 1993).

Ideally, glassware should be used for transport and storage of water samples for TP
analysis. However, cost and distance travelled made this option impractical during
field work. By treating the polyethylene bottles used for P samples with iodine, the
problem of phosphorus exchange with container walls was considerably reduced
(HMSO, 1981). Dissolved samples for DRP and TDP analyses were stored frozen in
polyethylene bottles. In waters low in P, significant changes in P concentration may
occur after only a few weeks (Phillips, 1985a). However, freezing has been shown
to be an effective short-term means of preserving samples for P analyses (Avanzino

and Kennedy, 1993) and samples were analysed promptly on return to the laboratory.

Interference with sample Na and K concentrations was minimised by storage in
polythene bottles. Small containers such as the 50 mL bottles used minimise the area

available for pick up of metals on container walls. It is also useful to retain water
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samples for Na analysis in plastic bottles, as it is possible for contamination to occur
under alkaline or low Na conditions because of leaching from glassware. Shaking the
bottle promotes solution of Na and K attached to the container walls (APHA, 1985),

in addition to ensuring the sample is well mixed before analysis.

2.4.1.3 Measurement of pH and DO

Owing to the processes of plant respiration and photosynthesis, in productive waters,
both pH values and dissolved oxygen levels may change significantly within any
twenty four hour period. In darkness, pH and dissolved oxygen concentrations would
tend to be lower than during daylight. Therefore, the pH and dissolved oxygen results
recorded in the present study may not have been representative of the range of values
which occurred during each day of sampling. In contrast, in unproductive waters,
there is likely to have been relatively little variation in pH and dissolved oxygen
levels throughout the day.

24.14 Measurement of conductivity

Conductivity is related to the total ionic concentration of a water sample and is a
measure of the ability of a solution to conduct an electric current (Mackereth, 1963).
However, when making comparisons of conductivity between different water bodies,
it is important to consider that the relationship between conductivity and ionic content

is dependent on the types and relative amounts of the dominant ions present.

24.1.5 Determination of alkalinity

Alkalinity is a measure of the buffering capacity of the water i.e. its ability to
withstand pH changes. It represents the combined concentrations of anions of weak
acids, principally bicarbonate and carbonate in natural freshwaters. The 0.01 M HCI
used in titration contained 0.01 meq acid per mL as 0.01 M HCI equals N/100.
Therefore each mL of standard acid used in titration corresponds to 0.01 meq HCOy
per 100 mL $ample. Alkalinity is therefore an important indicator of the free CO,
status of a water body, along with pH. However, extrapolation of free CO, from
alkalinity and pH measurements is not precise in waters in which free mineral or
organic acids are present (Mackereth, 1963). A buffer solution of sodium acetate and
acetic acid for the purpose of colour standardisation (Mackereth, 1963) was not used

in the present study, as water from each loch had a different initial colour which

104



would affect the end point hue. Results were expressed in terms of HCOy™ rather than
CaCoO;, as the latter "has no basis in reality” (Mackereth, 1963). Results were also
represented in chemical equivalents as asserting alkalinity in terms of molarity or
mass concentration is inappropriate owing to its variable molecular basis (Sﬁrling,
198S).

2.4.1.6 Techniques of measurement of TON and TAN concentrations
"By far the best method for analysis of nitrate nitrogen in water is to reduce the
nitrate in alkaline-buffered solution to nitrite by passing the sample through a column
of copperized cadmium metal filings" (Wood et al., 1967, in: Wetzel and Likens,
1990). The cadmium-copper column method gives precise and quantitative results
(Phillips, 1985a) and the method is suitable for freshwater and waters of higher salt
content (Table 2.16). Two methods are generally used in the spectrophotometric
determination of TAN; one is based on phenol chemistry, the other on salicylate
reactions. When undertaking ammonia analyses using the phenol-hypochlorite method, |
the hypochlorite stock solution may not be reliable throughout the period of analysis.
In contrast, the salicylate method used in the present study allows generation of
hypochlorite in situ. HMSO (1982a) define the salicylate method as the preferred
technique (except in the analysis of saline waters) owing to the greater reagent
stability and efficacy of analysis using less hazardous chemicals. When considering
safety regulations (COSHH), there is also an obligation to use the cadmium method
as risk assessment reveals hydrazine to be potentially more harmful, being more toxic

and carcinogenic.

2.4.1.7 Phosphorus determination

Methods involving formation of yellow vanadomolybdophosphoric acid are less
sensitive than those relying on reduction of molybdophosphoric acid to a molybdenum
blue complex (Allen er al., 1974). In addition, it is advantageous to use ascorbic acid
as a reducing agent for P determination as the resultant blue colour is more stable
than that obtained using stannous chloride (Murphy and Riley, 1962) and precision
is improved using the former (Strickland and Parsons, 1972). The accuracy of the
technique is enhanced by using 4 cm cells rather than 1 cm cells owing to the

applicability of spectrophotometric principles of the Beer-Lambert Laws.
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Table 2 16 Reported methods and ranges of detection for two nitrate

determination methods
Hydrazine Cadmium Source
method method

Concentration range (ug L)

10-10,000 APHA (198S)

50-260 =213 HMSO (1981)

> 14 - Hilton and Rigg (1983)
=15 Nakashima et al. (1984)
2-100 Gaugush and Heath (1984)
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Throughout this study, absorbance was read at 690 nm, the secondary absorbance
peak of this method, as antimony in the colour development reagent may absorb light
at 882 nm (Murphy and Riley, 1962).

Over estimation of DRP may occur using the molybdenum blue complex technique
of determination, possibly because of acid bfmkdown of easily hydrolysable organic
P compounds (Rigler, 1968). The extent of this error will depend on the
characteristics of each water sample. DRP determination using this method is
therefore actually molybdate reactive P and should not be referred to as
orthophosphate (Broberg and Pettersson, 1988).

A method similar to that of this study (APHA, 1985) shows no interference up to 50
mg Fe’* L, 10 mg SiO, L and 10 mg Cu L™ over the analytical range 0.001-10 mg
P L1. Avoidance of positive interference from silicate in P recovery occurs when the
acid:molybdate ratio is 4:1 (Murphy and Riley, 1962). Although good recoveries of
P are possible from some inorganic salts or sugar phosphate compounds using only
an acid digest, in order to estimate total P in a water sample, it is necessary to
incorporate persulphate as an oxidising agent (Broberg and Pettersson, 1988). The
quantity of persulphate added to each sample is optimized to ensure complete
oxidation of the sample, but a minimum residual (Gales et al., 1966).

24.1.8 Choice of methods for chlorophyll a determination

Absorption characteristics of chl @ in methanol are not well known and chl a is less
stable in methanol than in acetone (HMSO, 1983). Chl g determinations made with
acetone are reproducible i.e. precision is good. However, methanol is the more
efficient solvent and therefore provides more accurate estimates of actual chl a
concentrations. Although grinding and maceration of sample is required when using
acetone, these procedures are unecessary if methanol is the solvent used (Marker,
1972). Extraction efficiency of methanol may be improved further by heating it to
near its boiling point of 64°C (HMSO, 1983). An efficient solvent is particularly
important when samples include members of the Chlorophyceae and Cyanophyceae,

which are especially resilient to extraction procedures (Bailey-Watts, 1978).

Acidification of chl a causes break down to phaeophytin, therefore magnesium
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carbonate was added to the methanol, in order to neutralise it before use. Breakdown
products of chl a have visible absorption spectra similar to those of chl @ and
therefore constitute a possible source of error (Moss, 1967). A correction for
phaeophytin interference was used in this work. In large lake systems, phaeophytin
levels in the water column are negligible (Bailey-Watts, 1978). However, the lochs
of Shetland are shallow and decay products could easily be resuspended from
sediments by wind mixing. Phaeophyﬁn concentrations may also be elevated if an
algal bloom is in decline (Nusch, 1980). As phaeophytin absorbs light at 665 nm, the
sample is acidified to convert chl a to phaeophytin, so that by subtraction, the initial
concentration of phaeophytin can be calculated. However, neutralisation is necessary
to prevent further degradation to e.g. chlorophyllide and phaeophorbide (HMSO,
1983). Neutralisation of 100% methanol with MgCO; after acidification is
impractical. An organic base solution was used for the Shetland work because other
degradation products such as chlorophyllide and phaeophorbide become absorbed
when using MgCO, (HMSO, 1983).

Extraction with alcohol, followed by spectrophotometric determination of chl a
concentration, can only be an estimate of actual levels in the water column. When
chlorophyllase is present in decomposing cells, both chlorophyllide and phaeophorbide
will be present in addition to phaeophytin. It is probable that spectrophotometric
investigations cannot distinguish these products from each other (Marker, 1972).
Routinely used fluorometric and spectrophotometric techniques are unable to partition
chl a from its break down products (Jacobsen et al., 1988). Although fluorometric
analysis is more sensitive than spectrophotometric measurement, there are still
problems concerned with distinguishing between different pigments and detection
performance is related to excitation energy combined with the optics of each
particular instrument (Jacobsen et al., 1988). Limit of detection is determined by the
characteristics of the spectrophotometer used and commonly approximates to 1 ug chl
a L' (Nusch, 1980).

2.4.2 Comparison of water chemistry of Shetland lochs with those of
other studies
24.2.1 pH

The range of pH values in Shetland lochs exhibits higher extremes than those in the
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literature (Table 2.17). Lowest mean summer pH was pH 5.49 in Gorda Water, the
minimum individual reading of pH 5.09 occurring in this loch. In contrast, several
surveys of lochs in mainland Scotland have shown water bodies to have pH < §.
Waters in Tayside (Maitland and Morris, 1981), Sutherland (Bell, 1991), the Inner
Hebrides (Maitland and Holden, 1983) and Scottish lochs generally (Phillips, 1985b;
Harriman and Pugh, 1994) all included such acid water bodies (Table 2.17). The
minimum pH value observed in 643 freshwater lochs in Scotland was 4.09 (Harriman
and Pugh, 1994). Lochs studied in the Outer Hebrides had a minimum pH of §, this
being most similar to the lowest values in the Shetland study. Possibly this similarity
exists owing to the more exposed nature of the Outer Hebrides in comparison to other
sites studied in the literature. Exposure of the Shetland Islands probably results in
deposition of wind blown basic elements of marine origin in its water bodies,
resulting in higher pH readings than would otherwise be expected. Alternatively, the
higher minimum pH values could be due to an lack of small, highly coloured water
bodies located exclusively on acid bedrock and blanket peat in the present study,
rather than their absence from the Shetland landscape. During a previous study of
freshwaters in Shetland, lochs were noted as having a range from pH 4.00 to pH
10.0; furthermore highly acidic waters were generally peaty pools, often of high
water colour (Carter and Bailey-Watts, 1981).

Maximum recorded mean summer pH value for a loch in the present study was pH
9.38, in Loch of Brow. The pH values in Shetland lochs therefore tend to be high
compared to those quoted in the literature for studies elsewhere in northern Britain,
the greatest recorded in the literature reviewed being pH 9.19 in the survey of 643
Scottish freshwaters (Harriman and Pugh, 1994). However, mean summer pH in Loch
of Brow was found to be well in excess of pH in the other lochs studied. Loch of
Huesbreck ranked second with pH 7.81 in summer 1991. Fourteen lochs were
between pH 7.00 and pH 8.00, twelve between pH 6.00 and pH 7.00. The vast
majority of lochs in the present study therefore fell within the ranges of pH
determinations in the literature, with twelve being of comparable pH to the five
largest lochs of Scotland (Bailey-Watts and Duncan, 1981b), Loch Lurgainn and Loch
Bad o’ Ghaill (Spence and Allen, 1979) lochs in Northern Ireland (Rippey and
Gibson, 1984) and Ennerdale Water (Fryer, 1991) (Table 2.17).
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Table 2.17 pH, conductivity and alkalinity values determined in lakes in

northern U.K.
Water body pH conductivity alkalinity Reference
#Scn™)  (meq L
Loch Shiel 6.14 29 0.042 1
Loch Ness 6.70 30 0.09
. Loch Lomond 6.78 34 0.127
Loch Morar 6.63 35 0.065
Loch Awe 6.90 41 0.179
Loch of the Lowes 7.90 64 0.46 2
Balgavies Loch 8.30 213 21.0
Forfar Loch 8.30 439 2.90
Coldingham Loch 272-424 3
Loch Borralie 8.50 363 2.28 4
Loch Calladail 2.70
Loch Croispol 2.89
546 lochs in 4.20-9.00 27-390 0-3.4 5
Sutherland
Scottish lochs 4.69-8.78 43-359 0.001-0.011 9
(n=98)
Inner Hebrides 6.3-8.4 0.112-2.48 10
(n=17)
Inner Hebrides 4.08-4.23 103-116 0
(n=4)
Outer Hebrides
(n=59) 5-7 < 0.2 11
Outer Hebrides 7.2-8.3 0.5-2.12
(n=10)
Tayside lochs 4.3-8.5 24-5100 0.01-3.3 12
(n=74)
Scottish lochs 4.09-9.19 11-1094 0.069-4.004 13
(n=643) (umhos)
Loch Urigill 7.90 121 0.71 6
Loch Borallan 7.75 113 0.52
Cam Loch 7.70 105 0.46
Loch Lurgainn 6.60 70 0.04
Loch Bad o’ Ghaill 6.75 79
Loch Owskeich 7.00 81 0.195
Loch Raa 7.15 142 0.09
Loch Battachan 7.40 i51
Loch na Dalach 7.20 80 0.07
Loch Buine Mhor 7.30 125
Loch an Arbhair 7.50 162 0.29
Loch na Doire
Daraich 7.50 167
Loch Maol a’ Choire 8.20 240 1.76
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Table 2.17 (cont.)

Water body pH conductivity alkalinity

@Scm™  (meq L")

30 lakes in

N. Ireland 6.60-8.20 70-240 0.04-1.76
Ennerdale Water 6.5 0.042
Lake Windermere N 7.0 0.204
Lake Windermere S 7.1 : 0.236
Esthwaite Water 7.1 0.386
Easedale Tarmn 5.6 0.006
Urswick Tam 8.0 4.357

et e \D OO N W e
<R N N E
e
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Bailey-Watts and Duncan (1981b)
Harper and Stewart (1987)
Bailey-Watts et al (1987b)
Spence et al (1984)

Bell (1991)

Spence and Allen (1979)
Rippey and Gibson (1984)
Fryer (1991)

Phillips (1985b)

Maitland and Holden (1983)
Waterston et al (1979)
Maitland and Morris (1981)
Harriman and Pugh (1994)
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In terms of pH, fourteen lochs were comparable with Loch of the Lowes (Harper and
Stewart, 1987), the majority of studied lochs of the Ullapool area (Spence and Allen,
1979), the range quoted for the thirty lakes examined in Northern Ireland (Rippey and
Gibson, 1984) and selected lakes of the English Lake District (Fryer, 1991) (Table
2.17). Many lochs in Shetland are probably slightly alkaline in nature owing to at
least some basic rather than acidic geology in catchment areas (Table 2.18). This is
also the case in several lochs of the Ullapool area e.g. Cam Loch and Loch Borrallan
which are in drainage areas which consist partly of limestone (Spence and Allen,
1979). In contrast, Loch Borralie which exhibited a value of pH 8.5 is located
entirely on limestone (Spence ef al., 1984). More alkaline waters may also occur
owing to primary production within the water column. Forfar Loch and Balgavies
Loch are examples of eutrophic systems where plant biomass probably accounts at
least in part for high pH values of pH 8.30 in each water body. It is possible that this
process has not occurred to such an extent in Shetland, all mean summer pH values
being pH < 8.00, with the exception of Loch of Brow.

2.4.2.2 Conductivity

As with pH values, determinations of mean summer conductivity in Shetland lochs
exhibited values which were greater than those noted in the literature (Table 2.17).
The lowest conductivity results were 175 uS cm, 188 uS cm™ and 199 xS cm?!
corresponding to Roer Water, Whitelaw Loch and Eela Water respectively. These are
high in comparison to minimum levels found in the literature, conductivity of
Shetland lochs contrasting with that of the deep, dilute waters of the five largest
Scottish lochs and the standing waters exhibiting low conductivities in the study of
Harriman and Pugh, 1994) (Table 2.17). This phenomenon was also noted by Carter
and Bailey-Watts (1981). Of the survey ranges examined, the most similar minimum
conductivity was found in the data for the Inner Hebrides (Table 2.17). It is likely
that conductivity in freshwater lochs of the Shetland Islands is higher than expected
owing to the wind blown salts in this exposed island group. This would explain the
similarity of results from the Hebridean Islands. Conductivity results for the Outer
Hebrides which might have been more analogous to those of the Shetland lochs were
not available for comparison. Excluding Strand Loch, which had a saline influence,
greatest mean summer conductivity of 594 uS cm™ was observed for Loch of Spiggie,
followed by 449 uS cm™ for Loch of Brow and 438 uS cm™ for Gorda Water.
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Table 2.18 Solid and drift geology of the 31 loch catchments of the 199

survey

Water body

Arthurs Loch
Bu Water

Loch of Brindister

Loch of Brough
(Bressay)

Loch of Brough
(Yell)

Loch of Brow

Loch of CLff

Eela Water
Loch of Gonfirth
Gorda Water

Gossa Water
Helliers Water

Loch of Huesbreck
Loch of Huxter

Loch of Kettlester
Lunga Water
Mill Pond -

Papil Water

Punds Water

Drift gedlogy

bedrock near surface -

till and morainic drift,
bedrock near surface
peat, some boulder clay,
bedrock near surface

. peat, boulder clay

bedrock near surface
peat

boulder clay, alluvium,
peat

undifferentiated drift,
peat, metamorphosed
sedimentary and volcanic
rocks, little alluvium

mostly peat, some
undifferentiated drift
till and morainic drift,
peat, bedrock near surface
undifferentiated glacial
drift, boulder clay
peat

older intrusive igneous,
acid to ultrabasic
blown sand

till, morainic drift
bedrock near surface
boulder clay, peat

peat, bedrock near surface

e
bnrlrf\n ¢ near suiface

undifferentiated drift
blown sand, alluvium

peat, some
undifferentiated drift
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Solid geology

felsite and unclassified acid rocks:
mostly conglomerate (breccia)
gneissose quartzite and schist

micaceous psammite, some calc-
silicate and limestone: some
sandstone, siltstone and basal
breccia

flaggy sandstone and siltstone

mica-plagioclase-gneiss
sandstone, some siltstone

siliceous and quartzo-feldspathic
flags with phyllite; schist, granitic
material, serpentinite, granulite,
mica schist, quartzo-feldspathic-
granulite

granite, granophyre, diorite,
gabbro

quartzite, schist, granite,
granophyre, diorite, hornblende
rhyolite, ignimbrite, some basalt

granite, diorite, some limestone
greenstone, metagabbro

sandstone

gneissose quartzite, schist, granitic
gneiss, micaceous schist and gneiss
mica-plagioclase-gneiss, some
granulitic-hornblende-gneiss
micaceous psammite, some calc-
silicate rock and limestone,
gneissose rocks

green beds, granulite, schist, wd
quartzo-feldspathic-granulite,
phyllitic, slaty rocks
diorite, some granite
granophyre
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Table 2.18 (cont.)
Water body

Roer Water

Sand Water

Sandy Loch
Skutes Water

-Loch of Spiggie

Strand Loch

Loch of Tingwall

Turdale Water
Loch of Ustaness

Loch of Watlee

Whitelaw Loch

Drift geology

peat,

undifferentiated drift

moraines, peat

peat

undifferentiated drift,
some metamorphosed
sedimentary and volcanic

rocks

boulder clay, peat, blown
sand, bedrock near surface

till and morainic drift,

alluvium, peat

boulder clay, peat,
undifferentiated drift
bedrock near surface

peat

peat, bedrock near surface
peat, undifferentiated

drift older intrusive
igneous (acid to ultrabasic)

hill peat, serpentinite

erratic
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Solid geology

granite, granophyre, diorite,
some gabbro

limestone, some hornblende-schist,
granulite with schist, hornblende-
schist and calcareous rocks
conglomerate, sandstone
antigoritite, phyllitic and slaty,
some graphitic phyllite and schist,
green beds and unclassified
serpentinite

porphyritic adamellite, grandiorite,
monzonite, some quartzite and
schistose grit, sandstone
limestone with hornblende-schist

limestone, micaceous psammite,
calcareous and siliceous rocks,
phyllite with quartzite and schistose
grit, some epidiorite,
homblende-schist, granite
limestone

migmatitic gneiss, psammitic rock,
granite

granulite, schist, quartzo-drift,
feldspathic granulite, mica schist,
granulitic hornblende gneiss,
phyllite with garnet

kyanite, chloritoid andalusite
hornblende-biotite-diorite,
gneissose, psammitic, granulite



Although the highest conductivity in the data of Harriman and Pugh (1994) was 1094
u#S cm!, the mean of the 642 lochs was as low as 106 uS cm™. The greatest value
recorded in the remainder of the literature consulted was 439 uS cm?, in Forfar
Loch, a eutrophic system (Table 2.18). Again, the likely causes of elevated
conductivity in Shetland lochs are wind blown ions and geology of catchment, rather
than anthropogenic enrichment.

24.2.3 Alkalinity

It is possible only to compare alkalinity results from 1992 and 1993 in five lochs of
the present study with those found in the literature (Table 2.17). In a previous study
of Shetland waters (Carter and Bailey-Watts, 1981), minimum alkalinity of waters
was < 0 meq L! i.e. positive acidity was observed. This was found to occur in
small, acid, peaty pools, none of which were included in the present study. Lowest
mean water column alkalinity determined was 0.086 meq L for Loch of Gonfirth,
whilst highest alkalinity was 1.757 meq L! for Loch of Tingwall South Basin. The
buffering capacity in Loch of Gonfirth is therefore considerably lower than the mean
alkalinity value of 0.310 meq L in the survey of 643 Scottish. freshwater lochs
(Harriman and Pugh, 1994). Alkalinity in Loch of Gonfirth is comparable with that
of Loch Ness and low alkalinity lochs of the Inner Hebrides, but relatively high
compared to water bodies at the lower extremities of alkalinity in the studies of
Bailey-Watts and Duncan (1981b), Phillips (1985b), Bell (1991), Rippey and Gibson
(1984), Fryer (1991) and Maitland and Morris (1981) (Table 2.17). Although Loch
of Tingwall has a high buffering capacity in comparison with the other four Shetland
lochs studied, it is not as high in alkalinity as Lochs Borralie, Croispol and Calladail,
Forfar Loch, Urswick Tarn, nor the lochs of greatest buffering capacity in the studies
of the Inner and Outer Hebrides and the 643 Scottish water bodies (4.00 meq L)
(Harriman and Pugh, 1994). It is comparable with Loch Maol a’ Choire and the
maximum alkalinity recorded in the survey of lakes in Northern Ireland (Table 2.17).
Like that of Loch Maol a’ Choire, the catchment of Loch of Tingwall is not situated
entirely on limestone (Table 2.18) and is also influenced by peaty soil within its

drainage area. Neither is it eutrophic as is Forfar Loch.

2.4.2.4 Cation concentrations

Minimum K concentrations were found in Loch of Gonfirth and Roer Water, mean
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summer levels being 0.9 mg K L in each water body. This is high compared to the
low K lakes in the studies of Bailey-Watts and Duncan (1981b), Bell (1991), Rippey
and Gibson (1984) and Fryer (1991). However, when comparing the maximum K
concentration of the Shetland study (3.2 mg K L in Loch of Spiggie) with the extent
of the surveys in Table 2.19, the value falls within the range of maximum K
concentrations. However, in comparison with the literature, Na levels in Shetland
waters were found to be high, varying from 23.8 mg Na L in Sand Water to 52.8
mg Na L' in Loch of Spiggie. Lakes exhibiting Na concentrations of similar
magnitude were Forfar Loch (23 mg Na L) and Coldingham Loch (32 mg Na L)
(Table 2.19). Certainly, there is likely to be a marine influence on the latter, as it is
situated near the sea and is relatively exposed. Ca concentration was lowest in Roer
Water (1.3 mg Ca L), followed by Loch of Ustaness (2.6 mg Ca L) and Whitelaw
Loch (2.6 mg Ca L!). Maximum Ca concentration of 196.8 mg Ca L! in Strand
Loch was followed by 68.5 mg Ca L! in Loch of Huesbreck and 33.7 mg Ca L! in
Loch of Tingwall. The concentration in Strand Loch is well in excess of any of the
published figures, though Ca levels in Loch of Huesbreck are comparable with those
of Urswick Tamn (Fryer, 1991) and standing waters in Tayside (Maitland and Morris,
1981) (T able 2.19). A high Ca concentration would be expected in Loch of
Huesbreck owing to its location on sandstone (Table 2.18). The remaining Shetland
figures lie within the range of values in Table 2.19. Lowest water Mg concentrations
were 3.1 mg Mg L' and 3.6 mg Mg L' in Loch of Gonfirth and Roer Water
respectively, whilst greatest values were 177.3 mg Mg L! in Strand Loch and 20.3
mg Mg L! in Loch of Watlee. Though Strand Loch exhibited greater Mg levels than
any quoted in Table 2.19, Loch of Watlee mean Mg concentration was within the
expected range. At the other extreme, Mg levels found for the Shetland lochs studied
were all greater than minimum values reported elsewhere. Loch of Watlee and other
water bodies of Unst and Fetlar were relatively high in Mg in the context of lochs in
the present study, reflecting the Mg rich nature of the geology of the Northern Isles
(Table 2.18).
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Table 2. 19 Major cation concentrations (mg L) in water bodies of northern
U.K. surveyed in the literature

Location K Na Ca Mg Ref
Loch Shiel 0.25 4.24 0.98 0.75 1
Loch Ness 0.27 3.84 1.99 0.81

Loch Lomond 0.33 3.45 3.00 1.00

Loch Morar 0.34 3.34 1.23 0.88

Loch Awe 10.27 4.47 4.01 0.99

Loch of the Lowes 0.78 5.06 10.02 2.4 2
Balgavies Loch 1.56 - 11.96 44.09 8.0

Forfar Loch 5.47 23.0 56.11 9.7
Coldingham Loch  2.2-2.4 12-32 26-29 15 3
Loch Borralie 33.47 12.16 4
Sutherland (n=546) 0.23-31.0 0.3943.0 0.4-9 5
Loch Urigill 15.63 6
Loch Borallan 11.42

Loch Lurgainn 3.21

Loch Owskeich 7.41

Loch Raa 6.41 S

N. Ireland (n=30) 0.5-4.3 7.0-19.6 1.8-39.1 1.1-11.3 7
Ennerdale Water 0.39 4.30 2.00 0.88 8
Lake Windermere N 0.55 4.65 6.29 0.98

Lake Windermere S 0.66 5.04 8.53 1.12

Esthwaite Water 0.98 5.73 12.65 1.50

Easedale Tamn 0.27 3.52 1.94 0.45

Urswick Tam 2.54 12.31 76.7 13.34

Inner Hebrides (n=17) 1.4-44.8 1.29.7 9
Inner Hebrides (n=4) 1.0-1.1 1.6-2.1

Outer Hebrides

Outer Hebrides (n=59) 1-5 1-3 10
Outer Hebrides (n=10) 8-42

Tayside (n=74) 0.4-66.5 0.2-134 11
KEY:

1 Bailey-Watts and Duncan (1981b)

2 Harper and Stewart (1987)

3 Bailey-Watts et al (1987b)

4 Spence et al (1984)

5 Bell (1991)

6 Spence and Allen (1979)

7 Rippey and Gibson (1984)

Fryer (1991)

Maitland and Holden (1983)
Waterston et al (1979)
Maitland and Morris (1981)
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In summary, the tcndency is that many of the Shetland lochs examined have higher
than expected pH, conductivity, alkalinity and cation concentrations. In water bodies
of infertile geology, predominantly wind blown salts probably account for elevated
levels of conductivity and cations, whereas in waters of rich geology, the effect may
not be as important as that of underlying bedrock. Although pH and alkalinity are also
affected by these factors, the absence of small, acid, peaty pools from this study must
also result in higher minimum pH and alkalinity results than might occur in a

oomplétely random number of water bodies.

2.4.2.5 Phosphorus

Although there are lochs in the Shetland study which have low TP concentrations, the
lowest mean summer TP level recorded in 1991 was 5.0 ug P L! for Loch of
Ustaness. This is slightly higher than low values reported elsewhere, as TP has been
found to be < 5 ug P L! in e.g. several water bodies of the English Lake District
(Fryer, 1991) and in Sutherland (Bell, 1991) (Table 2.20). However; several ranges
of values in the literature exceed the mean summer TP concentration of 83.2 ug P L
for Turdale Water (the maximum for the present study), certain water bodies
exhibiting levels well in excess of this e.g. lochs in Sutherland (Bell, 1991), Tayside
(Maitland and Morris, 1981) and Coldingham Loch (Bailey-Watts er al., 1987b)
(Table 2.20). Concentrations of DRP in the Shetland lochs studied were low, only
Turdale Water having significant levels. Generally DRP concentrations were < 1 ug
P L. When compared to DRP concentrations in lakes in other areas of northern
Britain, levels in Shetland lochs are low, but it is likely that when DRP concentration
has been noted as < 10 ug P L' or < 5 ug P L', this is the level of detection and
the actual concentration may be < 1 ug P L, as in the present work. When
considering mean summer DRP concentration of 32.6 ug P L in Turdale Water, this
loch is similar to Loch of the Lowes, though if maximum value of 90.8 ug P L is
observed, Turdale Water is more analogous to the P enriched systems of the
Sutherland lochs examined. Turdale Water is within the range of values observed
previously in lakes in northern Britain (Table 2.20).

2.4.2.6 Nitrogen
The range of TON figures for Shetland lochs was within the extent of reported values
of TON in Table 2.20.
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Table 2.20 Nutrient chemistry of standing freshwaters in northern U.K.
studied in the literature

Water body TP DRP TON TAN Ref

Loch Shiel <10 <50-<150 <100 1

Loch Ness <10 >50-<150 <100

Loch Lomond : <10 >150-<250 <100

Loch Morar <10 >50-<150 <100

Loch Awe <10 <50-<200 <100

Coldingham

Loch : 55-300 5-225 50-1500 2

Loch Borralie 50 <5 8 0 3

Sutherland

lochs (n=546) <5-310 <5-110 <10-190 <10-1100 4

Scottish lochs 1-24 1-400° 5-135

(n=98) 1-20* 7

Tayside lochs

(n=174) 5-5500 8
sum of TAN+TON

Loch of the ’ _

Lowes 32 194 5

Balgavies Loch 77 2690

Forfar Loch 2460 5870 :

Wastwater <5 6

Ennerdale Water <S5

Buttermere <5

Crummock Water <5

Thirlmere <5

Coniston Water <5

Ullswater 5-10

Derwentwater 5-10

Loweswater 5-10

Lake Windermere

North 10-15

Bassenthwaite 10-15

Rydal Water 10-15

Lake Windermere

South 15-20

Esthwaite Water 15-20

Grasmere 20-25

Rlelham Tarn 20-25

KEY:

" one determination of >100 ug TAN L'; * NO;-N; * NO,-N

Bailey-Watts and Duncan (1981b) 4 Bell (1991)

Bailey-Watts er al (1987b) 5 Harper and Stewart (1987)
Spence et al (1984) 6 Fryer (1991)

Phillips (1985b) 8 Maitland and Morris (1981)

N W N
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With the exception of Loch of Gonfirth which had a mean summer concentration of
254 ug N L', all values were < 150 ug N L. Shetland values were therefore
similar to those of Sutherland (Bell, 1991) and the largest lochs of Scotland (Bailey-
Watts and Duncan, 1981b). Ranging from 16 ug N L! to 103 ug N L, TAN
concentrations in Shetland lochs were also broadly comparable with available
information on other lakes in Scotland. Maximum concentration found in the
Sutherland survey was however much gréater than the highest level found in Shetland
lochs (Table 2.20).

243 Water quality of Shetland lochs in comparison with existing
standards
24.3.1 Dissolved oxygen levels in Shetland waters

Three main physical factors affect the solubility of oxygen in water i.e. temperature,
salinity and atmospheric pressure. As temperature rises, water holds less oxygen.
Less oxygen is also preseht at higher salinities, or higher altitudes owing to the
decrease in atmospheric pressure. Shetland lochs are at low altitude, therefore
temperature is the most important of these parameters influencing DO. Owing to the
saline input to Strand Loch, expected DO saturation values will vary. However, DO
concentration never decreased below 10 mg O, L'. Generally, decreases in
concentration of DO in Shetland lochs were concurrent with increases in temperature,
therefore DO concentration tended to be lower during July and August. Other factors
which influence DO concentration in water are organic loadings (e.g. from septic tank
waste), phytoplankton blooms and aquatic vertebrates and invertebrates. Bacterial
oxidation of organic matter exerts an oxygen demand, as does respiration by
phytoplankton and other aquatic life. Death of phytoplankton blooms may result in
a decrease in DO in the same way as other organic substrates. Despite the oxygen
demands of respiration and decomposition and the increased water column
temperature during summer, DO concentrations in the Shetland lochs studied
remained at concentrations which would not be harmful to aquatic life. For example,
when considering standards recommended for waters supporting salmonid fish, which
tend to have limited tolerance ranges for many environmental parameters, at > 6.0
mg O, L! these organisms grow and reproduce normally. Levels > 7.0 mg O, L
are recommended for efficient development of the eggs, owing to their high DO

requirement (Alabaster and Lloyd, 1980). However, though DO levels of between 6.0
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and 7.0 O, L' were recorded, measurements were made from May to September, i.e.
before spawning was expected.

2.4.3.2 pH

Prescribed Concentration Values (PCVs) of pH from the Water Supply (Water
Quality)(Scotland) Regulations (1990) are pH 5.5 to pH 9.5. In terms of water
supply, Gorda Water in its untreated form, failed this standard in July and August,
pH 5.09 and pH 5.06 being recorded respectively. The pH value for Loch of Brow
during August (pH 9.80) was in excess of the PCV for drinking water. However,
Loch of Brow is not a potable supply reservoir. Values of pH > 9.0 and < 5.0
cause sublethal effects in fish. Between pH 5.0 and 6.0, fish productivity is poor.
Therefore the optimum pH range for most freshwater fish is pH 6.0 to pH 9.0. Loch
of Brow at pH 9.8 (August) may have resulted in stress to aquatic life. This was,
however, the only water body which became more alkaline than pH 9.0, although
Loch of Ustaness, Roer and Gorda Water were consistently at pH < 6.0.

2.4.3.3 Inorganic nitrogen compounds
The following equilibrium exists in water:
NH, + H,0 2 NH,* + OH

TAN measured in the present study is comprised of NH; (unionised ammonia in the
gaseous form) and NH,* (ionised ammonia i.e. the ammonium ion). The unionised
form is the more toxic. The PCV for ammonia from the water supply (Water
Quality)(Scotland) Regulations 1990, is 500 ug NH, L, presumably referring to total
ammonia, rather than NH,. Concentration of the latter in the water column is
dependent upon pH and temperature. As each of these parameters increases,
percentage of NH, increases. For example, at pH 7.0 and 20°C, 'percentage NH, is
0.4%; at pH 9.6 and 20°C, percentage NH, is 61.3%. Temperatures recorded in the
present study did not exceed 19.1°C, whilst there was a tendency for TAN

concentrations to be low during times when temperatures were greatest.

Although pH was found to be as high as pH 9.80 in Loch of Brow during August,
TAN concentration was 33 ug N L and temperature only 15.2°C. When considering
the amenity value of waters in terms of supporting freshwater fish, salmonids require

water containing < 20 ug NH, L. With respect to the pH, temperature and TAN
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results and consequent proportion of NH; recorded in all the water bodies studied, it
is evident that ammonia concentration at no time exceeded the limits specified above.
It was at no time at concentrations which could be harmful to aquatic life or with

respect to human consumption.

PCVs of nitrate and nitrite are 50 mg NO, L and 100 ug NO, L respectively.
Nitrate is not toxic to fish except at concentrations > 400 mg NO; L. Therefore
both reservoir waters and those requiring an EQS for support of freshwater fish were
in compliance with required nitrate levels as maximum recorded TON concentration
was 258 ug N L. Nitrite levels in Scottish freshwaters are generally very low, often
being < 3.0 ug N L. It is unlikely that nitrite concentrations were in exceedence of-
the standard, as high nitrite values are associated with low DO concentrations and

organic pollution.

244 The trophic status of Shetland’s standing freshwaters, as defined
by TP and chlorophyll a concentrations
The Organisation for Economic Cooperation and Development (OECD) produced
guidelines on monitoring assessment and control of freshwater lakes, covering a wide
range of geographical and limnological situations (OECD, 1982). Research was
carried out into a number of different water bodies, including Alpine waters, North
American lakes, reservoirs and shallow lakes. The data generated from this work
were used to produce a tentative classification of lochs by trophic status, based on
water column concentrations of P and chl a (Table 2.21). Although natural systems
form a continuum and other factors may be involved in limitation of primary
production, such as insufficient light, or grazing pressure, it is useful for water
management purposes to categorise freshwater bodies in such a manner, as a means

to form a risk assessment of likelihood of increasing primary production.

Comparing mean summer concentrations of TP and chl a in the lochs of the 1991
Shetland survey with those of the OECD (1982) categories resulted in the
classification of Shetland lochs as seen in Table 2.22. Only six could be categorised
as oligotrophic and therefore unlikely to have problems with excessive phytoplankton

growth, assuming that no increase in catchment nutrient input occurred.
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Table 2.21 Classification of standing freshwaters (OECD, 1982)

Trophic state mean TP mean Chla max Chla
Ultraoligotrophic <4 <1.0 <2.5
Oligotrophic <10 <25 <8.0
Mesotrophic 10-35 2.5-8 8-25
Eutrophic 35-100 8-25 25-75
Hypertrophic =100 =25 =75
mean TP mean summer TP concentration

mean Chla mean summer chlorophyll a concentration

max Chla maximum summer chlorophyll a concentration

123



Table 2.22 Trophic classification of Shetland lochs with mean summer
concentrations of TP and chlorophyll a according to OECD (1982)

Water body Mean summer water column concentration
Total phosphorus chlorophyll a
Arthurs Loch oligotrophic oligotrophic
Loch of Gonfith  oligotrophic oligotrophic
Roer Water oligotrophic oligotrophic
Helliers Water oligotrophic oligotrophic
Loch of Ustaness  oligotrophic oligotrophic
Lunga Water oligotrophic oligotrophic
Whitelaw Loch mesotrophic oligotrophic
Loch of Kettlester mesotrophic oligotrophic
Skutes Water mesotrophic oligotrophic
Loch of Brindister  oligotrophic - mesotrophic
Eela Water oligotrophic mesotrophic
Loch of Tingwall  oligotrophic mesotrophic
Loch of Huesbreck oligotrophic mesotrophic
Loch of Brough
(Bressay) mesotrophic mesotrophic
Gorda Water mesotrophic mesotrophic
Gossa Water mesotrophic mesotrophic
Loch of Huxter mesotrophic mesotrophic
Sand Water mesotrophic mesotrophic
Loch of Snarravoe  mesotrophic mesotrophic
Sandy Loch mesotrophic mesotrophic
Strand Loch mesotrophic mesotrophic
Loch of Watlee mesotrophic mesotrophic
Papil Water mesotrophic mesotrophic
Punds Water mesotrophic mesotrophic
Loch of Spiggie mesotrophic mesotrophic
Loch of Cliff mesotrophic eutrophic
Loch of Brow mesotrophic eutrophic
Bu Water eutrophic mesotrophic
Loch of Brough
(Yell) eutrophic eutrophic
Turdale Water eutrophic eutrophic
Mill Pond eutrophic eutrophic
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of tivmty one water supply lochs, fifteen are at risk of having such problems, as
once mesotrophic levels of P are reached, it is possible for a bloom to occur. Seven
lochs were found to be borderline oligo/mesotrophic, with four possessing
oligotrophic P concentrations, but mesotrophic chl a levels, possibly indicating that
a maximum limit for TP of 10 ug P L! is in excess of that required to ensure low
algal productivity. The lowest mean TP concentration associated with mesotrophic
mean summer chl a concentrations (6.5 ug chl a L'!) was 7.1 ug P L™ for Loch of
Huesbreck. Bloom problems have been found to occur at P concentrations as low as
this in the literature. However, it was previously reported in sites deeper than those
in the 1991 study.

Twelve lochs in this study fell into the mesotrophic group, three into mesoeutrophic,
whilst only three were found to correspond to eutrophic conditions. Of the borderline
mesoeutrophic lochs, Bu Water was observed to have a mesotrophic mean chl a level,
but eutrophic TP concentration. The opposite was true of Loch df Cliff and Loch of
Brow. If trophic status of more humic lochs is considered, they range from
oligo/mesotrophic to eutrophic, the most eutrophic lochs in the study being highly
coloured. A classification of Shetland lochs by geology of catchment alone (Britton,
1974) showed the vast majority of waters to be either oligotrophic or dystrophic, with
the assumption that dystrophic was synonymous with nutrient poor, rather than a
- brown water loch of variable nutrient concentrations. If water bodies involved in the
1991 study are representative of Shetland lochs, it is possible that a deterioration has
occurred in water quality of standing freshwaters in Shetland since only six of those
studied were oligotrophic. This situation may have arisen through catchment
management practices or natural eutrophication processes. Of the Shetland lochs with
higher water colour, i.e. Lochs of Brough (Yell) and Kettlester, Bu, Turdale and
Sand Water, Strand and Sandy Lochs and Mill Pond, all were of mesotrophic to
eutrophic status (four being the most enriched systems of the lochs studied). In
addition, the lochs which exhibited blooms or scums were all of high water colour

(although the water colour of Punds Water is not known).

24.5 Further study of five Shetland lochs of different trophic status
24.5.1 Oxygen and temperature profiles of the five lochs in 1992 and 1993
In the five lochs studied in detail during 1992 and 1993, stratification was either
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absent or weak and intermittent, with DO levels never becoming low, e.g. at 20 m
depth, at Site 2, in Loch of Gonfirth, in June 1992, DO saturation was 80.6%; at 20
m depth, at Site 2, in Loch of Tingwall, in July 1993, DO saturation was 71.0%. In
Loch of Gonfirth and Loch of Tingwall, stratiﬁcation occurred approximately at the
depth at which the depression within the loch basin (at Site 2 in each loch) became
deeper than the rest of the basin (at approximately 15 m depth), the loch
morphometry restricting mixing and water circulation. Stratification has been found
to be a feature of other lochs in Scotland, notably the largest lochs, Loch Shiel, Loch
Lomond, Loch Awe, Loch Morar and Loch Ness. These lochs are all well mixed
from late autumn to spring and stratification develops from May to autumn (Smith ez
al., 1981). Stratification in smaller, shallower lochs in Scotland has been found to be
discontinuous over the summer period. Included in this category are Coldingham
Loch (Bailey-Watts et al., 1987b), Loch of the Lowes, Balgavies Loch, Forfar Loch
(Harper and Stewart, 1987) and Loch Borralie (Spence et al., 1984). The latter was
noted to be mixed entirely for most of the year and stratification to be only
intermittent. These water bodies, which do not form stable thermoclines or oxyclines,
are more comparable with Lochs of Tingwall and Gonfirth where interruption to the
mixing process is infrequent. In lakes which are particularly shallow, stratification is
unlikely. For example, Loch Leven (Kinross) has a mean depth of 4 m and is non-
stratifying (Bailey-Watts, 1978). Turdale Water, Helliers Water and Sandy Loch did
not stratify as they are extremely shallow. High wind exposure conditions are
prevalent in Shetland, wind speeds being greater than those experienced on mainland
Scotland. For example, from May to August, 1990, maximum wind gust in Shetland
ranged from 33-45 knots (SIC, 1991). Under such conditions, a water body\of similar
volume to Loch of Tingwall or Loch of Gonfirth, but with a more uniform basin
shape, probably would not stratify.

2.4.5.2 Concentrations of phosphorus and chlorophyll a

In Loch of Gonfirth TP concentrations were lower in 1992 and 1993 than in 1991,
possibly due in part to an increase in rainfall to the catchment, thereby causing a
dilution of the Loch water. With TP < 5 ug P L?, this water body became
ultraoligotrophic. Chl a concentrations confirmed that this Loch remained nutrient
poor in nature. Although there was little variation in TP concentration from March

to October, higher values tended to occur earlier in the year. Owing to a number of
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factors, maximum TP concentration in temperate lake systems is expected during
early spring or late winter. Weather conditions early in the year mean that lake
systems are extremely well mixed. P in dissolved and particulate form can be brought
into the water column from disturbance of sediment. Heavy rainfall may allow
increased erosion and leaching of P from the catchment to inflow waters. However,
temperature and light levels remain low. Primary production is not encouraged, so
leaving nutrients in the water column. Assumiﬁg TP in rainwater to be between 6.7
“and 10 ug P L (Chapter 7), inflow waters were generally as expected in a catchment
with no external nutrient source. However, Inflows 3 and 5 both exhibited levels in
excess of 10 ug P L! during May, 1992. These elevated levels were associated with
particulate P, therefore are likely to be due to transport of plant or soil material in
the drainage system. The elevated levels of TP in these inflows coincided with the
greatest concentration in the water column, thereby suggesting that at that time inflow
sources were maintaining the Loch at a P concentration in excess of 4.5 ug P L. In
1993, no inflow exhibited TP concentrations > 10 pg P L* until October. Chl a
concentration was greatest in May in both 1992 and 1993, phytoplankton biomass
being stimulated by increased temperature and light levels in addition to the elevated
nutrient levels. In 1992, chl a increases and decreases were concurrent with those of
TP levels, although TDP decreased from March to October. This may have occurred
as whilst phytoplankton incorporate P in a particulate form, a decrease in the soluble
P means a decreasing nutrient supply, partly through algal uptake, but also through
processes such as loss through sediment adsorption and outflow which is not

replenished through leaching processes in the catchment area.

TP concentrations in Helliers Water were relatively variable for an oligotrophic water
body, ranging from 4.8-9.8 ug P L during the period from July 1991 to October
1993. Elevated TP concentrations in inflow waters were concurrent with increased
concentrations in the water column. The highest TP concentrations occurred in May
during 1992 and in July during 1993, rather than in winter, early spring or autumn.
At these times, water was being pumped from Loch of Watlee into Helliers Water.
TP and TDP levels in this inflow were in excess of those of the other inflows. It is,
therefore, likely that transfer of water from Loch of Watlee to Helliers Water, was
increasing the nutrient status of Helliers Water. Chl a levels followed the same

general pattern of increases and decreases as TP concentrations, with the exceptions
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of the results for May 1992 and July 1993. During these times, chl @ concentration
was lower than expected from the increase in TP levels. Nutrients from the Loch of
Watlee inflow were possibly not utilised immediately in increased phytoplankton
production, but elevated chl a concentrations were observed during the subsequent

monitoring visit in each case.

In Loch of Tingwall, during both 1992 and 1993, TP concentrations were highest in
March, as would be expected. However, fluctuations in chl a levels were not
particularly similar to those of the TP concentrations. Although this may have
occurred due to presence of varying amounts of inorganic particulate matter and
differences between algal types and cell condition, it is also likely that P from inflow
waters was affecting the TP-chl a relationship.

Within-loch TP concentrations ranged from 8.5-16.4 ug P L. Results of 1992 and
1993 surveys suggested that Loch of Tingwall was more mesotrophic than originally
surmised from 1991 data, stressing the importance of spring sampling. The trophic
status of this water body is as expected if it is considered that TP concentrations in
all inflows monitored were at least mesotrophic in nature. It is likely that elevated TP
levels in the inflow waters were as a result of human habitation and agricultural land

use within the catchment area.

As in Loch of Tingwall, the highest TP concentrations measured in 1992 and in 1993
in Sandy Loch both occurred in March, as would be expected in a temperate
freshwater lake. Over the three year study period, TP concentrations ranged from
21.0-38.2 ug P L. With the exception of the latter value, all results confirmed Sandy
Loch as being moderately productive. Inflow 1 consistently exhibited TP
concentrations considerably higher than those of either the Loch or the other inflow
waters. Although a covered, disused tip was partly within the catchment area for
Inflow 1, this Inflow also received drainage water from fertilised land areas; further
evidence that fertiliser treatment resulted in a loss of nutrients to the drainage system.
In addition, a high proportion of the TP was in the DRP fraction. Fluctuations in chl
a and TP concentrations in Sandy Loch did not correspond especially well. This may
have been related to high TP concentrations, but low phytoplankton numbers, in
inflow waters, causing immediate TP addition to the water column, but a delay

occurring before nutrients were utilised in increased phytoplankton productivity.
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Instances of decreasing TDP and increasing chl a were observed, this perhaps
occurring because of uptake of the bioavailable fraction of TDP by the phytoplankton.

Turdale Water continued to be a highly productive water body throughout the study
period. Inflow waters of this loch had extremely high TP concentrations. As most
inflows consisted of drainage water from reseeded areas and no other land use, it is
suggesied that the excessive TP concentrations occurred as a direct result of land
fertilisation. Similarly, it is probable that eutrophication of Turdale Water has arisen
because of high losses of P from fertilised land. The considerably lower TP
concentrations observed in the Turdale Water water column during summer may have
been a result of Inflows 1,3 and 4 drying up and TP levels in Inflows 2 and § being
much reduced. It is assumed that TP levels in inflows were higher in spring and
autumn because of increased rainfall resulting in greater nutrient leaching. In
addition, P uptake by plants decreases in autumn and vegetation dies back, so
releasing decay products such as P to the system. Although much of the TP input was
as particulate matter, concentrations of TDP and DRP were also high. It is likely that
TP concentrations in Turdale Water change rapidly. Consequently, an obvious
relationship between TP and chl a throughout the period of study would not
necessarly be expected. However, low chl a concentrations during summer in 1992
and 1993 were probably due to the decrease in input of readily available P at those

times.

2.5 CONCLUSIONS

(1) A variety of loch types, incorporating a range of physical and chemical
characteristics was observed within the thirty one water bodies surveyed.
Values for pH, alkalinity, conductivity and water cation concentrations were
slightly elevated in comparison with lochs elsewhere in Britain, but water
chemistry was as would be expected in shallow, lowland waters, with -
influences from fertile geology and maritime salts.

(2)  Water quality in Shetland waters was generally good, fulfilling the criteria
necessary for potable water supplies and for waters supporting freshwater fish
populations.

(3) A range of trophic states was observed, from oligotrophic to eutrophic. Only

six water bodies were classified as oligotrophic and therefore unlikely to
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exhibit excessive phytoplankton production.

A degree of variation in TP concentrations is to be expected'in loch and
inflow waters and in chl a levels of these standing freshwaters, even in
situations where there is no anthropogenic nutrient input, other than in the
form of airborne substances.

Data collected suggested that inflow waters were likely to be a source of loch
nutrient enrichment in catchment areas incorporating improved grassland,
cattle and septic tanks.
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CHAPTER 3: SHETLAND LOCH SEDIMENTS AS A STORE AND SOURCE

OF PHOSPHORUS
3.1 INTRODUCTION
3.1.1 Sediment as a nutrient sink and store

P retention in lakes is dependent on availability and sedimentation characteristics of
possible P binding sites, organic or inorganic. P content of lake bottom deposits
therefore depends on a dynamic balance between the sediment P retention capacity
and the external P loading. The difference between quantity of naturally bound P and
potential immobilisation capacity may be small. However, if sediment P is loosely
bound, the internal P loading which this can exert may be significant in the overall
lake system (Bostrom, 1988). In the later stages of eutrophication, water column P
concentration may be expected to increase relatively rapidly in the lake waters,
although during the early stages of nutrient enrichment, P concentration may rise only
slbwly (Golterman, 1982a). This is a result of P binding capacity in sediment of
oligotrophic lakes typically being high, so that effects of P enrichment through
increased external P loads on the P concentration in the water column may not be
immediately obvious. Lake sediments generally immobilise more P than is released
from them on an annual basis (Marsden, 1989). In more enriched lakes, P adsorption
sites in the sediment may already be occupied, so decreasing the capacity of the lake
to immobilise excess P. Effects on primary production within the water column may

therefore occur more rapidly.

Shallow lakes have a low water volume:sediment surface area ratio. The potential for
immobilisation of P from external sources may, therefore, be relatively large.
Consequently, shallow lakes can exhibit relatively high P concentrations before
changes occur in the biology of the lake (Berge, 1990). However, there is also the
possibility that resuspension and rerelease of P from the sediments could have a
considerable impact on the water column P concentration in shallow lochs. As
Shetland lochs tend to be shallower than most Scottish mainland lochs (Table 1.5;
George and Maitland, 1984) they are exposed to mechanical stirring of sediments via
wind-driven wave action. Through disturbance of the sediment, cycling of P from
sediments may assume importance in the loch nutrient cycle. Wind conditions in
Shetland ensure that lochs seldom stratify (Chapter 2). Contrary to classical temperate

large lake mechanics which involve temperature/chemical stratification in summer,
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possibly resulting in an anoxic hypolimnion and consequent P release from sediments;
anoxia is not necessarily a prerequisite for P release from sediments, and an
oxygenated overlying water column does not always prevent it (Andersen, 1974;
1982). 1t is, therefore, possible that many Shetland lochs will exhibit higher P levels
than expected, due to internal, mechanical processes.

3.1.1.1 Forms of P present in sediment

Several inorganic P compounds have been defined in freshwater sediments (Table
3.1). However, P may also be stored in organic forms within the sediment. The
sediment-water interface is the major site of detrital decomposition within standing
freshwaters. Doremus and Clesceri (1982) found that in terms of microbial activity,
1 cm of surface sediment was approximately twice as productive as 18 m of water
column in soft water oligotrophic Lake George, New York. Dividing sediment into
humic and Fe/Ca-bound fractions of P, it was shown that four times more P was
incorporated into humic compounds than was combined with Fe/Ca .coniplexcs.
Inorganic P sorption by humic substances results in temporary P storage in an organic
form. Both microbial activity and presence of organic matter are therefore important
in P immobilisation, but separation of the effects of these parameters would be
difficult because of rapidity of turn over between living and dead components of the
biodetritus (Doremus and Clesceri, 1982).

Algal bioassay analyses (using Scenedesmus quadricauda) of sediment from four lakes
in the Netherlands, including clay, sand/peat and peat composition revealed that algal
extractable P was positively correlated with TP, total Fe and clay content, though
negatively correlated with organic matter (Klapwijk er al., 1982). Percentage
extractable P varies from lake to lake, depending upon sediment type. A significant
proportion of organic P in sediments has been found to incorporated in phytic acid
and similar compounds. Sequestration prevents chemical binding of ions without
- removing them from solution. Phytic acid has been found to form complexes with
Ca’*, Mg?*, Mn?*, Fe** and Fe** (de Groot and Golterman, 1993). Golterman ef al.
(1993) have found P adsorption efficiency to be related to pH but also to presence of
salts such as NaCl, MgCl, and CaCl,, which may cause an effect through the electric
double layer of Fe(OOH). Conversely, S* inactivates Fe(OOH) with regard to its P
binding capacity.
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Table 3.1  Phosphorus compounds in freshwater sediments (Pettersson ef al.,

1988)
Compound Chemical formula
Apatite Ca,o(F,OH)(PO,)s
Brushite CaHPO,, 2H,O
octoCalciumphosphate (Ca,H(PO,);, 3H,0),
Anapaite Ca,Fe(PO,);, 4H,0
Strengite FePO,, 2H,0
Vivianite Fe,(PO,),, 8H,0
Lipscombite - Fey(PO,),(OH),
Phosphoferrite (Mn,Fe),(PO,),, 3H,0
Ludlamite (Fe,Mﬂ,Mg)g(PO4)z, 4I'IZ()
Variscite AlIPO,, 2H,0
Wavellite Al (OH),(PO,),
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3.1.2 Release of nutrients within lake sediments

The gradient in P concentrations between sediment interstitial water and water column
is an important mechanism of sediment P release to the overlying water. Under
anoxic conditions, sediment P release is linearly dependent upon the concentration
gradient across the sediment surface (Kamp-Nielsen, 1974). The magnitude of P
release within the sediments is therefore important in terms of its effect on the
likelihood of subsequent release of P to the water colﬂmn. Mineralisation processes
affect the concentration gradient and diffusion to the water column is influenced by
the redox potential (Eh) and pH (Ryding, 198S).

3.1.2.1 Redox potential (Eh)

Oxidation is defined as a loss of electrons, whilst reduction is a gain of electrons,
these electron transfer reactions being reversible. "The Eh of a system is a
quantitative expression of its oxidising or reducing intensity. Redox potential may be
defined as the electron escaping tendency of a reversible oxidation-reduction system,
and is thus an intensity factor” (ZoBell, 1946b). The Eh in oxygenated water is
generally approximately +500 mV, but reducing conditions become dominant below
the sediment surface (Bostrom et al., 1982). Eh values of < +500 mV indicate that
conditions are no longer fully aerated (NCC, 1990). When dissolved oxygen
concentration in the water overlying the sediment is > 1-2 mg L?, Eh at the oxidised
surface layer of sediment is generally in the region of +300 to +400 mV (Moss,
1980). In principle, this layer has a high P sorption capacity and limits release of P
from deeper sediment (Marsden, 1989).

The rapidity with which Eh decreases below sediment surface is dependent upon a
combination of processes within the sediment (Marsden, 1989). Sediment bacterial
action accounts for an oxygen demand resulting from utilisation of organic matter as
an energy source. Oxygen in surface sediment is replaced through diffusion from or
mixing with the water column. However, below the oxidised microlayer, oxygen
supply cannot meet demand. Anaerobic conditions are characterised by Eh values of
< 4200 mV, which approximates to 0.01 mg DO L (NCC, 1990). Reduction of
the following chemicals takes place within the sediment as Eh decreases: NO;", Mn**,
Fe**, SO,* and CO,.
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Several types of bacteria, including Pseudomonas, Achromobacter and Escherichia
are involved in denitrification i.e. successive reduction of NO; to NO, to NO and
subsequently N,. A fall in Eh allows Mn** to be reduced to Mn?*, releasing Mn-
bound P into solution (Davison and Woof, 1984). With a further decrease in Eh, Fe’*
is reduced to Fe**. Therefore, both Fe and P are released into the water column from
the sediment (Mortimer, 1941; 1942). Sulphate reducing bacteria include
Desulphovibrio desulphuricans, which produces H,S. Anaerobic bacterial utilisation
of proteins can result in sulphide production and microbes such as Beggiatoa and
Thiothrix are capable of conversion of sulphide to sulphur (Moss, 1980).

In extreme anaerobic conditions, CO, may be utilised by methanogens to produce CH,
as a by-product (Moss, 1980). Many microbial species are required in the breakdown
of carbon compounds in organic matter. The first group break down cellulose and
chitin to produce fatty acids and H, through hydrolysis and fermentation. The second
group utilise these end products to produce CO, and CH,, whilst a third group
convert fatty acids and alcohols to forms which can be used as substrates by H,/CO,
fermenting methanogenic bacteria (Cappenberg, 1979). The rate limiting step of
methanogenesis is the breakdown of algal cell walls to produce mainly acetate, the
major precursor of methanogenesis, which has a relatively high turnover rate to CO,
and CH, (Cappenberg et al., 1982).

Consequently, in anaerobic sediment, accumulation of iriorganic decomposition
products may occur within the interstitial water. TAN and P may come into solution
in sediment interstitial water in significant amounts, due to the chemical and bacterial
reactions resulting from oxygen demand exceeding supply. Decrease of Eh to -100
mV or less, may result in precipitation of Fe with sulphide produced by the sulphate
reducing bacteria. When Fe is thus bound, Fe-P precipitation is no longer possible
and P may become available to phytoplankton within the water column (Moss, 1980).

3.1.2.2 pH effects

The Eh at which different chemical species are present is related to the sediment pH.
From pH 7.5 to 8.0, Mn** is stable above +400, Mn?* below +400. Above and
below Eh +100, Fe** and Fe?* respectively are stable, and SO, is stable above -

220. However, as pH increases, Eh becomes lower as do the Eh values at which
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chemical species are stable (Meadows and Campbell, 1988).

Breakdown of organic matter through bacterial fermentation in sediment results in
interstitial water becoming more acid (Marsden, 1989). Consequently, Si may be
released because of an increase in the dissolution rate from siliceous structures of
phytoplankton. Acidic breakdown of Ca- and Mg-bound P compounds may result in
release of these three elements to the sediment interstitial water.

3.13 Release of sediment P to the water column

Studies of P release from laboratory batch experiments with sediment from eight

different lakes were carried out by Bostrom and Pettersson (1982). Sediments could

be divided into three categories from behaviour of P in control, acetate (10 mg C L")

or NO;-N (mg N L) treatments:

(1) No P release. Mostly these were characterised by low adsorption, high

-~ desorption, water extractable P, 1-2%, non-apatite inorganic P, 5% and
apatite P, 40% of TP. Sediment from one lake had 10% apatite P and 20%
non apatite inorganic P. These lakes were shallow and large areas of
agricultural cultivation in the catchment, little on low sewage input.

(2)  High P release following acetate addition which stimulated bacterial oxygen
demand, but no release after addition of NO,-N which stabilized Eh
conditions. Adsorption capacity was high, desorption low, water extractable
P 3-7% and non-apatite inorganic P constituted 10% of TP. Lower percentage
of cultivated land in drainage area and have periods of stratification.

(3) P release to a constant level regardless of acetate or NO,-N additions. These
lakes were shallow, had received substantial inputs of wastewater, had a high
organic P content and were apparently P saturated. Water extractable P was
10% of TP. Sediment produced P loading in summer despite oxygenated water

column.

This example illustrates that sediment P release is dependent upon several factors and

also that, in certain conditions, presence of NO; may suppress sediment P release.

3.1.3.1 Factors influencing P release to an oxygenated water column

Most aerobic P release has been associated with eutrophic, shallow lakes which have
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been receiving large nutrient inputs from industrial or domestic waste water (Bdstrom
and Pettersson, 1982). P released from Fe and Mn under reducing conditions in the
deeper sediments often does not become available in the water column, as the
released P encounters oxygenated surface sediment and is usually reprecipitated.
However, it is still possible for P release to occur, as the oxidised surface zone of
sediment is shallow and may become saturated with respect to P. When this occurs,
release of P to the water column is feasible. Oxygen demand within the sediment
increases with increasing temperature, resulting in a thinner oxidised surface zoneand
higher concentration of P within the interstitial water. P release may, therefore,
become independent of water column oxygen content when temperature rises above
17°C (Kamp-Nielsen, 1974).

If P binding capacity of surface sediment is low due to, for example, low Fe
concentrations, this may allow passage of P from sediments to the lake water column.
Since P adsorption capacity of peaty soil is poor, as a consequence of low Fe content,
it follows that effective P immobilisation may not occur in peaty sediments. In
addition, sorbed P may be released from aerobic organic sediment when surrounding
water is of a low P concentration, as occurs in soil chemistry, with P being released
from its adsorption sites (Chapter 6).

P release to an aerobic water column may also occur when high pH reduces ability
of Fe’* to bind with P, so that in waters where primary production had raised pH,
rather than there being naturally occurring alkaline, hard water, P could become
available in the water column. In Ca rich waters there may be a relatively low Fe
pool, so that if acid conditions occur in the sediment, P could be mobilized. It is
likely that on reaching the overlying water this P would become Ca-bound.

A potentxa] route of P release to aerobic conditions occurs when the major site of
decomposmon is within an organic layer resulting from sedimentation of high algal
biomass i.e. at the sediment surface rather than deep in the mud. It is possible that

aerobic decomposition could mobilize P to the water column (Marsden, 1989).

3.1.3.1.1 Effect of nitrate on sediment DRP release
Jensen and Andersen (1990) examined impact of nitrate on P cycling. Experimental
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tests were carried out with sediment cores from two shallow eutrophic lakes. At 5°C,
in January, sediment P release was greater at 0.1 mg NO;-N L™ than at 2 mg NOy-N
L. However, in May, at a temperature of 15°C no significant difference was
observed in DRP release between the two NO;-N concentrations. During September,
at a temperature of 15°C, raised NO;-N concentrations had a positive influence on
DRP release from the sediment. Both lakes were found to have significant internal P
loading during summer. With few exceptioﬁs, the greatest net internal P loadings
occurred during increasing blue-green algae biomass and depletion of inorganic N
(IN) in the water column. Net P loading is a result of gross sediment DRP release
and sedimentation of PP. Because net internal P loading exceeded gross release of
DRP, it was concluded that increased PP occurred in the water column due to
buoyancy of Microcystis and Aphanizomenon, thereby increasing summer TP

concentrations in the lakes.

High NO; concentration in the water column may result in decreased gross internal
P loading to a water body. In dimictic eutrophic lakes, P release from anoxic
sediments is suppressed because of the delay in Fe** reduction influencing P sorption
capacity of the sediment (Bostrdm and Pettersson, 1982). NO; can postpone or
prevent release of Fe-P by maintaining Eh at a high level (Ryding, 1985), because
NO; may act as an alternative electron acceptor to O, and be reduced through
denitrification, so allowing increased mineralisation rates of organic matter (Ryding,
1985).

3.1.3.1.2 Effects of Fe:P ratio on P release’

In the Norfolk Broads, high rates of P release occurred when the Fe:P ratio in
interstitial water was <1.8:1. In this situation external nutrient control measures
alone are unlikely to allow recovery of the water body (Phillips and Jackson, 1990).
Jensen et al. (1992) found in a study of 116 lakes, that water column TP decreased
as Fe:P ratio increased. In those with Fe:P ratios >15:1, there was a smaller
increase in lake water TP concentration from winter to summer than in the other
waterbodies studied. The greatest difference between winter and summer TP
concentrations in lake water occurred when Fe:P ratios were between 10:1 and 15:1.
In lakes with a Fe:P ratio of <10:1, no correlation was demonstrated between Fe:P

ratio and DRP release rate, although there were significant correlations with all
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sediment P fractions, thus suggesting that perhaps organic P sources are controlling
sediment P loss in lakes where sediment Fe content is low. It is suggested that Fe:P
ratio shows an estimate of the available sites for orthophosphate sorption by Fe in
aerobic sediment.

3.1.3.1.3 Biological influences on sediment P dynamics

Nutrient requireménts of bacterial decomposers on the sediment surface may be
satisfied either through diffusion of nutrients from deeper sediment or sedimentation
of material in the water column. Sediment microorganisms have the ability to uptake
and release DRP. The processes are dependent on Eh. Significant bacterial DRP
fixation has been found to occur after oxygenation of anoxic sediment, whilst
laboratory sterilization experiments have resulted in decreased DRP sorption in
aerobic sediment (Gachter er al., 1988). Since anoxic release of Fe and DRP have
been found to be partly uncoupled, bacterial fixation and release of DRP may be
controlled partly by redox-dependent changes in microbial physiology as well as
through production and decomposition of microbial biomass (Gachter er al., 1988).
In addition to effects caused by bacteria, algal cells also influence sediment P
dynamics. TP concentration may increase in the water column as a result of
recruitment of phytoplankton cells from the sediment. Similarly, TP content of the
surface sediment may increase as a consequence of death and sedimentation of the

water column algal population.

Refractory organic matter is unavailable to aquatic animals because they are unable
to digest it. However they have the ability to digest microbial cells. Death and
excretion products of animals may then be reutilised by bacteria (Moss, 1980).
Protozoan detritivores increase P turnover through excretion of inorganic P and
increase P retention time within the biodetritus (Barsdate ez al., 1974). Invertebrates
feeding on biodetritus influence sediment-water P flux through excretion and
irrigation of the sediment by burrowing (Doremus and Clesceri, 1982). Vertical
burrowing increases sediment mixing (Ryding, 1985). Benthic invertebrate activity
within sediments might therefore be expected to have an effect on lake P cycling,
although it may be minor only (Kamp-Nielsen ef al., 1982).

A significant relationship was found (p < 0.002) between P release rate and number
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of fourth instar Chironomus plumosus larvae in the Norfolk Broads. However, no
relationship was observed between P release and numbers of any other small
chironomids or tubificid worms (Phillips and Jackson, 1990).

During previous studies of aerobic and anaerobic sediment and fourth instar
Chironomus plumosus larvae, silica release was increased 2-3 times after addition of
m to sediment cores. In aerobic core tubes TP release rate was at least doubled
after introduction of larvae. Fe and Mn release also increased in these tubes. Effects
on TON and NH,-N were variable. TP release from anaerobic cores was already
elevated compared with the aerobic sediment. Average TP release rate increased by
1.26-1.57 mg P m? d! in cores from two of the lakes studied and decreased by an
average of 0.12 mg P m? d?! in anaerobic cores from the third. NH,-N release also
increased from these cores, but decreased from sediment in the other two. No change
was noted in TON release after addition of the animals to anaerobic cores, but both

Fe and Mn release decreased.

Changes associated with the oxygen status of the core tubes were much more
important in terms of release rates than those resulting from chironomid action. It is
postulated that effects of burrowing are physical only, greater exchange of water
column, interstitial water and high concentrations of inorganic nutrients becoming
possible (Granéli, 1979). However some further oxygenation of deeper sedinlrent
might occur in close proximity to the burrows. Downward movement of surface
deposits might result in increased P immobilisation, whereas upward transport of
material could cause increased release of P from the sediment (Kamp-Nielsen et al.,
1982). Effects of invertebrates are obviously complex, depending on the particular
conditions of individual sediments, size, species and numbers of animals. N release,
being closely linked to bacterial activity may be little affected by invertebrate activity.

3.1.4 Availability of P released from lake sediments

When sediment resuspension or P release to the water column occurs, the P does not
necessarily become available to the phytoplankton. Resuspended organic P may settle
again in particulate form, whilst DRP may become chemically bound within the water
column. Precipitation of P with metal ions is dependent upon the concentration of

metals available for binding and on the water column pH. In hard water lakes, for
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