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Abstract

Factors affecting the abundance and distribution of littoral

~estuarine zooplankton were investigated by means of both field

and laboratory studies.

In the field, a 12-month survey was conducted at 6 stations .
spanning a wide salinity range in the Forth estuary, to
investigate the influence of geographical, seasonal, tidal and
physical environmental variables on community structure. Pump
samples in two net fractions (69 um and 250 um) were collected
on spf;ng and neap tides, at high and low vater over 9 cqmplgte
or partial lunar cycles.

" The use of two concentric nets of differing mesh size exténdéd

the size range of specimens caught, and permitted the observation
and enumeration of small plankters such as rotifers, copepod nauplii
and‘early,polychaete larvae. In early 1982, a clear temporal

succession of rotifers> freshwater crustacea > Maranzelleria larvae >

Eurytemora was observed.

The data acquired on field distribution and abundance were analysed

in a variety of ways. The most effective approach was found to be a
combination of polythetic, divisive classfication (Twinspan) of

sepcies data, followed by Multiple Disc:iminant Analysis (MDA) of

the classification usiﬁg geographical, seasonal, tidal and environmental
’data as the discriminating variables. The effects of geographical,

seasonal and tidal variation were removed by analysing subsets of the



data restricted to one state of a variable at a time; comparison
of these restricted analyses with those performed on larger

data sets revealed, however, that the relative influence of variables
on community structure could be readily discerned even when all
variables vere considered together. Salinity and geographical
position of station were clearly the dominant factors in explaining
the species associations defined by classification analysis; organic
suspended particulate material was closely associated with these, and
temperature also but to a lesser degree. The influences of season and
primary production were linked, and were orthogonal to the influence
of the dominant variables.

Classification analysis identified three main assemblages: the fresh-

vater community; a low-salinity group comprising Eurytemora affinis

and Neomysis integer; A neritic assemblage dominated by Acartia spp.,

Pseudocalanus and Qithona but also including Temora, Centropages and

meroplanktonic larvae. Pseudocalanus and Oithona were more persistent
than the other neritic taxa, and were more often found in samples of

lover salinity and in the autumn and winter.

Predation and development rate are two biological factors which
directly influence the abundance and distribution of individual taxa.

In the laboratory, studies were conducted a) on the rate of predation

of Neomysis on Eurytemora and b) the effects of temperature and food
availability on the development rate of Eurytemora.

Predation rates of adult mysids on adult Eurytemora were estimated to



range up to 170 prey/day at 500 prey/litre, and the functional response
vas adequately modelled by a Type II curve. It was experimentally
demonstrated that predation rates were not reduced in the dark or in the
presence of detritus, and it is inferred from this that Neomysis

relies on random foraging rather than on visual predation. Estimated
predation rates were sufficiently high to suggest that Neomysis

predation may, at some times of the year, have a significant effect on

Eurytemora population size.

Development rates in Eurytemora were not affected by food level, but
vere quantitatively related to temperature. Development was approximately
1sochrona1, but the duration of the second naupliar instar was consistently
longer than that of other instars, especially at lower temperatures.

Total estimated development times ranged from 39 days at 8 deg.C to

15.25 days at 20 deg.C, with the effect of temperature being more marked

at low temperatures than at high temperatures.

The results of the development study were applied to field observations

of instar body lengths, in order to estimate daily length increment for

9 dates in 1982, Field observations had indicated that, in contrast to

many other studies, body size did not bear a simple inverse relationship

to vater temperature; whilst the smallest animals were observed

during the spring bloom and midsummer, the largest specimens were collected
in September vhen vater temperatures vere still high.

Highest growth rates vere estimated for August (small animals) and
September (large animals) ; winter animals, although similar in size to

September specimens, had lov estimated growth rates. The large size



of specimens encountered in September suggests, when considered in
conjunction with the low abundance at that time, that a switch hay

have occur:ed from investment in reproduction to an investment in

somatic growth.



GLOSSARY OF ABBREVIATED TERMS USED IN TEXT

Taxon Authority X occurrence Identifier
Eurytemora affinis (Poppe)
Adult 81.1 EAFF ADUL
copepodite 89.4 EAFF COPE
- Nauplii , 85.0 EAFF JUVE
Harpacticid copepods 85.0 HARP SPEC
Rotifera 73.1 ROTI SPEC
(mainly Synchaeta sp.) .
Copepod nauplii (unidentified) 73.6 COPE NAUP
Neomysis integer (Leach) 20.7 NEOM INTE
Diaptomus gracilis Sars 24,2 - . DIAP GRAC
Daphnia sp. 13.2 DAPH SPEC
Bosmina sp. o 18.5 BOSM SPEC
Chydorid spp.: 4.0 CHYD SPEC
Cyclopoid spp. 10.6 CYCL SPEC
Acartia-bifilosa inermis ~ Rose - 20.3 ACAR INER
Acartia tonsa - Dana 15.4 ACAR TONS
Acartia longiremis Lilljeborg 15.9 ACAR LONG
Acartia clausi Giesbrecht 8.8 ACAR CLAU
Acartia sp. copepodites - 46.2 ACAR COPE
Oithona similis Claus 39.6 OITH SIMI
Pseudocalanus elongatus (Boeck) 29.5 _PSEU ELON
Temora longicornis (0.F.Muller) 31.3 TEMO LONG
Centropages hamatus “Lilljeborg 11.0 CENT HAMA
Sagitta elegans Verril 9.7 SAGI ELEG
Oikopleura sp. L 6.2 OIKO PLEU
Calanus helgolandicus . 4.9 CALA HELG
Littorina littorea - (L.) :
egg capsules 25.5 LITT CAPS
veligers 11.9 LITT VELI
Cirripede nauplii 51.5 CIRR NAUP
cyprids ©20.3 CIRR CYPR
Terebellid larvae 10.6 TERE LARV
Polydora larvae 29.5 POLY CILI
Eteone sp. larvae 4.8 ETEO LARV
Maranzelleria wireni
larvae 22.5 MARA VIRE
eggs 8.4 MARA EGGS
trochophores 7.0 MARA TROC
Bivalve larvae 8.4 BIVA LARV
APHR LARV

Aphroditid larvae



GLOSSARY OF ABBREVIATED TERMS USED IN TEXT

Variable
Distance from upper
tidal limit

Tidal state (H,N etc)
Date

Inorganic component
of suspended solids
Organig component of
suspended solids
Organic peréentage of
suspended solids
Salinity

Temperature
Chlorophyll a

Acid Ratio
Phaeopigments
Freshvater discharge

.at upper tidal limit

Shorthand identifier

Dist
Tide
Date
Inor
Org
Xorg
Sal
Temp
Chl a

Phae

Disch

Transformation

Logl0

Dummy 4-state
variable

None, represented
as decimal month

Logl0
Logl0

arcsin/“logl0 X+1

 (x as proportion)
None v
None
LoglO
Logl0
Logl0

None
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. Introduction

The zooplankton of estuaries has been widely studied (e.g.
Miller 1983, Collins and VWilliams 1982, Taylor 1987) and their
characteristics described. The estuarine environmenf poses
particular problems for zooplankton, both physiological and
behavioural. Lance(1965) has demonstrated that osmoregulatory
ability may influence species distribution, while Burkill et al
(1982) and dePauw (1973) inter alia have suggested that
behavi;ural explanations need to be invoked to explain the .
maintenaﬁce of endemic populations in the face of high flushing
rates. For species that can successfully overcome these problems,
the low-salinity regions of estuaries may provide a rich resource
(Morris et al 1978, Heinle et al 1977) and lead to high secondary
production.

A feature of estuaries is often the high proportion . of the
total area accounted for by the intertidal zone and shallows.
Roddie (1980) and dePauw(1973) have demonstrated the importance
of the littoral zone as a refuge from flushing , but more
information on this habitat.is needed in order to understand the
extent to which its inhabitants constitute a true community.

The marked gradients present in estuaries (both spatial and
temporal) should constitute strong influences on the structure of

zooplankton communities. The estuarine habitat should therefore



be a suitable environment in which to test methods for resolving
and interpreting community structure.

A difficulty in understanding the structure of species
assemblages lies in objectively relating a complex of
environmental variables to a complex of species. A wide variety
of classification and ordination methods are available for
uncovering species association. One aim of the present study was
to apply combinations of some of these methods to establish to
vhat degree the littoral estuarine plankton of the Forth possess
discernible structure, and to vhat degree this structure could be
quantitatively related to physical, spatial and temporal factors.
To helglachieve this, a sampling programme was designed to cover
the major semidiurnal and semilunar cycles on a seasonal basis,
and thus to permit variation on a variety of levels to be removed
by the analysis of categorical data subsets. The degree to which
a method succeeded could then be tested by examining the extent
to vhich samples were sorted by logical category in the analysis.

. Biological factors, in addition to environmental factors, act
to structure communities. Roddie (1980), Burkill et al (1982),
and Heinle and Flemer(1976) have shown that the copepod genus
Eurytemora can achieve high abundance at the upper end of
estuaries, and Roddie et al (1984) have demonstrated the ability
of this species to regulate its haemolymph concentration under '
conditions of low and fluctuating salinity. Taylor (1987) has

characterised the upper estuarine zooplankton of the Forth



estuary as comprising the mysid Neomysis integer and Eurytemora;

Beinle and Flemer (1976), Burkill and Kendal (1982) and others
have suggested that Neomysis may prey on Eurytemora and this may
be an important route of energy transfer from the detrital to the
pelagic food web. A second aim in this work was, therefore, to
establish if predation did occur, and if so to quantify the
process and gain some insight into the potential impact of
Neomysis predation on the Eurytemora population.

The maintenance of an indigenous population requires that net
population growth rate exceeds the flushing rate of the habitat.
One factor influencing population dynamics is the rate of
physiological development and maturation (generation time) of a
specie;. Evidence indicates that, in copepods, development rate
is both temperature- and food-dependent (Corkett and McLaren
1970; Klein Breteler et al 1984). The third aim of this study was
to estimate the effect of temperature on the development of
Eurytemora fed on environmentally-realistic concentrations of
natural suspended particulate material. Heinle et al (1977) have
shown that copepods can grow and reproduce vhen fed
microbially-rich detritus, and Boak and Goulder (1984) have shown
that Eurytemora in the Humber estuary can graze on bacteria
attached to suspehded particulate material. By applying
laboratory-derived estimates of development rate to field
observations of size distribution at different times of year, it
vas intended to estimate the daily length increment of each

developmental stage at a range of temperatures.



Chapter 1

Field survey of littoral estuarine
zooplankton and associated environmental
variables



Sampling equipment

The sampling equipment was required to effectively sample
small (< 10 mm) zooplankton in shallow watet. A pre&ious study
(Roddie,1980) had used concentric 250 um and 69 um hesh nets
suspended vertically in a wooden frame,the whole assembly being
positioned in shallow water so that the net‘openings vere about
20 cm above the water surface. 100 1 of water collected vithra
10 1 bucket was filtered through these nets.

In the present study, it was considered necessary to develop

a method which could rapidly sample a larger volume with less
disturbance of adjacent water, and which vas free of the depth
restriction imposed by a wooden frame of fixed height.

Sampling requirements were met by a 12v Teleflex-Morse
centrifugal pump vith a nqminel delivery rate of 1001/min,
modified as illustrated in Fig.1.1 . Rigid PVC pipe was connected .
to the pump outlet to act as e handle and permit sampling in
depths of up to 1m. A cone attached to the pump inlet reduced
the intake diemeter to 2cm . This had the effect of increasing
intake velocity (and thus the velocity gradient ciose to the
intake), reducing the likelihood that zboplankton“escaﬁe B
responses would be effective in avoiding capture. 2 mof

flexible 2.5 cm diameter eolythene tubing connected to the rigid
pipe delivered water to concentric 250 um-(inner) and 69 um
(outer) mesh nets suspended from a frame ettached tc"eipended::
polystyrene floats which held the net mouths 15 cm above the
vater surface. Each net terminated 15 a 2.5 cm diameter cod end
7.5 em in length, to the bottom end Af Qﬁich was welded a screen
of nyloh net of the apptcpciate mesh size;" ‘

Pover wvas supplied to the pump via 10 m of cable by a 12v motorcycle
1 ,



connection to
‘ ‘1l m flexible hose

—_— leading to net
support frame

1m 1" PVC pipe

pump body

2 cm diameter intake net support

attached to pump inlet | o | polystyrene
| /\/- frame | float

250 um net and cod-end

69 um net.and cod-end

Figure 1.1 Centrifuga.l pump conﬁgufation and concentric net design



battery mounted in a backpack. It was thus possible to operate
the sampling equipment in any location which was physically
accessible. The pump was activated by a toggle switch mounted on

the rigid PVC pipe.

. Calibration and testing:

The pump was tested to determine whether zooplankton could be
sampled without damage, and to establish the most convenient
method of calibration. Preliminary sampling was carried out on

30.11.81 at S.Alloa(Fig.1.2). Eurytemora affinis was the only species

preseqt.Microscopic examination of the samples revealed that none
of tge individuals collected had been physically daméged.»
Calibration was achieved by recording the time taken to £fill a

45 1 polythene bucket. Initial measurements indicated that delivery
rate varied between 70 and 85 1/min at between 0 and 25 cm head.

25 cm was chosen as the standard elevation above sea surface for -
the highest point in the delivery system, and every effort vas
subsequently made to maintain this height as closely as possible
during sampling. -

Calibration was carried out prior to sampling on every occasion.
Assuming a possible error of +/- 1 1 in volume measurement, and +/-
1s in time measurement, sample volume was thus determined, -
independently for each sample, with an error(range) of

approximately +/- 5%.



Sampling programme

Between December 1981 and December 1982, zooplankton and water samples
vere collected over a series of lunar cycles at 6 shore sites on the
Forth estuary (Fig.1.2,Table 1;1). Sampling was conducted less intensively,
at quarterly intervals, in 1983. Four sites (Fallin, S.Alloa, Dunmore

and Kincardine) vere located in the upper estuary and were characterised
by 1oQ and variable salinity. Two sites (Culross and Skinflats) vere
located in the middle estuary and were characterised by relatively higher
and more stable salinity(Roddie,1980). The study of Roddie(1980) was used
as a pilot survey in determining the choice of stations. Those chosen
repr;;ented the full range of estuarine conditions; Fallin had been found
to reflect considerable influence of freshwate: plahktonic communities,
while Culross had been found to reflect some influence from coastal
communities.

All sites were readily accessible by road, and travel between sites

wvas accomplished by road. Displacement of high and low vater at each site
vas estimated from the tidal simulation models of Frazer et al (1972),and
trial runs conducted to establish travel times between sites (Table 1.1).
These trials demonstrated the feasibility of sampling all stations on the
same tide; in practice, it was possible to follow the tidal pulse up and
down the estuary, sampling within 30 min. of high and low water at each
of the upper estuary sites and within 30 min. of high water only at the
middle estuary sites. The extent of the intertidal zone at the middle
estuary sites made low vater sampling impracticable.

Variation in the timing of high and low water throughout the year

prevented sampling under similar light conditions both within and



Kincardine

Culross

Figure 1,2  The Forth estuary and location of
sampling stations |



Table 1.1 Tide time corrections for, and travel times between, stations

TIDE TINE CCRRECTIONS
(Relative to Rosyth)

Sased on molel sinulations for spring tides by Frarer et al (1572)

High tide Low tide

Skinfl=ts = =1 hour
Culross = -1 hour
¥incardine <10 min. -1 hour
Dunmore +20 min, +15 nin.
Alloa 430 min. +1 hour
Fallin +40 nin, +1 hour
Stirling +1 hour +2 hour

TRAVEL TINE BETWEEN STATIONS

Journey Time in minutes
Stirling-Skinflats 35
Stirling-Culross 35
Skinflats-Kincardine 10
Kincardine-S.Alloa 10
S.Alloa-Iallin 5
Fallin-Stirling 15
Kincardin-Dunmore 10

Dunnore=S.Alloa 5



Table Summary of zooplankton samples collected between December 1981
1.2 and December 1982

Date Tide Fallin S.Alloa Dunmore Kincardine Culross Skinflats
,11.12.81 HTS + + + + - -
LTS - - - - - -
18.12.81 HTN + + + + -
LIN + + + + -
12.1.82 HTS + + + + - +
LTS - + + + + - -
19.1.82 HTN s + + + - +
‘ LTN + + + +
27.1.82 = HTS + + + + - +
. LTS + + T+ + - -
3.2.82 HTN + + + + - +
.. LIN + + + + - -
11.3.82 - HTS + + + + + +
‘ ...+ -LTS + + + + - -
17.3.82 HIN + + + + + +
-~ LIN + + + + - -
26.3.82 HTS + + + + + +
g LTS + + + + - -
2.4.82  HIN + + + + + 4
: ~. - LIN + + + + - -
10.5.82 - - HTS + + + + + +
: LTS + + + + - -
17.5.82 HTN + + + + + -
: : LTN + + + + - -
24.5.82  HTS + + + + + +
LTS + + + + - -
31.5.82 HIN + + + + + +
LTN + + + + - -
807.82 HTS + + + + - +
6.9.82 HTS + + + + + +
LTS . + + + - - -
13-9082 HTN + + + + + +
LTN + + + + - -
20.9.82 HTS - + + - + +
LTS + + + + - -
27.9.82 HIN + + + + + -
LTN + + + + - -
3.11.82 HTS + + + + + -
. LTS + + + + - -
9.11.82 HIN + + + + + L+
' LTN + + + + - -
16011082 HTS - + + + + +
' LTS + + + + - -
23.11.82  HTN - + + + + .
LTN - + + + - -
15012-82 HTS . ad + + + +
LTS - + + + - -
. HIN + + + + + -
23.12.82 LIN + + + o+ - -



Tadle 1,3 Recognition characters for stages of calanoid copepods

Stage
Nauplius Copepodite
123456 "1 2 3 4 5 |Adult
Appendage ' : ‘
-antennule + + + + + + + + + + + =~
antenna + + + + o+ + + 4+ + + + 45{
- mandible + + 4+ + 4+ + + 4+ + + | +a
maxillule 00 ., ~ - = s 4o+ 4 4] 48
maxilla 0 000 - = + 4+ o+ o+ x| 4B
naxillipeds 0 0000 - o+ o+ o+ o+ | 4%
1st leg 0 0000 = 4+ 4+ + 4+ | 40
2nd leg 0O 0 0’ 0 0 - + + 4+ + + +§‘
3rd leg 0 000 0O -+ +-+ + | ¥,
bth leg © 00000 I
5th leg 0O 0 00 OO0 0 « =+ + +
caudal rami e o ¢ o e e 4+ + 4+ + |-+

+ relatively well developed,but not fully formed
- present as lobed structure, or otherwise undeveloped
« pPresent as group of setae

- 0 structure absent



between sites. Sampling on a given date commenced with either high or
low tide samples depending on the times of the tides. Sampling always
commenced at the seaward end of the study area.

Sampling in 1981-1982 was conducted during eight lunar cycles(Table 1.2);
within each cycle, sampling commenced on a spring tide and was normally
repeated at weekly intervals until the following spring tide. At each upper
estuary site, a full lunar sampling cycle thus comprised a total of 8 samples.
Four samples per cycle were normally taken per cycle at the lover estuary
sites. On occasion, sampling was reduced to a single spring tide or a single
spring- neap pair. It was not always feasible to collect all the samples
scheduled for a given date. In 1983, samples were taken at the upper estuary
sites only, at quarterly intervals on high spring tides. On one of these
quartéély visits, a series of 8 consecutive samples was taken at Dunmore in
order to evaluate small-scale temporal variability. On a separate occasion, a
series of samples was taken by boat on a grid superimposed on the intertidal

mudflats at Skinflats to evaluate the magnitude of small-scale spatial

variability.



Sampling

A total of 248 visits to sampling stations were made, during which
528 zooplankton samples were collected.

Samples of approximately 500 1 volume were taken at each site on each
visit, with the sampling equipment described above. The pump was
calibrated immediately before each sample; normally, the pump was
operated for about 6 min. to filter the required volume.

On most occasions, there was a residual water flow at the sampling
locations of at least 10-15 cm/s, and the nets were positioned down-
current of the pump to ensure that previously-filtered water was not
re-sampled.Sampling was conducted near the shore, in wvater of 50-100 cm
‘deptﬂlThe pump head was moved slowly and continuously between the surface

and about 10cm from.the bottom sediment. The bottom consisted of fine

/
4

mud at all sites except Culross, where sand and gravel predominated.

WVhen no residual water movement was apparent( most frequently at
Skinflats), a transect of approximately 100m was traversed slowly,with
the pump head held as far in advance of any disturbance as possible
(c. 2m).

Occasionally, high turbidity led to net clogging. When this occurrgd,
thé pump and stopwatch were stopped, the nets agitatéd gently to clear
the mesh, and pumping and timing resumed. By following this procedure,
it was possible to ensure that 100X of the water pumped was filtered.

Sample volumes were subsequently calculated from the recorded sample

time (+/- 0.1s) and the calibrated pump delivery rate(volume measured

+/- 0.5 1) for the appropriate sample.



Prior to the collection of each sample, 40% borax-buffered Steedman’s
solution (Steedman 1976) was made up to 4% using 20 um-filtered
ambient water. The use of local water minimised osmotic damage to the
sampled organisms, which were washed gently with a minimum of filtered
local wvater from the éod-ends of the nets into polythene jars. The
contents of the 250 um and 69 um cod-ends were preserved separately.

In conjunction with each sample,air temperature and local weather
conditions were noted; wind speed was estimated on the Beaufort scale.
Two 1-litre water samples were collected in acid-washed polythene
bottles. Each bottle was first filled and rinsed with local water, then
squeezed flat,held 20-25 cm below the surface, and allowed to £fill
rapi@ly.water temperature wvas recorded to +/- 0.5 deg.C using a direct-
reading total immersion mercury thermometer. Salinity was determined to

+/- 0.5 ppt using an MC5 conductivity bridge.

Estimation of small-scale temporal and spatial variability

The Scales over which these sample series were taken was chosen to be
relevant to the question of the confidence with which a single sample
might be considered representative of local abundance; this was
considered to be of the order of tens to hundreds of metres and of tens
of minutes.

On 23.6.82 , a series of 20 samples was taken over the intertidal
region at Skinflats(Fig.1.2) to investigate spatial variation within a

short time period. Sampling was conducted over a 35-minute period



from a small boat in a depth of between 1m and 2m, during slack high

vater on a spring tide.

" The pump and nets described above were mounted on the gunwale of the

boat; the nets amidships and the pump deployed laterally from the bow

with the intake at a depth of about 65 cm. Boat engine speed was regulated ,
using a simple log and knotted line,to give a velocity of 0.5 m/s; at this
speed, the pump intake was effectively free from any disturbance

propagated by the boat. The net cod-ends were replaced with small polythene
bottles containing 40% Steedman’s solution. These bottles could be removed
and replaced with fresh bottles in a few seconds, permitting samples to be
taken virtually contiguously. .

Samples were taken in a series of 5 parallel North-South transects
(Fig:l.Z), intended to provide a rectangular grid of 20 samples. Although
this took place at slack high wvater and in the absence of wind, buoys were
dropped at the beginning and end of the first and last transects to permit
subsequent detection of any displacement which might have occurred.

Each transect was divided into 4 60-second samples on a bearing of 0 or

180 degrees, and with a pump delivery of 76 1/min at a velocity of 0.5m/s.
Samples were thus of approximately 801 volume, but the duration of sampling
and thus the volume was determined independently for each sample. Cod-
end bottles were changed in approximately 10s between samples, during
vhich time the pump output was diverted avay from the nets.

Temperature and salinity measurements were made at a depth of 50 cm
with an MC5 temperature-conductivity bridge.

At the end of each transect the boat was turned on a course of 90

or 270 degrees for 60s before turning onto the next transect. The area
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covered by the sample grid was thus approximately 120m by 120m. Pump
calibration was carried out before and after sampling.

The survey site was visited approximately 18 h later at low water.
The marker buoys were located and bearings taken on visible landmarks
to establish their position. These bearings were transferred to an

Admiralty chart in order to establish the actual shape of the sampling

grid.

On 3.3.83, a series of samples was taken on a high spring tide at Dunmore.
On this occasion, 8 consecutive samples were taken between high
wvater minus 30 min. and high water plus 30 min. to investigate short-term
temporal variability at a fixed point. The sampling equipment was

oper;ted and calibrated as described previously for shore-based samples.
Note was taken of the direction of water movement, and the nets

positioned accordingly to avoid re-sampling water.



Zooplankton sample processing

Upon return to the laboratory, zooplankton samples were rinsed in
filtered seawater diluted with distilled water to the appropriate
salinity, and curated in fresh Steedman’s solution made up to 4% with

vater of the same salinity.

Samples frequently contained a considerable quantity of fine silt,
especially in the 69 um fraction.This was often sufficient to have
interfered with subsequent counting. Where this occurred, organisms
vere extracted from the silt prior to final curation by a density
separation technique adapted from deJorge and Bouwman(1977). This
methéd involves the use of a colloidal silica,Ludox TM, which has
density of 1.3 g/cc.

The sample was concentrated to a volume of 50 ml and added to 100ml -
of 50% Ludox(diluted with distilled water). The mixture was stirred
thoroughly with a glass rod, a magnetic followver added, and a 1 cm
deep layer of distilled water floated on the surface of the mixture.
The addition of distilled water prevented dessication of the Ludox,
vhich causes a change of state from liquid to gel. The mixture was
placed on a magnetic stirrer, and the speed adjusted until sediment
vas re-suspended to about half the depth of the vessel. Stirring
continued for one hour, after which organisms were gently aspirated
from the Ludox-distilled water interface into a 1-litre Buchner
flask‘containing fresh 4% Steedman’s solution. A fresh layer of

distilled water was floated on the surface of the Ludox and a
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second extraction performed.

This methodcof extraction proved to be effective in separating all
soft-bodied organisms, as well as foraminiferﬁ,small bivalve larvae
and juvenile gastropods(principallykHidrobia). Attempts to assess the
effectiveness of the method for soft-bodied organisms revealed that an
exhaustive examination of the remaining sediment was required to detect
the few rémaining individuals. deJorge and Bouwman(1977) reported that
‘formalin preservation appeared to prevent adhefence of specimens to
silt particles;this proved to be the case in the present study.

Following Ludox separation the remaining silt was scanned rapidly at
lov maginification to detect any larger,denser organisms, which were

remoqu'and‘added to those already separated.

All'zooplankton'coﬁnts Qere pérformed using either a Bausch and Lomb
or Wild M5A dissection microscope, the latter equipped with light and
dark field illumination. Subsamples or aliquots were placed in a modified
Bogarov tray with a volume of 2ml. Where practicable, successive
aliquots were counted until the entire sample had been examined. This
minimised abundance estimation error and ensured that relatively rare
taxa wvere registered.

Vhere total numbers were sufficiently large to make subsampling
necessary, the sample was diluted to an appropriate volume(determined from
a preliminary count),agitated thoroughly, and subsampled with a 2ml
Stempel pipette. Successive subsamples were withdrawn (without réplacement)
until at least 100 of the more abundant categories had been counted
(Frolander,1968), following which the entire sample was scanned with the

aid of a fine dissecting needle for less abundant taxa.
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Identification of taxa followed the authorities below:

ICES Zooplankton sheets Acartia
- S Centropages

Chaetognatha
Polychaete larvae
Rotifera
Appendicularia

Sars, G 0 (1895-1928) . . Copepoda

An account of the Crustacea

of Norway '

Rose, M 1933 Copepoda

Copepodes Pelagiques
Faune Fr. 26 Paris

Hartmann-Schroder 1971 - e Polychaeta
Die Tiervelt Deutschlands (esp. Maranzelleria)
Annel}da 58 Teil - : ~ S o

Newell G E and Newell R C 1977 ‘
Marine Plankton, Hutchinson : Additional information on a
variety of taxa
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Formal identification was accomplished by dissecting(where appropriate)
organisms in lactic acid, mounting the diagnostic structures in polyvinyl

lactophenol, and examining at 400x under a compound microscope.

The commoner copepods were identified to species, and, where practicable,
recorded as adult, copepodite or nauplius. A large category of copepod
nauplii remained unassigned to species,however.

All developmental stages of Eurytemora affinis were enumerated separately,

using Table 1.3 and decriptions in Katona(1971).For 9 sampling dates

(Table 1.7) the mean length of up to 50 preserved specimens of each stage

vas determined using a calibrated eyepiece graticule.Nauplii were measured

at ZOQx,to the nearest 10 um, while copepodites and adults vere measured at
120x.to the nearest 16.6 um. For the purposes of examining the size-frequency
distribution of adults, copepods were grouped in;o'0.0me size classes. Male

 and female copepodites of stages 4,5 and 6 were counted and measured as

- separate groups.

The length of nauplii was measured excluding the caudal armature. Copepodite
length was measured as the length of the cephalothorax, exclﬁding“the 'wings’
" on the final thoracic segment in the case of stage 5 and 6 females.

On 27.4.82, samples were taken to determine the effect of preservation on
adult body length. Copepods were first killed or rendered comatose by
raising fhe vater temperature to 30deg.C over a period of 30 min. 100
adult females were randomly removed from the sample and their ééphaldthorax
lengths measured as described above. They were then transferred to 4%
Steedman’s sdlution and stored for two weeks.Water collected at the time
of capture and 1.2 um-filtered was used throughout, to minimise osmotic
changes which might have affected body dimensions. The sample of 100

copepods was re-measured after two weeks and the mean pre- and post-

preservation lengths compared by t-test.
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Numerical analysis of zooplankton survey data

The freqﬁency of occurrence of taxa in all samples and by sample
category vas computed. Samples were classfied by logical category
(high/lov, spring/neap, by station, etc.), and a chi-squared test of
association between frequency of occurrence and logical category

carried out.

Multivariate analyses

The survey data were analysed by logical category using classification
and ord}nation techniques. The primary methods were routines in the
Cornell Ecology Series of programs: Twinspan (classification: Two-Vay
Indicator Species Analysis, Hill 1973) and Decorana (ordination: DEtrended
COrrespondence ANAlysis, Hill 1979).

Twinspan (TS) is a polythetic divisive method of classification. For
purposes of comparison, a synthetic agglomerative method was also tested;
for each sample category a similarity matrix was generated using the Bray-
Curtis index (log x+1 transformed data) and a dendrogram constructed by
group-average sorting (CLUSTAN, Vishart 1970).

All TS and Decorana (DCA) analyses were conducted on data subjected to
quasi-logarithmic transformation; abundance classes of 0;30, 31-100, 101-
1000,1001-10000, 10001-100000 and >100000 were used. These intervals
vere used as the cut levels for defining TS pseudospecies; in effect, and
for the purposes of computation, each abundance class is regarded as a

'species’, although indicator species are still defined by their presence or
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absence. An upper bound of 30 was used for the smallest abundance class to
avoid undue influence from taxa occurring in lov numbers. Cassie (1962) amongst
others has reported a high degree of uncértainty in estimating population
abundance vhen the number of individuals in a sample is small, and it was
considered that abundances between 10 and 30 per cubic metre could not be
reliably distinguished.

In both TS and DCA analyses, the supplied option to downweight rare species
vas invoked.

For the purposes of TS classificatioh, samples and taxa were each assigned

8-character identifiers. For samples, the identifiers were constructed as

follows:
Character Purpose
1 Letter identifying station (F,S,D,K,G,C)
2-6 Digits identifying date
7-8 Letter identifying tidal state (HS,LS,HN,LN)

Taxa were allocated 4 characters for generic name and four characters for

specific name, e.g. ACAR LONG represents Acartia longiremis. Where taxa

wvere not identified to species, a suitably obvious alternative was used, e.g.

rotifers were identified as ROTI SPEC.

A suite of Fortran programs was developed to re-format data structures

for the various analyses,produce raw data tabulation and generate similarity

matrices (Roddie 1986).
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Subdivision of the entire data set into logical categories permitted the

removal in turn of seasonal,spatial and temporal effects on community

Structure.

Relationships between community structure and environmental,

spatial and temporal variables.

a) DCA
For each analysis, the first two DCA axes were plotted, and Spearman

rank correlation coefficents between major variables and the sample scores

on these axes computed.

b) Té
For each analysis, a TS two-way ordered table and a sample dendrogram
vere produced.

Multiple Discriminant Analysis (MDA, = canonical variate analysis) was
used to relate environmental variables to classification group membership
(Green and Vascotto 1978, Wright et al 1984, Furse et al 1984).

Following the recommendations of Green and Vascotto (1978), all variables
(log x+1 transformed) were entered simultaneously into the the analyses,
vhich were implemented by an SPSSx routine (Nie 1975). MDA uses the grouping
aséigned to samples by a previous classification ( in this case on the basis
of sample taxonomic composition) and derives a linear combination of variables

vhich maximises the ratio of between-group to within-group variance. Only

those variables which had a significant univariate F-ratio (p<0.05) for a

particular sample category were used in the analysis for that category.
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Followving derivation of the rule, the samples are re-classified and the
percentage successful re-classification calculated. Discriminant factors are
derived vhich permit the samples to be located in 2-dimensional discriminant
space and enable a visual assessment of the power of the analysis in

discriminating group structure on the basis of related variables.

A convenient hethod of displaying the influence and relative importance

of variables is to plot the classification group centroids in multiple
discriminant space, and to project onto the plot vectors which indicate

the direction and relative magnitude of influence of the variables in
discriminating between groups (Overall and Klett, 1972). All vectors
originate at the overall sample group centroid in discriminant space; their
endpoiA;s are defined by co-ordinates which, for each axis, are the
products of the univariate F-ratio (between- to within-group variance ratio)
for a variable and the correlation between group variable mean and group
discriminant function score mean. Thus, the direction of the vector is

a function of the degree of association between each discriminant function
-and a variable, and the length of the vector a reflection of the

degree to which a variable is related to group structure.
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WVater samples

Prior to 3.2.82, only salinity and temperature were measured, using an MC5
temperature-conductivity bridge calibrated at regular intervals against a
silver nitrate titration. Salinity was recorded to 0.1 ppt, and temperature to
0.5 deg.C. From 13.2.82, measurements were made of suspended solids, chlorophyll
a and chlorophyll breakdown products (phaeopigments). All determinations were
made following the methods of Strickland and Parsons(1968).

Suspended solids were measured bj filtering 250-1000 ml of sample water
onto pre-ashed,tared (+/- 0.01 mg), Whatman GF/C glass-fibre filters with
a nominal retention of 1.2 um.At least two 1.2 um-filtered seawater blanks
of comgarable volume were carried through in conjunction with each set of
samples. A single sample only was processed in association with each
zooplankton sample. After filtration of each sample the filter was rinsed
three times with 10 ml distilled water to remove salts,placed on clean
aluminium foil and dried at 60 deg.C for at least 12 h. Dried filters were
cooled in a dessicator for 1lh, weighed to the nearest 0.01 mg, placed on clean
aluminium foil, and ashed for 2 h at 450 deg.C. Filters vere again cooled in
a dessicator before re-weighing. Dry and ash weights were corrected for

average blank changes, and the results expressed as corrected dry and

ash-free dry wveight.

Analysis for chlorophyll a and phaeopigments was carried out on 200ml
samples filtered onto Whatman GF/C filters. Filters, with retained
material, were folded twice and placed in polythene centrifuge tubes
containing‘li ml 95% acetone (made up with Analar acetone and distilled

vater, and neutralised with sodium bicarbonate). Centrifuge tubes were
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incubated overnight in a darkened refrigerator at 7 deg.C to allow
extraction of photosynthetic pigments to take place. After at least
18h extraction,the tube contents vere centrifuged at 3000 rpm for 10
minutes. The supernatant was decanted into a quartz spectrophotometer

cuvette with a 10 cm path length.

Optical density was measured on a Cecil UV spectrophotometer against a
95X acetone blank at 663 nm and 750nm. The latter wavelength was used

to correct for general sample turbidity; no known photosynthetic

pigments absorb at this wavelength. Following initial measurement, the
Sample and blank cells contents were acidified by the addition of 5

drops of 10% HC1 and allowed to stand for 5 min. to allow any transient
turbidi;y to clear. Optical density was re-measured at the same wave-
lengths as before. Chlorophyll a concentration, phaeopigment concentration,
and the acid ratio(a measure of the health of the phytoplankton population)

vere calculated using the equations of Strickland and Parsons (1972).

22



Results of field survey

Environmental variables

Seasonal variation in measured environmental variables will be examined

on a station-by-station basis. The variables considered are:

salinity -
temperature
chlorophyll a
phaeopigments

total and organic suspended solids

Additionally, for the purposes of investigating influences on zooplankton
community structure, tidal state, time, and freshwater discharge to the

upper estuary will in a subsequent section be treated as environmental

variables.

All observations on measured variables are tabulated by station and tide

in Appendix A. - .



Temperature and salinity
-Fallin

Lov tide salinity“atFallin ranged‘f;om 0Z§_t6 O;éZo, vhilst high tide.
salinity encompassed a range of 0%o to 12.2%o (Tabie Al ,Fig.1.3a5. On oniy
tvo occasions did salinity exceed 5.7%0.
Temperature varied annually between O and 19 deg.C, following an approximately
symmetrical curve (Table Al,Fig.1.3b). High and low tide temperatures
correspondea cldsely throughout the year. A témperafure rénge of up to 6 deg.C

during a single sampling cycle (11-17 deg;c, May-June 1982) was observed.

S.Alloa

There was a wide discrepancy between the high and low tide salinity curves
at S.Alloa (Table A2 Fig.l 3c). The difference being most pronounced in
summer and least pronounced in autumn and late vinter/spring. Low tide salinity
range was 0-5. SZo, and high tide salinity range vas 2. 0-22 6%o. Low tide
salinity varied little vithin any sampling‘cyqle, but high tide salinity  3
displayed a wide range (up to 13.9 Xo) within sampling cycleS.

Temperature displayed a closely similar range and pattern to that at Fallin

(Table A2, Fig.1.3d).
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Figure 1.3 Annual variation in salinity and temperature at Fallin
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Dunmore

The pattern of salinity variation at Dunmore was similar to that at
S.Alloa (Table A3, Fig.l;Aa); with maximum salinities occurring in the
summer and during equinoctial tides. Low tide range was wider (0.6-14.0%0)
than at S.Alloa, as was thé high tide range(3.8—28;SZo).

Temperature ranged between O deg.C and 17.0 deg.C, and the pattern again

matched that observed in stations further up-estuary(Table A3, Fig.l.4b).

Kincardine

Minimum low tide salinity at Kincardine was 3.4 %o, and thé maximum
observed was 23.0 Xo (Table A4,Fig.l.4c).The high tide range vas 10.4%0
to 31.5%o. Comparedsto stations further up the estuary, the diffe;ence
on any date between‘high>and lov tide salinities was relatively small,

Temperature’occﬁp;ed the fahge 1.5-16.5 deg.C, and was thus slightly
reduced with respect to up-estuary éfations (Table A4,Fig.1.4d). The’

annual pattern of variation in temperature vas similar to that at up-_'

estuary stations.
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Skinflats

Salinity varied between a maximum of 31.0%0 and a minimum of 15.8%0
(Table A5,Fig.1.5¢c), and temperature between O and 21.0 deg.C (Fig.1.5d).

Neither the pattern of salinity variation nor that of temperature corresponded

closely to those at other stations.

Culross

Salinity at Cul;oss varies relatively little throughout the year, showing
only one major reduction (to 10.6%0) in late September (Table A6, Fig.l.Sé).
Salinig; vas normally in excess of 20%o0, and reached a maximum of 32.6Zo.
The reduction in salinity in late September closely matched similariy
abrupt reductions\at Kincérdine,bunmore, and S.Alloa.

Temperature ranged ffbm 5.5 deg.C to 27.5 deg.C; both minumum and maximum

values vere higher than those of other stations, but the seasonal pattern

wvas othervise similar.

28



Culross salinity

? A

0]
15 4

e

Sc

ED Culross temperature A

2S 1

v Y Y T T Y T T v 1 ' o

1< 1

0 7

o 1

T Y T Y T T Y T T 4 v v

Figure 1.5 Annual variation in salinity and temperature at Culross

(a,b) and Skinflats(c,d). Bigh tide samples only.

29



Suspended solids and photosynthetic pigments

These variables vill not be reported in detail here; the data will be
analysed more comprehensively in conjunction with the analysis of

zooplankton survey data.
Fallin

Suspended particulate material exceeded 200 mg/l on 3 occasions on high
tide, but on 5 occasions on low tides (Fig.1l.6a,b; Table Al). The organic .
proportion lay between 10 and 20% for both tidal states. On low tides, there
vas a t?ndency tovards higher suspended particulate loads on low spring tides.

Chlorophyll a and phaeopigments showed less variation between tidal states;
the latter pigment class consists of chlorophyll breakdown products and
predominated over chlorophyll a on all occasions except one (Fig.l1.6 c¢,d).

The acid ratio, an indicator of phytoplankton health (1= senescent, 1.7=
healthy) reached a maximum on the same date, but did not otherwvise exceed

1.52 and predominantly took values indicating a low ratio of production

to breakdown.
S.Alloa

Both suspended particulates and pigments at S.Alloa showed less'variabili;y
. and ldwer values than at Fallin on high tides, but'greater variability and

magnitude than at Fallin on low tides (Table A2,Fig.1.7).

Acid ratio reached a maximum of 1.67 on the same date in July as the Fallin
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maximum, but otherwise generally-indicated a preponderance of breakdown
products over viable photosynthetic products (TableA2, Fig.l1.7).

On low tides, there was a tendency towards higher particulate loads on
spring tides., Particulate loads exceeded 200 mg/l on eleven low tides but

on only two high tides. The organic percentage did not exceed 18% on low tides

but exceeded 25% on four'high tides (Table A2,Fig.1.7).

Dunmore

Suspended particulate concentrations exceeded 200 mg/l on eigﬁt low tides,
but excgeded 100 mg/1 on only one high tide (Table A3, Fig.1.8); this
high tide value waé, at 853.3 mg/l, the highest value recorded during the
survey. The organic content of the suspended particulate material lay in

the range 13-22X% for low tides but was 13-31% on high tides (Fig.1.8).

The seasonal trend in primary production vas more clearly evident on high
tides than on lowv tides, a feature also of the data for S.Alloa and Fallin.
Pigment levels vere higher and morervariable on low tides than on high tides

and appeared to be to a large degfee associated with suspended particulate

levels.
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Kincardine

The variability of suspended solids at Kincardine appeared considerably
reduced with respect to the upper-estuary stations; on only four dates did
levels exceed 200 mg/l oﬁ low tides, and on only one date did levels exceed
100 mg/1 on high tides. The organic proportion ranged between 13-22X% on
low tides and 15-26% on high tides.

Pigment concentration variability was also reduced, especially on high tides
(Table A4,Fig.1.9). Again, the seasonal pattern in chlorophyll a was most
evident on high tides. High levels of chlorophyll a on low tides were
associated with high concentrations of both total pigments and of suspended
solids;“this is likely to have been a consequence of the resuspension of

benthic diatoms into already-turbid water.

Culross and Skinflats

The range of values observed for Variables at these two lover-esfuary
stations indicated considerable damping compared to the upper estuary.

Organic content of suspended solids at Culross between 14 and 30% and at

Skinflats between 13 and 32% (Tables AS,6; Fig.1.10).
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Comparative trends

To facilitate comparison of seasonal trends between stations, total
pigment concentrations (Fig.1.11) and total suspended particulate material

(Fig.1.12) were plotted on a logarithmic scale versus time.

Total suspended particulate material

A degree of coupling was apparent on high tides between the following
pairs of stations: S.Alloa/Fallin, Dunmore/Kincardine, Skinflats/Culross.

On low tides, Fallin, S.Alloa and Dunmore exhibited a strong degree of

coupling.h
Total Pigments

On high tides, Fallin and S.Alloa appeared to be coupled to some extent.

Neither Dunmore nor Skinflats matched the patterns at any other stations,but

Kincardine and Culross showed similar patterns of variation.

On low tides, Fallin, S.Alloa and Dunmore again appeared strongly coupled,

vhilst Kincardine héd'some features in common with these stations.

Trend Summary

. -

Figures i.11 and 1.12 demonstrate that, especially within the upper estuary,

patterns of temporal variation environmental variables may extend over a

scale of tens of kilometres.
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Figure 1.12 Seasonal trends in total suspended particulate material at all
stations on high and low tides. All values plotted on same
logarithmic scale
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Taxa recorded and frequency of occurrence

’The following taxa were regularly recorded from samples collected in the
course of the survey; in association with each taxon, the authority (where
appropriate), frequency of occurrence in samples, and the shorthand identifier

used in subsequent analyses are recorded (Table 1.4).

In addition to the above, the following taxa were encountered on rare -

occasions;
Copepoda Eurytemora velox A Annelida Syllid sp.
' Corycaeus anglicus ' ' Aphroditid larvae

“Acartia bifilosa

Acartia discaudata Mollusca Nudibranch juveniles

Pseudocalanus parvus

» - Bydrozoa Steenstrupia sp.
Amphipoda Gammarus zaddachi | - Sarsia sp.
Hyale sp.
Orchestia sp. Cladocera Evadne sp.

Chaetogammarus sp.

Pomatoschistus sp.

Corophium sp. ~ Teleost

Oligochaeta
Acaridae
Turbellaria
Nematoda

F inifera :
oramin | 0



Table f*4 Taxa recorded, frequency of occurrence in samples, and
condensed taxon identifier

Taxon Authority % occurrence Identifier
Eurytemora affinis (Poppe)
Adult SR 81.1 - EAFF ADUL
copepodite 89.4 EAFF COPE
» Nauplii C : - 85.0 ~~ EAFF JUVE
Harpacticid copepods = : - ‘ 85.0 o HARP SPEC
Rotifera ’ 73.1 ROTI SPEC
(mainly Synchaeta sp.) . : ‘
Copepod nauplii (unidentified) ‘ 73.6 COPE NAUP
Neomysis integer (Leach) 20.7 NEOM INTE
.Diaptomus gracilis : ©  Sars : o 2442 DIAP GRAC
Daphnia sp. . 13.2 DAPH SPEC
Bosmina sp. ' : ; ' 18.5 - BOSM SPEC
Chydorid spp. 4.0 CHYD SPEC
Cyclopoid spp. 10.6 - © CYCL SPEC
Acartia bifilosa inermis  Rose 20.3 .. ACAR INER
Acartia tonsa Dana 15.4 ACAR TONS
Acartia longiremis = . Lilljeborg 15.9 . ACAR LONG
Acartia clausi Giesbrecht 8.8 ACAR CLAU
Acartia sp. copepodites 46.2 ACAR COPE
Oithona similis Claus 39.6 OITH SIMI
Pseudocalanus elongatus (Boeck) 29.5 PSEU ELON
Temora longicornis (0.F.Muller) 31.3 TEMO LONG
Centropages hamatus : - Lilljeborg - 11.0 CENT HAMA
Sagitta elegans Verril 9.7 SAGI ELEG
Oikopleura sp. 6.2 0IKO PLEU
Calanus helgolandicus 4.9 CALA HELG
Littorina littorea E (L.) . S NS
egg capsules 25.5 LITT CAPS
. veligers 11.9 - LITT VELI1
Cirripede nauplii 51.5 CIRR NAUP
; cyprids 20.3 .+ CIRR CYPR
Terebellid larvae 10.6 TERE LARV
Polydora larvae 29.5 ©~ POLY CILI
Eteone sp. larvae 4.8 ETEO LARV
Maranzelleria vireni Ve e S : o : ,
larvae 22,5 MARA WVIRE
eggs - P e 8.4 - MARA EGGS
: trochophores 7.0 MARA TROC
Bivalve larvae St o 8.b ' BIVA LARV

L2



In terms of frequency of occurrence, E.affinis, harpacticid copepods,
unidentified copepod.nauplii (predominantly harpacticid) and rotifers
dominated the survey; all these categories were found in excess of 70%
of samples. The next most frequently occurring taxa were the neritic

copepods Oithona similis, Temora longicornis and Pseudocalanus elongatus,

accounting for 30-40% of eamples. Compound taxa such as cirripede nauplii

(predominantly Balanus and Elminiue but not differentiated) and the nauplii

of the Acartia genus were also present in a large proportion of samples.

The Acartia species complex was well-represented in these littoral samples
(6 species in all); Taylor (1987) found a similar range of species in

his contemporary study of the plankton of the main channel of the Forth.

Distribution of taxa in samples

The distribution of species wvith respect to sample category was initially
assessed by tabulating‘the number of samples within each category in which
a species occurred (Table 1 5) and then testing (chi—squared test) vhether
the distribution of occurrences betveen related categories deviated from the
overall distribution of samples between categories (Table 1.6). This approach
is relatively insensitive to hierarchical structure; variation between one

set of categories within another is likely to be obscured.
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Table15 The distribution of species between tide and station

categories
Taxon Category

High Low Spring Neap HS LS HN LN FA SA DU KI SK CU

DAPH SPEC 13 17 13 17 4 9 9 816 7 5 2 0 O
BOSM SPEC 14 27 19 22 6 13 8 14 19 9 8 4 1 O
DIAP GRAC 21 33 22 32 8 14 13 19 21 20 7 6 O O
CYCL SPEC 8 16 14 10 5 9 3 7 9 7 5 2 1 O
CHYD SPEC 1 9 7 3 1 6 0 3 6 4 0 O0 O O
NEOM INTE 14 33 22 24 8 14 5 19 8 15 16 7 1 O
EURY AFFI 134 86 111 109 71 40 63 46 41 49 47 45 20 18
ACAR CLAU 18 2 9 11 9 0 9 2 0 1 1 9 6 3
ACAR LONG 30 6 20 16 18 2 12 4 2 3 10 12 3 6
ACAR TONS - 26 8 22 12 19 3 7 5 1 5 9 7 6 6
ACAR BIFI 1 0 1 0 1 0 0o 0 0 0 0 1 O O
ACAR INER 43 3 30 16 28 2 15 1 2 4 10 10 14 6
ACAR DISC 4 0 2 0 2 0 2 00 O O 1 2 1
PSEU ELON 51 6 29 28 28 1 23 5 2 7 17 16 15 10
OITH SIMI 76 14 55 35 51 - 4 25 10 1 11 20 28 15 15
CENT HAMA 26 2 17 9 16 1 8 1 0 O 7 8 4 4
CALA HELG 11 0o 7 4 7 0 4 O O 1 2 2 3 3
TEMO LONG 63 8 42 29 40 2 23 6 O 5 15 24 15 12
PARA PARV -3 1 2 2 2 0 1 1 0 O 1 2 1 O
SAGI ELEG - 22 0 17 5 17 0 5 0 0 O 4 3 12 3
0IKO DIOI 11 1 11 1 10 1. 1 0 O O 2 3 4 3
ROTI SPEC 98 68 82 84 - 49 33 49 35 35 44 45 31 13 7
HARP SPEC 113 79 96 96 57 39 56 40 36 44 36 40 19 20
POLY CILI 56 11 38 29 32 6 24 5 5 11 10 18 11 12
MARA VIRE 28 23 29 22 .16 13 13 9 7 11 13 12 4 4
MARA TROC 12 4 12 4 9 3 3 1 0 2 3 8 1 2
MARA EGGS 12 7 15 4 9 6 3 1 2 4 4 6 1 2
LITT CAPS 41 17 33 25 26 7 15 10 8 7 12 10 8 13
LITT VELI 24 4 17 11 15 2 9 2 1 4 5 6 5 6
APHR LARV 2 4 6 0 2 4 0 0 O O 1 5 o0 O
SYLL SPEC 3 0 2 1 2 0 1 0 O O O 1 2 O
ETEO LARV - 5 6 8 3 4 4 1 2 0 2 3 5 1 O
TERE LARV 19 5 13 11 11 2 8 3 0 4 3 9 3 5
NERE LARV 15 9 18 6 11 7 4 2 3 4 7 5 3 2
CIRR CYPR 3 10 30 16 26 4 10 6 2 8 9 13 6 8
CIRR NAUP 93 24 64 53 55 9 38 15 3 14 26 39 16 19
8 9 10 5 4 6 4 0 0 2 12 4 1

BIVA LARV - 11



Table 1.6 Association of taxa with tidal and geographical sample
categories. +,- indicate a significant chi-squared value:
the sign indicates whether a taxon could most easily be
considered biased towards or awvay from a particular

category

Taxon Tides Station
S N HS IS HN IN FA SA DU X SX ¢V

DAPH SPEC +

BOSM SPEC
DIAP GRAC
CYCL SPEC
CHYD SPEC

. KEOM INTE .
EURY AFFI
ACAR CLAV
ACAR 1ONG
LCAR TONS
ACAR BIFI
LCAF INER
ALCAR T1ISC
PSEU ELON
OITH SINI

. CENT KAMA

" CALA HELG
TENO 1ONG
FARA PARV
SAGI ELEG
0IKO DICI
ROTT SPEC
YARP SPTT
FOLY CILI + S »
MARA WIRE -
MARA TROC - - ' ' : o o +
MARA EGGS
LITT CAFS i ‘ ‘ ‘
1ITT VEII +
AFHR LAV~  +
SYLL SPEC _

- ETEO 1ARV - + S e +
TZRE LARV +
RERE LARY +
CIRR CYPZR + +
CIZR NAUP + +
BIVA L1ARV
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High/low tides

- Comparison of high and low tide occurrences revealed two readily-distinguished
groups; those which occurred significantly more frequently than expected on
high tides and those which showed a similar bias towards low tides.

The former group comprised mainly neritic calanoid copepods - Acartia spp.,

Pseudocalanus,0ithona, Centropages,Calanus and Temora- together with Oikopleura,

Sagitta and some lower-estuary meroplanktonic forms (Littorina egg capsules,
cirripede larvae and Polydora larvae). The Second group comprised predominantly

freshwvater holoplankton including Daphnia,Bosmina, cyclopid copepods, chydorids

and the upper-estuarine mysid Neomysis.

Spring/neap tides

- .The majority of taxa had occurrences more or less evenly divided between
spring and neap tide samples (Table 1.5). Only four groups showed a dev;ation
from the relative frequency of occurrence of spring and neap samples. The marine

genera Sagitta aqd Oikopleura bqth occurred significantly more frequently

than expected on spring tides, as did the larvae of aphroditid and nereid

polychaetes.

High and low spring/high and low neap tides

This comparison refines the evidence from the two previous comparisons.

The neritic copepods occurred significantly more frequently than expected on



high spring tides, as did Sagitta and Oikopleura. Aphroditid larvae were

significantly associated with low spring tides, as were the freshwater

holoplankton.

Littorina egg capsules and veligers, and cirripede nauplii and cyprid larvae

vere both significantly associated with high spring tides.
Comparison betveen stations

Twent&-eight oﬁt of forty-two taxa showed a significant degree of association
vith station (Table 1.5, Table 1.6). Neritic copepods were most'strongly associa
with Dunmore and Kincardine (fig.l.Z), whilst freshvater cladocera and copepods
vere strongly associated with Fallin and S.Alloa. Neomysis appeared
signif;cantly more often in S.Alloa énd Dunmore samples than in collection§
from other'stations; Meroplanktonic larvae occurred significantly less
frequently at the up-estuary stations Fallin and S.Alloa than the relative

number of samples taken at each station would predict. Maranzellaria larvae

were most strongly aSsociatedbwith Dunmore and Kincardine, while littorinid
and cirripede larvae were biased tovards the lower-estuary sites Culross

and Skinflats. Sagitta and Oikopleura were also biased towards the lower-

estuary stations.
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Spatial and temporal patterns of abundance of individual

species

Raw abundance data (indi§idua1s/cubic metre) were tabulated by station and
tide (Appendix B), and abundances of selected taxa plotted on logarithmic
§r linéar scales as apprbpriate to the abundance levels recorded (Appendix
C, Figs.Cl to C19).

The contents of Appendices B and C are intended primarily for reference, and
will not be 1nterpretéd'in detail. Six taxa have been omitted from tabulation
in Appendix B; §xl;ig_1arvae, Paracalanus sp., Acartia bifilosa, Acartia

discaudata, nudibranch juveniies and aphroditid larvae all occurred in less

than four percent of samples.

Seasonal plots of abundance were constructed station-by station for the
following five categories (holoplanktonic taxa chosen on the basis of abundance

~and/or their relative importance within a particular planktonic association):

E.affinis : Nauplii
Copepodites

Adults

Freshwater ¢ Diaptomus
Daphnia
Bosmina

Chydoridae



Mixed taxa : Unassigned copepod nauplii
Neomysis
Harpacticid copepods

Rotifera -

Acartia genus - A.clausi

A.longiremis

A.tonsa -

A.bifilosa inermis

Sy
J 5
J
5
~ Neritic copepods : Temora longicornis

Centropages hamatus

Oithona similis

Psudocalanus elongatus

Meroplankton

Several meroplanktonic taxa showed strongly seasonal patterns of abundance.
This was especially marked for the eggs and larvae of Littorina ,cirripedes,

and the spionids Maranzelleria and Polydora. Littorinid egg capsules were

largely confined to Culross between March and July 1982 (upto 4343/m-3)
although 692 m-3 were present on 15.12.82 at Culross(Table B6). Cirripede
nauplii displayed a similar pattern of abundance but a longer period of

occurrence at Culross (Table B6), and were alse abundant over the same



period (March-September) at Kincardine and Skinflats. At each station at
vhich they occurred regularly, both Littorina capsules and cirripede nauplii
displayed a pattern of relatively higher abundance on high spring tides than

on high neap tides.

Larvae of Maranzelleria were confined to a period in March-April 1982, and

wvere most abundant (up tp 160000 m-3) at Skinflats although.occurring at
all stations including Fallin. Larvae of terebellid polychaetes, Polydora,

Eteone and bivalves attained both maximum frequency of occurrence and maximum

abundance in May 1982 (Tables B 4 to 6).‘The spionids Maranzelleria

and_Polydora displayed a succession of larval production.

E.affinis

The pattern of abundance of E.affinis will be described below in conjunction

with consideration of the population size and age structure.

. Freshwvater taxa

Thé influence of the freshwater community extended, with diminishing
magnitude, as far down-estpary as‘Kincardine (Figs.Cl16 to C19). Abundances
vere generally low for all taxa, rarely exceeding 200m-3. There was a
trend, bgcoming more marked down-estuary, for abundances to be greater on

low tides than on-high tides. At Fallin, S.Alloa (except Diaptomus on

low tides) and Dunmore. Diaptomus,Daphnia and Bosmina were most abundant
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during the period January-April, whilst chydorids were most abundant during
the period September-November. ChYdorids appeared at Dunmore in only one
sample (low tide), and were absent from all Kincardine, Culross and

Skinflats samples. The pattern of abundance of Diaptomus, Daphnia and

Bosmina at Kincardine on low tides vas similar to that further up-estuary.

Acéftia genus

Members of the Acartia genus occurred on only five occasions at Fallin

(Table Bl). The abundances of A.clausi, A.longiremis, A.bifilosa inermis

and A.tonsa have been plotted for high and low tides for S.Alloa, Dunmore
and Ki;cardine, and for high tides at Culross and Skinflats(Figs. 011-15).
A.clausi occurred infrequently, in low numbers and predominantiy.on high
tides at all the above stations; exceeding 300 m-3 only once (Skinflats,
March 1982). A similar spring maximuﬁ occurred at Kincardinef ét.the |
remaining stations, maxiﬁhﬁ abuﬁdance occurred towards the end of the

year (Fig. C13).
A.longiremis exceeded 100 m-3 oﬁly onée, at Kincardine in July 1982. The

remaining occurrences wvere patchily distributed in time and most frequent
at Culross and Kincardine. Occurrences were predominantly on high tides.

At Culross and Skinflats, A.longiremis was most common in the latter half

of the year (Figs. C14,15), but at Dunmore and S.Alloa occurred most
frequently between May and Jhly 1982. Occurrence was distributed over a

longer period of time at Kincardine than at other stations, with a number

of appearances in low tide samples.



A.bifilosa inermis occurred at all stations in generally lov abundances

and in no obvious pattern. Numbers of over 1100 m-3 were recorded in a

single May sample at Skinflats, and reached 225 m-3 at Kincardine on the same

occasion (Table'B4,5;Fig.Cl3,14); abundance did not otherwise exceed
100m-3 at any station. Low tide occurrences were rare.
A.tonsa appeared at all stations except Fallin from September onwards. This

species shoved considerable overlap in occurrence with A. longiremis.

Neritic copepods

Temé}a, Centropages, Oithona and Pseudocalanus (Table Bl-6;Figs C6-10)

shoved no clear seasonal pattern of abundance, and there was little
correspondence in occurrences between stations. At Dunmore and S.Alloa,

Centropages had peak abundance in May. At Culross and Skinflats, Centropages

showved a similar peak, but at both stations the maximum Pseudocalanus

numbers occurred in November. At Kincardine, Centropages and Pseudocalanus

vere abundant only in November and December 1982,

Temora and Oithona showed intermittent peaks of abundance throughout the

year.

Mixed Group

of the four taxa in this group, only Neomysis and the rotifers will

be'considered here. Harpacticid copepods are predominantly benthic in habit,



and vere present in samples mainly as a consequence of resuspension. Although,
by definition in this study, the mixed copepod nauplii were not fully
identified, the majority were of harpacticid species.

Neomysis occurrence vas most frequent, and abundance highest, at S.Alloa.

The mysid occurred only in low tide samples at Kincardine, was rare at
Skinflats and absent from Culross samples. Only at S.Alloa did Neomysis

occur during the early part of the year (Table B3;Fig C2a,b). At

Fallin and all other sites, Neomysis appeared only from May-July onwards, with
maximum abundances occurring at most sites in September.

Rotifera (predominantly Synchaeta sp. , but including freshwater species

such as Keratella and Polyarthra ) occurred in high numbers at all stations
(except Culross) between December 1981 and February 1982. Highest abundances
were éécorded at S.Alloa during this period, when numbers exceeded .

300000 m-3 (Table B3). Rotifera occurred almost exclusively in the

69 um net fraction.



Patchiness: spatial and temporal variation in abundance

and distribution on the scale of sampling

Spatial variation

The position of the buoys used to mark the limits of the sampling
grid was checked, using a hand-bearing compass, during low tide on the day
following sampling. Within the limits of resolution of the method, the grid

~was found to be approximately 120m square and oriented N-S E-V.

E.affinis, Polydora larvae, and Acartia clausi vere found to be sufficiently
numeréus in the approximately 80 1 samples for their distribution to be
modelled; these groups, together with total number of taxa, salinity and
temperature, were contoured using computer routines supplied by the

GINOSURF package.

The resulting plots are rather idealised, since each sample is treated as
a single point rather than as a segment of a transect. They nonetheless
serve to give some indication of the presence and dimensions of plankton
patches in the littoral zone. In interpreting these contour plots, it should
be borne in mind that the adjacent shoreline runs N-S , and that therefore .
the horizontal axis of the plots is parallel to the shore.

Both salinity and temperature display a distinct front parallel to the
shore (Fig.1l.13e,f) Beyond 80 m from the inshore edge of the grid, both
variables were relatively constant at >26%o and 11.5 deg.C respectively.
Moving inshore, salinit: decreased rapidly to 17%o over a distance of 20m,

and temperature increased to 14.0 deg.C. Within 40m of the westerly edge of



the grid, salinity had fallen to 16%o, but with some suggestion that the
low-salinity vater vas bounded to the south by a wedge of higher-salinity
water. Since sampling was conddcted in about 1.5 m of water, and sample
bottles were immersed to a depth of 50 cm, it is unlikely that this pattern
could be atttibuted simply to a‘Shallow layer of low-salinity water
overlying more saline water.

The number of taxa present (Fig.1.13d) vas reduced within the front, increasing
both inshoreband, to a greater extent, offshore.

The three taxa represented have been contoured in numbets/lOOl,ﬁand showved
differing patterns of distribution. Polydora larvae shoved a relatively small
range of abundance (20-60/1001); the contours indicated patch sizes of between
30 and 100m radius (Fig.1.13¢c), vith parts of up to four patches present within
the grid One patch appeared to be located within the front itself.

In contrast, E.affinis ranged in abundance from less than 5 to more than 55
per 100 1, and the main patch (Fig.1. 13a) did not appear to cross the front.
This patch had dimensions of 60-100m, and vas oblate in a N-S direction.
Although E.affinis is generally associated wvith lover-salinity water, in this
instance the main concentration of numoers vas on the high salinity side of
the front. : | | |
A.clausi displayed yet another pattern distribution. Numbers were at a
minimum of about 50/1001 within the front. To either side of the front, patcnes
of 40-100n‘diameter, witn*up to'five times this minimum had developed.

Substantiai nnmbers vefe therefore associated with both cooler, high-salinity

vater and with varmer, iov;salinity vater.
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Temporal variation

In a series of.8 consecutive 5001 samples taken at Dunmore on 3.3.83,
numbers of E.affinis ranged from 137 m-3 to 909 m-3, with an arithmetic
mean of 496 m-3. The maximum abundance occurred in the middle of the sample
series, with numbers rising and falling more or less monotonically on either
side. The 95% confidence interval for a single sample (expressed as a

percentage of the mean was calculated using the approximation:

C.I. = [antilog (y+/- 2s)] x 100

antilog y

(Gagnon and Lacroix, 1982)

wvhere s = standard deviation of the log-transformed

values

y = geometric mean

This gave limits of 29-347% of the mena, and indicated that abundances in
samples taken over longer time intervals would need to differ by a factor

of 3.5 or more to be considered significantly different.



Eurytemora affinis: field observations

Effects of preservation on length

A comparison'between the length distributions of subsamples of preserved
and unpreserved female E.affinis indicated that Steedman’s
solution had no measurable effect on cephalothorax length. Consequently,

no correction vas made to the lengths recorded from preserved specimens

from the field survey.

Variation in length between tides and stations

In order to simplify the process of obtaining stage-specific length data
for E.affinis throughout thevyear, it was necessary to establish whether
samples from a single station and tidal state could be considered
representative of the upper estuary as a whole. To this end, the size
distribution of male and female‘adults wvas plotted for Fallin, S.Alloa
and Dunmore, on high and low tides, on consecutive spring and neap tides
(17.5.82,24.5.82,31.5.82).

On 17.5.82 there was no verall difference in size distribution between
stations or tides (Fig.1;14), although the modal length of males in the
low tide Dunmore sample was greater than at the up-estuary stations. The
modal length of males s cbnsistently less than females.

On 24.5.82 and 31.5.82 , there was again no obvibus pattern of difference
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Table |-3 Mean cephalothorax length of C6 female E. affinis
collected at HT S.Alloa on 18 dates

Date Length (mm)

mean ‘standard error n
11.12.81 0.836  0.010 17
12.1.,82 - 0.841 0,007 : 30
“3,2,82  0.898 0,015 20
11.3.82 0.882  0.011 20
2.4.82 0,842 0,010 30
10.5.82  0.736 . 0,010 30
17.5.82 - 0,719 0,008 50
o4,5,82 0,712 0,008 _ 50
.- 31.5.82 0,694 0,010 20 |
8.7.%2 0,603 0,077 30
£.9.%2 0.851 0,010 20
- 13.0.% 0,93 0011 9
219.9.82 0,905 0,009 20
3,11.8> © 0,807 0.000 20
16.11.82  0.793  0.014 10
22.11.82  0.769 0,008 A 30
15.12.82 0.653  0.006 30

23.12.82 0.848  0.018 30
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on 18 dates at S.Alloa
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in female length between tides and stations, but again some indication that
the modal length of males was greater at Dunmore.

On the basis of the above observations, S.Alloa high tide samples were
seleéted as the source of specimens for biometric and age-structure
evaluation. Mean female c6 cephalothorax length was determined for 18 dates
(Table 1.7;Fig.1.15a,b), and mean length of all stages determined fof
9 dates (Table 1.9;Fig.1.16a,b).

Femalé length distribution (Fig.1.15a) vas too irtegular‘fo permit the
discérnﬁent of multiple generations. Both length frequency and mean length
(fig.l.le) displayed a bimodal temporal distribution , with peaks of 0.898mm
on 3.2.82 and 0.952mm on 13.9.82. Mean length fell to 0.769mm on 22.11.82
before returning in December to levels comparable with the same period in
1981..Minimﬁm mean length was observed in May and July samples; these wvere,

at 0.693mm and 0.694mm respectively, some 27X less than the maximum.

The anhuai yariation in lengths of other stages followed a similat pattern,
wvhich vaéyﬁost apparent in ¢5 and c6 and increasingly démped in earlier
stages as Variations fell within the limit of precision of measurement
(Table i.7;Fig.1.16a,b). A summer minimum Qas still evident for né6 , however.
C6 females were consistently larger than other stages. For both ¢5 and cé6,

females vere always larger than males. There vas a degree of overlap between

the lengths of c6 males and c5 females.

Abundance:upper estuary

The highest recorded abundances of E.affinis were at Fallin (exceeding
250000 m-3 on 24.5.82 and 31.5.82) and Dunmore (179796 m-3 on 2.4.82)
(Table 1.8). Maximum abundance at S.Alloa was 96280 m-3 on 24.5.82 and at
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Table 1.8 Annual variation in mean abundance of E.affinis (all stages,

nos. per cubic metre) at Fallin, S.Alloa and Dunmore on

high and low tides, 1982

Date

12,81
15,12.81
12.1.82
10,1,82
27.1.82
3.2.82
11.3.82

- 18,.3.82
26.3.582
2.4.82
10.5.82
17.5.82

24,5.82

31.5.82
8.7.82
6.2.82
13.9.82
20,9,82
27.9.82
3,11.82
$.11.82
16.11.82
22,11,82
15,12.82
23.12.82

Tide

R Y

n =w»

= v oy o= v =

R R R R T R G R &

fallin
HT LT
14671 -
. 201
€222 114
122 36
186 0
727 26
5 32
82 88
27295 307
24279 76
139503 95k
98519 59888
266032 5499
250741 182561
25621 -
71 é
17 11
- €9
42 23
499 S
71 8
- 176
51

S.Allca
HI IT
8373 -
L9 5o 873
14517 1397
2223 99
4178 260
14145 599
3976 5L
355+ Les
4981 54536
14108 6868
17682 18609
63385 16629
49388 96280
72280 70390
L5348 -
201 €5
128 45
1642 18
333 38
3296 32
682 31
7085 261
3193 L
1541 150k
2206

76

Dunmore

HT 1T
1235 -
2709 261
1875 €530
1007 257

771 1174

399 1550
2615 1793
1658 6103
1253 12013

12258 179796

£880 358

43620 26976

10999 12138%

462 95063
95k -

0 L8

3% 312

18 358

19 376

1056 Lo

€815 = 3977

240 100€E8

1350 06

998  211€
1470 b22

Kincaxrdine
HT LT
b5 -
351 07
518 1674

32 492
57 133
K18 114
4153 382
573 70k
1921 48g9
361 336
390 1263
- 5302 1843
1129 19922
08 7499

L2 -

0 -
2 31
- 40C
10 30

1341 -
97 269
26 639
182 280
s 169
288 1670



Kincardine was 19922 m-3 on the same date.

At Fallin, high tide abundances exceeded low tide abundances throughout
the year, while at S.Alloa, Dunmore and Kincardine low tide abundances
generally exceeded high tide abundances..

At all stations, abundance declined dramatically between July and September
(Figs.1.17-1.22), recovering (least notably at Fallin) in November.

The spring population maximum coincided with the period of minimum size noted
above, and the late summer decline with the period of maximum size.

Naupliar, copepodite and adult abundances were plotted on log scales to
facilitate comparisons of trends between these age groups and between stations
(Figs.1.17-1.22). The same seasonal trend was evident at all stations, but more
striking at each station was the extent to which the agé groups reflected the
same fiuctuations. The fluctuations were, however, only comparable in the
broadest sense between stations. The figures suggest that sampling variability
and/or small-scale spatial variabilty contribute an important element of noise

to abundance estimates.

Age structure

The percentage distribution of stages within samples was calculated for
Fallin, Dunmore and S.Alloa (Figs.1.23-1.25). Whilst there was some consistency
between S.Alloa and Dunmore age structures prior to April 1982 (Figs.1.24,1.25),
there was no evidence of either consistent age structure over short time
periods or of systehatic change in age structure on a seasonal basis. It is

thus unlikely that structure vas determined by overall synchrony of



reproduction in the population (which might have led to the development of
identifiable cohorts) or that there was a strong influence of age- or density-
dependent mortality in a continously-reproducing population (which might

have led to a constant decline in relative abundance with age). It is likely
that reproductive processes are patch-dependent and that the sampling method
integrates the information from several patches in an uncontrolled manner.

The stage-frequency histograms did, however, emphasise the presence of nauplii

in at least some samples on all sampling dates, showing that E.affinis breeds

throughout the year.',
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Multivariate analysis of field survey data

- Sample identifiers

In order to avoid confusion with S.Alloa, Skinflats has been

assigned the identifier G (for Grangemouth, an adjacent town).
Environmental variables

The following variables were used in analyses:

Variable Shorthand identifier Transformation
Distance from upper Dist Logl0

tidal limit

Tidal state (H,N etc) Tide Dummy 4-state
variable
Date ' Date None, represented

as decimal month

Inorganic component Inor : Logl0
of suspended solids
Organic component of Org Logl0

suspended solids

Organic percentage of Xorg ’ ~arcsin/"1logl0 X+1

suspended solids (x as proportion)

Salinity Sal - None
Temperature Temp None
Chlorophyll a Chl a , Logl10
Acid‘ Ratio : AR Logl0
Phaeopiéments Phae Logl10
Freshvater discharge Disch None

at upper tidal limit
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Data on freshvater discharge was obtained from the Forth River

Purification Board (FRPB 1983).

Suspended solids values were recorded in mg/l, and Chla in ug/l.

The entire 1981/1982 data set was subdivided into logical
categories for analysis. Subsets were extracted corresponding to
station, date(sampling cycle) and tidal state.

Station and date categoriés wvere subjected to DCA,TS and MDA
analysis. Similar analyses were conducted for tidal state, but
for tidal groups a further step was taken by projecting the
significant environmental variables onto the ordination space
definéa by the first two discriminant functions in order to
illustrate their relative magnitude and direction of influence in
discriminating between groups. Accordingly, less emphasis will be

placed on comparisons of DCA and TS analyses for tidal groups.

Twinspan

lAnalyses have been taken to the second (four groups) or third
(eight groups) level of division. The convention has been adopted
of referring to the groups thus defined in numerical sequence

from left to right on two-way ordered tables and top to bottom on
the corresponding dendrograﬁs. No correspondence between TS groups
of similar numbgr in different categories is implied.

On each dendrogram, the indicatﬁr species definea by Twinspan at

each division have been shown using the shorthand identifiers

given in Table 1.4.
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Environmental data

A certain number of samples have been excluded from DCA
correlations with environmental data, and from MDA analysis, due

to the incompleteness of the environmental data set.

Correlations between DCA axis 1 and axis 2 sample scores and
environmental variables are summarised for the various sample

categories in Tables 1.12-1.14.

For MDA, variables with a significant univariate between-groups
F-ratfb for each sample category are shown in Table 1.10.
Variables with the strongest pooled between-groups correlations
with scores on the first two discriminant functions are given in
Table 1.11a, with the sign of the correlation indicated. The
percentage of variance accounted for by the first two functions,
and the percentage of samples correctly reclassified by the
linear discriminant solution, are given in Table 1.11b. For gll MDA
analyses, samples were classified on the basis of prior
probability; that is ,they were assigned a probability of
occurring in a given group equal to the relative size of the
group. In addition to the transformations described above, all
variables were standardised before being entered into the
analysis, to remove any possible undue influence arising from a

difference in scale between variables.
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Taxa included in analysis

Preliminary'triéis indicated thatvthe degree of association
between the three original Eurytemora categories was such that
combining them 1nt6‘one’category produced identical results.

Ambiguous catego;ies suéh as unidentified éopepod nauplii and
Acartia juveniles:were excluded from the analysis and some rarer
categories such as aphrbditid larvae and Acartia audata were
included when it became:apparent‘that the downweighting option
invoked in both TS and ﬁDA analyses operated effectively on these

taxa.



Table | Variables with a significant univariate within-
group to between-group F-ratio (p< 0.05) : groups
derived by Twinspan classification of samples within
logical categories

Variable
Category| Dist|Tide|Date|Disch|Inorg| Org|%org|Chl a|Phaeo| AR | Sal |Temp
Gpl . - -
Gp2 . % - - * %* *
Gp3 * %* - - * % * *
Gp4 % %* - - * % %* %
Gp?7 * * - - * * | * * % x| %
Gp8 % * - - * * * %*
Gp9 , - -
FA - %* %* % % % g
SA - %* * * * * *
DU - - %* * %* * * *
K1 - * %* * * %*
SK L - * * *
cu . - ; * * ] %* %*
High % - % % % * w*|  *l x
Low * - % * * * %* * *
Spring % - % * * * %* %* s %* % %*
Neap * - %* * * * % * s pd * %*
HS - * - %* %* %* % %* %* *
LS - 3 - %* % %* % %* %*
HN * | - % %* * * | * *
LN * - %* %* %* *

95



Table -/ Summary of structure matrices generated by Multiple
Discriminant Analysis: Variables with highest pooled
within-group correlations with discriminant function
scores and the sign of the correlation '

Tides Dates Stations
Func 1 |Fune 2 Func 1 |Fune 2 Fune 1 | Fune 2
H {Sal + Date + FA| Temp + | Discht
Dist + ' Phae + | %org +
GP2 |Dist + |Temp + Date -
L |Dist + | Date + Sal +
Sal + Inor +
SA| Sal + Date -
Sp|Sal + Chl a- GP3 Sal +|AR - Disch- | CHl a-
Dist+ %org — | AR -
Ne |Sal + Date 4 Tide+
Dist + %org+ DU| Temp + | Sal +
AR + Tide +
HS Disch+ GP4 Sal +|Dist + Chl a+ | bate -
Date + Tide - Disch-
Temp-
GP?7 Sal +| Inor =} KI| Temp+t Disch+
LS{Chl a- | Dist + Dist+| Phae - AR + Sal +
AR - Date + ‘| AR +
Temp - | Sal + Tide+ SK Date +
%org- Disch+
GP8| Sal +| Phae +
HN|Sal + Date+ Dist+| Inor + CU| Date + | Temp-
Dist+ Disch+ ' Disch+
. Sal -
LN|ISal + Chl a+
Dicst+ Disch+
Temp+ Date+
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Table |-{lb Multiple Discriminant Analysis: Percent variance accounted
for by first two discriminant functions, and percentage
successful reclassification of samples

Category " Variance explained Reclassification
; "Func 1 Func 2 Total
All samples 51.4 31.3 - 82.7 70.3
‘High tide  50.6 35.1 85.7 71.1
Low tide . 43.2 . 28.5 71.7 75.0
"Spring tide 46.2 - 39.0 85.2 77.3
Neap tide ~ .54.8 . '25.0 7%.8 72.7
High neap 56.0 . 20.2 76.2 79.6
Low neap . 79.0 ..  18.6 93.6 88.6
"High spring 83.8. 7.8 - 91.6 85.5
Low spring = 69.0 18.8 . 87.8 90.9
Fallin - 63.4 26.5 - 89.9 920.3
S.Alloa 2 S58.3 35.6 93.9 85.5
Dunmore 50.1 34.6 84.7 81.1
Kincardine 49.9 41 .2 91.1 91.2
Skinflats 77.1 l6.6  93.7 100.0
. Culross - 90.0 5.8 95.8 100.0
Gp 2 €4.1 34.0 98.1 100.0
Gp 3 59.3 25.6 84.9 - 85.0
Gp 4 96.8 ‘ 1.7 98.5 g6.2
Gp 7 89.4 8.1 97.5 91.7
Gp 8 89.9 6.8 96.7 97.2
Gp '9 83.9 13.6 97.5 100.0
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Table 1:12 Correlation between DCA first

scores and log-transformed environmental variables:
Samples categorised by tidal state ,
(Significance Levels: %= 0,05, *%=0,01, *%%x=0,001)

-Tidal state

and second axis sample

Variasble
e e —————
High Low Spring Neap HS LS HN LN

Al 1A2 Al | A2 Al |A2 Al | A2 Al | A2 Al A2 Al |A2 All AZ
Dist | d¥k] % %* dedkk | Kk *kk %* *kxk Jek
Tide p-——t———f————td———- o e e e o e e e o e o e e o e o o o [l o e o e o e == o = o e b o
Date | % Yk %* *k HX* Hkxk Yk Y]
Disch % %* Yok * * ok ke *
%org | * KKk ke %k * Jedek
Sal Ak | X ok Kedkeok [ ke Kkk x%* | %k Pk Kk KXk
Temp | *%% Jok Jekde *%k KKk Kk * %k %
Inor *k
Org ook
Chl & % *eke e * Kk
AR * * k% * Jedeok
Phaeo *k
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Table 11> Correlation between DCA firet and second axis sample
scores and log-transformed environmental variables:
Samples categorised by Station
Significance levels as Table (.12

“Variable Station
Fallin| S.Alloa | Dunmore | Kincardine | Skinflats]| Culross
Al | A2 Al | A2 Al A2 Al Az Al A2 Al | A2
Dist [|=—d-———dmm—etrmm—e g e et fommm e ——— g st
Tide *k k% -
Date [* % %* Yok * * %* %
Disch Jode *k % : *%k
%orqg
Sal d*k | * sk | * ¥
Temp [[*%* Jok sk *odk Fek
lnor (>
Org *
Chl al** Jok **k ek ok
AR R %* *% Yok * %*
Phaeo [[*%
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Table |1y Correlation between DCA first and second axis sample
scores and log-transformed environmental variables:
Samples categorised by Date
Significance levels as Table 1-12

Variable Sample group (chronological order)
Gpl Gp2 Gp3 Gp4 GpS Gp? Gp8 Gp9
Al | R2 Al | A2 Al |A2 Al | A2 Al A2 Al (A2 Al A2 Al

|Dist [ %% * * KKKk Kok K%k Yedek Yk Jok
Tide *k Jok Jek *xk

Date - el e - e o o] e = s e = - - o - - e o e e - o e . e = A - G - o= o e s i S o e e o o e - - o o o o e o
Diech

%orq % Kk %%k Kk

Sal *k |- * % . Jedek Jekedke e dek Yok Kk Feok ke Yo
Temp | % » % * %* %*

Inor Jek %* * * Hk

(rq sk * * %*

Chl a *

AR : * dedede

Phaeol .- * *% * * *%*
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1. Samples categorised by station

Culross

There were a total of 20 samples in this group.

| 'DCA'anlysis indicated that axes 1 and 2 were of equal length, a value

. .of 250 implying an approximately 75X turnover in species along each axis
(Gauch and Vhittaker, 1981)(Fig.1.26b). Daté wvas significantly
corfelated with both axes (p<0.05), while‘Temp and Disch were

highly correlated ((p<0.01)‘vith axis 1. AR wvas correlated

: (p<o.o§) wvith axis 2 only(Table 1.13). TS analysis was carried to
three.ievels of division, but only 5 groups could be derived

(Fié.1.26a, Table 1.15). The primary division was characterised by

the indicators Pseudocalanus and Rotifera on one side

(vinter/spring) and Polzdora larvae and cirripede larvae on the

other (summer/autumn).
At the second level, May samples were indicated by

terebellid, nereid and cirripede larvae, while winter samples were
characterised by a tight Maranzelleria group and two further

groups dominated by Acartia spp. and Pseudocalanus. Qithona and

Eurytemora were present in most samples.

Date, Disch, Sal, Temp had significant univariate F-ratios (Table 1.10).

Analysis revealed that Date was positively associated with
Function 1 (Table 1.1la), while the remaining variables were

negatively associated with Function 2. The groups were very well
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Table 1.15 Twinspan classification of Culross samples

cu
11t11j111¢2 111
1254156789 0H6TER023
ROTI SPEC 32=<=[32«~32¢|r===fr=== (0V
HWAKA VIFE 3°30r=er=arerevcmans (U
ARA 1RUC 3I=l=fre—eo~ecdueracmeese (00
MARA EGGS dwlwpreodremmneccmess (00
ACAR CLAU e=)===]|lu=wes=e=nece= (0]
ACARK [ISC we=ellecoewndesesdecse (0}
PSELU ELON w==1=i323=21}2==~1==1 001
SAGl ELEG le==f]isreccduenmecas (0]
ACAR LONG we=ePl=flrm=n=ee=]i=]1] 010
01KQ DI0] we=eiledeessuecme=e? 010
EURY AFF1 5323@320'13232321'11 0110
ACAR INER Q2e===j=22][r===R=l~==== 0110
CALA HELG ll==frocd=ec=r]eca=e== 0110
TEMQ LONG g11-1211%1--2-11--1- 0110
OITH SIMI 2=2+=327=221[3=2=1212 0111
HARP SPEC 2322323213323323)2123 0111
ACAR TONS wwe=l]le|lee=ceas===]12 10
LITT CAPS 4242ll=~==3u2443~=2 1
CIRR NAUP 3222/3221j123-4333w434 10
CENT HAMA |=ececndeesrpe=]jjee= 110
POLY CIL] wee=-=ied]1]ijd332de=2c 110
LITT VEL] =i2e==caecesPl|dqjes= 110
TERE -LARYV jrocderedeanal{ e 1110
NERE LARY e==emecdeaad]||eaqeess 1110
CIRR CYPR eeedPwedwe==3211il=2 1110
NUD] JUVE wesdesmdee=dpledee=s 1110
BIVA LARV eecdessdecedecedie-== 1111
0000000000001 11131111
onopot1rgreryoooqirry
pougllill
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Ci11,03HST
C17,03HN MARA WIRE
C26,03HS
C02.00HN: PSEVU ELON
€03011H3 aan o
C09,11HN ACAR TONS

C16,11HS-
C27,09HN ~psru ELoN
C23,14HN
C15,12HS " POLY CILI

C23,12HN-
C10,05HS :
C17,05HN ' TERE LARV
C24,05HS
C31,05HN-
C08,07HST ‘ POLY CILI
C26,08HS * " CIRR CYPR
C13,09HN , ACAR LONG CIRR RAUP
C20,09HS- ACAR CLAU

Flgure 1.26 a

; Dendrogram of Culross samples classified by Twinspan. Indicator
i species for each division shown.
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separated in discriminant space (Fig.1.26c). Date appeared to

_ account for most of the separation. Tide was not an influential

variable at Culross. The first two discriminant functions
accounted for 95.8% of the variance, and 100% of samples were

correctly reclassified.

Skinflats

Tﬁere vere 20 samples in this group. DCA axis 1 was considerably
vlongerxthan axis 2, indicating a greater turnover of species

'aldng this axis(Fig.1.27b). As with Culross, Date was correlated
wvith both axes. Disch was highly correlated with axis 2 (Table 1.13),

vhile Chla and Ar wvere correlated withraxis 1.

TS division was carried to level 3, deriving 6‘groups one of
wvhich wvas a singleton sample. The primary division placed the

indicators Pseudocalanus, Sagitta and Acartia clausi on one side

and Polydora larvae on the other(Table 1.16, Fig.1.27a). As at
Culross, further division showed clustering by date, with group 1

characterised by Maranzelleria, which was confined almost

exclusively to this group. In contrast, other polychaete larvae

were confined mostly to group 5. Samples in groups 1,2 and 3

contained, in general. mostly neritic/marine taxa. Qithona and

Pseudocalanus were present in most samples at Skinflats.
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-Table 1316 Twinspan classification of Skinflats samples

SK
111 11114 I 11

67H345167890124591{302
ACAR TOKS ==223F22=1====see= 00000
PARA PARY e=fseifescedeaecdce 00000
ACAR LONG ==f=3=bele=fleeaadaae 00000
01KO DIOI =eeeephi2iesemcedas 00000
NUDI JUVE ==ee=ibj=eedeacaceae 00000
NEOM INTE e=f=s=spemesfleccadtae 00001
CALA HELG leseespa=ijeeec=deas 0000}
ACAR CLAL 32+=2=p=l=]~e===~=a (001
ACAR DISC =leecepeleccmecadees (001
MARA TROC 3=-=wchacacceececcee= (001
ﬁ'ARA EGGS (onecnpenceonsivesvalnen 0001
PSEU ELON 31211223“4&3?"12"' 001
SAGI ELEG 3ijl=1ri2illljli===~== 001}
MARA WIRE 446lachacescmesldeae 0]
OITH SIMI 2=3223B3332«223=12=1= 010
CIRR CYPR can]2lraccs | wesndede 0310
EURY AFFI 444112B4343345444132 011
TEMO LONG 32d1-212321132==3==2 011
LITT CAPS 3ijj=e=lre=lecd=a]l]l~ee (1]
CIRR NAUP  313222P211=1]22=13=2= 011
ACAR INER =33-==22211}j12=24=12 10
HARP SPEC 244-23(33223243344445 10
LITI VELI 213=eefammedeeriZeee 10
SYLL SPEC ==fl==—raceeduenafleas 10
ROTI SPEC <=4~2=={yd2==6544442~- 110
POLY CIL] e==2iImeceesi2244222 110
80SM SPEC cocnoenvmennene |{cfadans 1110
CENT HAMA esmdeastaceedude=3e22 1110
TERE LARV =ed=mopeeeedmes=i=11 11110
CYCL SPEC =ed==sfemmemdeeeedei= 11111
EVEQ LARV wedesmceccasdeceedan) 11111
NERE LARYV . medeecfocaedeesegla23 1111}
BIVA LARV ==deecmesesde=e1d222 11111

oodooojooo0o0OtstlnL1Ll
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G177, N
G2b,03HS~
606, 09HS" POLY CILI ‘ PaLY i
G13,09HN s
GZO:O‘?HS‘ ACAR CLAU
G11,12HS8T
G03:11HS CIRR CYPR
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gégziins Surv riom

oI IHN I
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G02,04HN"~ o1
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G}l.OSHNJ BIVA LARY

Figure 1.27 a

Dendrogram of Skinflats samples classified by Twinspan. Indicator
; species for each division shown.
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MDA was carried out on TS groups defined at the seﬁond level of
‘division (four groups). Date, Disch and Temp all had significant
‘between-group F-ratios (Table 1.10). Date and Disch were positively
reiated to Function 2, while on Function 1 all three appeared to
have equal influence (Table 1.1la). Discrimination was again very
effective with 93.7% of variance explained by the first two
functions and 100X correctly reclassified, but in contrast to the
DCA analysis, no influence of Chla or AR was observed.

Skinflats, like Culross, appears to be.subject to seasonal rather
vthan semilunar influences, despite the entrainment of abundance

of eggs and larvae of some taxa already noted.

Kincardine
A total Qf 46 samples were taken at Kincardine.

Axis 1 represented a greater species turnover than axis 2 (Figure 1 28b) ;
Date Sal, Temp, Chla and AR were all significantly correlated vith axis 1,
vhile Disch was signifcantly correlated with axis 2 (Table 1.13). o |

TS classification was taken to three levels (eight groups). The
main division was characterised by Maranzelleria, which was}
confined to groupé 7 and 8 (March andkApril), wvhile the other‘
side of the division was dominated by the neritic copeopds and

meroplanktonic larvae excluding Maranzelleria (Table 1.17, Fig.1.28a).

Oithona and cirripede nouplii were present in the majority of
samples, but cirripede cyprids were largely confined to group 1.

Eurytemora, Rotifera, and harpacticid copepods occurred in almost
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all samples; Rotifera showed some bias toward the right-hand side
of the major division (Table 1.18) and thus had restricted overlap
with the neritic/lower estuarine community.

At level 3, there was some tendency for high tides to be sorted
into group 1 and low tides into group 2. The same relationship
applied to groups 3 and 4. Groups 1 and 2 were mainly
May/June/September, while gfoups 3 and 4 were mainly
September/November. Groups 5 and 6 contained predominantly
samples from January and December and groups 7 and 8 from March
and April.

MDA wvas carried on level 2 TS classification. Date, Disch, Chla
AR, Sal and Temp all had significant between-groups F-ratios
(TableJ1.10). The groups were well-discriminated by MDA (Fig.1.28¢),
with 91.1% of the variance explained by the first two
discriminant functions and 91.2% of samples successfully
reclassified using the linear discriminant rule (Table 1.11b). Temp
and AR were the most strongly related variables on function 1,
and Disch and Sal on function 2. Thus, groups 3 and 4 (5,6,7,8 as
described above) were associated with lower temperature and lower
primary pfoduction than 1 and 2 (1,2,3,4 as described above)
vhile groups 2 (3,4) and 3 (5,6) were associated with higher
freshvater discharge and lower salinity than groups 1 (1,2) and
4 (7,8). TS/MDA predicts that the neritic/meroplanktonic
assemblage should be associated with higher temperatures and
higher primary production; this is the case on the left-hand side of

the division (Fig.1.28a), and MDA further correctly summarises the
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distinction between 1 (1,2) and 2 (3,4) in respect of higher
discharge and lower salinity in the latter. The biological
grouping shows a considerable reduction in diversity between
these sample classes, with most of the larval forms not present,
copepods such as Centropages and Temora reduced in frequency

of occurrence and species such as Pseudocalanus and Acartia

becoming more common.

Dunmore

There were 48 samples in the Dunmore data set.

Axis 1 of the DCA ordination (Fig.1.29b). was some 35% longer than
axis 2. There was no obvious clustering of samples, but sample 29
(D26.08HS) was an obvious outlier; only 3 taxa occurred in this
sample. Sal, Temp, Chla, AR, Tide, and Date were all correlated
with axis 1, and Sal was also significantly correlated with axis
2 (Table 113.)3.

The majdr (level 1 ) division in TS was uneven (Tablé 1.18, Fig.
1.29a), and vas defined mainly by the fidelity of A.clausi,
A.longiremis, Polydora larvae, cirripede cyprids , Centropages,

terebellid larvae and A. bifilosa inermis to the right side

versus a loose association of freshvater species, Neomysis and

Maranzelleria on the left.

Groups 1 and 2 were predominantly lov tide samples, and mainly
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collected in November/December/January. These groups were
characterised by high Rotifera abundance and distinguished by the

association of Diaptomus and Bosmina in group 1. Groups 3 and 4

differed from 1 and 2 by virtue of increased presence of

cirripede nauplii; group 3 was a cluster of samples containing

Maranzelleria larvae and Littorina egg capsules, while group 4

contained an association of Pseudocalanus, Oithona and Temora.

Groups 3 and 4 were mostly high tide samples, and from the March
and December collections. Groups 5 and 6 displayed the highest
dive:sity, vith a high frequency of occurrence of A.longiremis,

~ Polydora larvae, Cirripede cyprids, Centropages, terebellid

larvae, nereid larvae and A.bifilosa inermis. These two groups

‘ diffeged.little, and primarily in respect of the occurrence of -
terebellid larvae. Gropps 5 and 6 were, like 7 and 8 ,
predominantly high tide samples’collected in May-Septembér.

MDA was carried out on level 2 TS classification; MDA group 1 is :
therefore equivalent to TS groups 1 and‘2, and so on. Tide, Date,
Chla, AR, Disch, Sal and Temp all had a significant
betwveen-groups F-ratio; from Culross to Dunmore the number of
significant variables increased from 4 to 7. Temp, AR, Chla were
positively associated with discriminant function 1, and Disch'-
vas negatively associated with this function. Sal, Tide, and Date
vere negatively associated vith function 2 (Table 1l.1la). The
first two discriminant functions accounted for 84.1% of the total

variance, ahd samples were reclassified with 81.1% success (Table

1.111.11b).
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" Mg. 1.18 Twinspan classification of Dunmore samples
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The groups ordinated by MDA were less clearly defined than in

the stations considered previously, and analysis at TS level 3,

with eight groups might have been more successful. Nevertheless,
considering the structure matrix summary (Table 1.11b), MDA predicts
that group 3 (TS 5,6) should have earlier date and higher salinity
than group 4 (TS 7,8), and this is in fact correct.

Dunmore showed an increased degree of tidally- and primary
production-associated structure in comparison with stations

further down the estuary.

South Alloa

A total of 49 samples were taken at S.Alloa.

THe DCA axes were approximately equal in length, indicating the
same amount of species turnover along each axis(Fig.1.30b). Tide,
Sal, Temp, Chla, Date and AR were strongly correlated with axis 1
and Sal also showed a degreé of association with axis 2; this

pattern wvas similar to that at Dunmore (Table 1.13)3.

The major TS division was indicated by Neomysis and Diaptomus

versus Eurytemora, cirripede nauplii,Polydora, Oithona and

Maranzelleria, but sample diversity was generally low (Table 1.19).

Group 1 was defined at level 2, and was characterised by the

presence of Acartia tonsa, whilst group 2 was characterised by

cyclopid copepods. Group 3 contained the majority of occurrences

of Diaptomus, Daphnia and Bosmina. Group 4 had tew freshwater
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taxa, but contained some Oithona, Polydora larvae and cirripede nauplii.

Group 5 was distinguished by the joint occurrence of

Oithona,Polydora, A.longiremis, Pseudocalanus, Temora,

Centropages, and terebellid larvae, while groups 6 and 7 were
similar to each other and differed primarily in respect of higher

Eurytemora abundance in the former and the presence of Littorina
egg capsules in the latter. Groups 6 and 7 contained the majority

of Maranzelleria occurrences. Group 1 contained late

summer/autumn‘samples and mainly high tide (Fig.1.30a).AGroups 2 and
3 vere predominantly vinter samples with no significant bias to
either high or low tides. Groups 4 and 5 vere mainly May high‘h

tide samples, and were associated with the highest Eurytemora
abundghces as well as the majority of neritic copepods and |
meroplanktonic’larvae. Groups 6 and 7 were exclusively March énd: B
April samples and mainly high tide; the only samples from March |
and April not included in this group were low tide.

MDA was carried out at TS level two, and the previous cdmments
regarding group numbering apply. Date, Disch, Xorg, Ar, Sal, and
Temp had significant F-tatios.(Table 1;10). Sal was positively and<
Disch and Xorg negatively associated with function 1; Date, Chla and
" AR vere negatively associated with function 2 (Table 1.11a).‘

The first two functions accounted for 93.9% of variance, and 85.5%
of samples were correctly reclassified using the linear discriminant

rule derived by the analysis. The sample groups vere clearly distiguished in
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discriminant space, with 2 (TS 2 and 3) and 3 (TS 4 and 5)
separated in terms of salinity and discharge (cf Fig.1.30c), and
both of these distinguished from group 4 (TS 6 and 7) by virtue
of the latter’s earlier date and lower primary production. MDA

function 2 therefore reflects faithfully the effect of the

early-spring peak of Maranzelleria larval production, while

function 1 reflects other seasonal and spatial factors.

Fallin

There wvere 42'samp1es in the Fallin group.

Date,Temp, Inor, Chla, Phaeo, AR were correlated with DCA axis

1, and Disch with axis 2 (Table 1.13). Axis length was comparable

to previous stations and their lengths implied that samples at opposite
ends of the axes would have about 25X of species in common(Fig.1.31b).
Sal was not an important variable at Fallin, but inorganic
suspended solids and phaeopigments assumed an importance not
observed at stations further down the estuary. |

TS classification was carried to level three(Table 1.20). At

level one, the main division indicates high abundance of
Eurytemora on one side and the predominance of freshwater species

on the other. Occurrences of Maranzelleria are almost evenly

divided between groups ] and 8 at level thrée. Group 2 was

distinguished by the presence of Daphnia, Bosmina and Diaptomus

in the relative absence of all other taxa except the common

Eurytemora, harpacticids, and Rotifera. Groups 3 and 4‘are mainly
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distinguished by -the clustering of most occurrences of Neomysis
and chydorids, while groups 5 and 6 are characterised by high

abgndahces of Rotifera and Eurytemora respectively. Group 7

consisted of 4 samples containidg Littorina egg capsules, and as

noted above group 8 vas defined by occurrence of Maranzelleria,

High and low tides did not appear to be segregated in any
particular manner (Fig.l.3la).

Disch, Org, Xorg, Chla, Phaeo, Temp all had significant
F—ratios(Table 1.10). Temp, Phaeo wefe positively associated with
thé £ir$t‘discriminant function (Table 1.11a), Disch and X org‘
positiVely with function 2, and Date negatively with function 2.
89.9% of variance was accounted for by the first two fﬁnctions
(TableJl.llb) and 90.3% were correctly reclassified. MDA was carried
out on level two TS groups; when plotted in discriminant space,
groups 1 (TS 1,2) and 4 (TS 7,8) wvere clearly separated from each

other and from the less well-separated groups 2 (3,4) and 3

(5,6).
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Sampling cycle (spring-neap-spring-neap sequences)

Date groups 1,5,6 and 9 contained too few sampleé to‘analyse
successfully. These correspond to December 1981,July 1982, August
1982, anerecember 1982. Anélysis wvas completed for groupé ‘
consisting of samples from January/Febfuary 1982,March/April
1982, May 1982, September 1982 and November 1982. The summer

period was not therefore represented in this category.
Date group 2 (Jan-Feb 1982)

This group contained 36 samples

DCA axis 1 was dominant (Fig.1.32b), with some evidence of sample
clustering. Dist, Sal, Temp, Inor Org, Phaeo were significantly
correlated with axis 1 (Table 1.14) and Phaeo was alsb corrélated
vith axis 2.

The main division at level 1 in TS was defined by the indicators
| Diaptomus on one side and cirripede nauplii an the other.
Diaptomus was associated closely with Bosmina (Table 1.21) and, to
a lesser extent, with Daphnia, while the cirripede nauplii

co-occurred to a large extent with the neritic copepods Oithona
—
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Table 1.21 Twinspan classification of Date Group 2 samples
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and Temora and were also associated with higher abundances of

Rotifera. Rotifera, harpacticid copepods and Eurytemora occurred

abundantly in all samples. At level 3, groups 1 to 4 were
predominantly Skinflats, Dunmore and Kincardine (Culross was not
sampled until March 1982), while 5 to 8 were biased towards
Dunmore, S.Alloa and Fallin (Fig.1.32a). Groups 5 and 6 were
mainly high tide samples, while 7 and 8 vere mainly lowv tide
samples.

F-ratios were significant for Dist, Inorg, Sal, and Temp(Table 1.10)
Dist was associated with function 1 and the remaining variables
with function 2 (Table 1.11a). MDA accounted for 98.1X% of variance,
and 100% of samples were correctly reclassified (Table 1.11b). The
enviro;ﬁental data set was not sufficiently complete to permit

interpretation in detail for this sample group.

Date Group 3 (March/April 1982)

This group consisted of 39 samples.

DCA axis 1 indicated considerably greater species turnover than
axis 2 (Fig.1.33b). Dist, Tide, Xorg, Sal and Temp were correlated
wvith axis 1, and Inorg and Org with axis 2 (Table 1.14).

Dispersion on axis 2 decreased with increasing value of axis 1

scores.
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Eurytemora, harpacticids,Rotifera and Maranzelleria occurred in
almost all samples, and Littorina egg capsules and cirripede
nauplii in the majority (Table 1.22). The major level 1 TS division
wvas very uneven, and 7 groups were defined at level three.

Maranzelleria was the indiéator for one side of the division, and

Diaptomus and Bosmina the indicators for the other. Group 1 at

level three was characterised by Sagitta, Oithona, Calanus,

Temora, Pseudocalanus andeittorina veligers. Maranzelleria

trochophores and eggs were diagnostic of group 2, the majority of

samples in which also contained QOithona and Temora. Group 3 vas

rather indifferent, containing samples with relatively few taxa
but particularly with a reduced frequency and abundance of

Maranzelleria eggs. Group 3 was also characterised by the highest

abundances of Eurytemora. The majority of samples in group 4

contained Oithona,Temora, Acartia bifilosa inernmis,

Pseudocalanus, and Littorina veligers. The remaining three

groups contained samples devoid of neritic copepods , with a

much reduced frequency of Maranzelleria, cirripede nauplii and

Littorina egg capsules and with the majority of occurrences of

Daphnia, Bosmina and Diaptomus.

The dendrogram displayed considerable sorting of samples by
tide. Group 1 consisted of high spring tide samples and group 2
’,predominantly so. Group 3 containeq mixed neap tide samples,
group 4 high neap sémples, groups 5 and 6 mostly low tide samples
and group 7 low spring tide samples. As with date group 2, there

was also a clear bias towards lover-estuary stations in groups
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1-4, and to ﬁbpéf'éstuéfy stations in groups 5-7.

Dist,1Tidé, %org,‘Phaeo, AR and Sal all had significant f-ratiqs
(Tabie 1.10).'Sa1, Dist, Tide and Xorg were associated with MDA
function 1 and AR with function 2 (Table 1.1la). 84.9% of the
variance was explained by thekfirst twvo discriminant-functioﬁs,
and SSZ of’samblés wefe coffectly ieclassified (Table 1.11b). The
- sorting of sampléé ﬁescfibed above’was vell-represented by the

clustering in discriminant space of groups defined by level 2 TS

analysis (Fig.1.33c3 c.)
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Table 1.22 Twispan classification of Date Group 3 samples
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Date group 4 (May 1982)

‘Group 4 contained 39 samples.

DCA axis 1 represented greater taxonomic diversity than axis 2
(Fig.1.34b). Dist, Tide, X org, Sal, Temp; Inor,‘Ar and Phaeo vere
‘correlated with axis 1, no variable was significantly correlated
vith axis 2 (Table 1.14)4,

The major TS division (Table 1.23) was characterised by high
Eurztemora abundance on one side and Centropages Polzdora and
terebellid larvae and cirripede nauplii on the other. A 1arge(
number of marine and neritic copepod species and additional |
: meroplanktonic larvae also occurred in this latter group
Freshwater taxa were barely represented in May samples.~Samp1es
vere classified at TS level three primarily into lower
estuary/high ‘tide samples (groups 1 4) versus upper estuary/low
‘tide samples (groups 5-8) (F1g 1. 34a) There vas a tendency for
the frequency of neap tide samples to increase from group 1 to 8.

Dist, Tide, ZXorg,’ Phaeo, AR and Sal all had significant F—ratios
(Table 1.10). MDA vas carried out on TS level 2 classification
(four groups). Sal was associated with funetion 1, and Dist and
Tide with function 2 (Table l.lla). 98.5% of variance was accounted
for by the first two discriminant functions, and 86.2% of samples
vere correctly reclassified (Tahle 1.11b). Discrimination on

function 2 was not good, but the correct order of groups was

recovered on function 1 (Fig.1l.34c)34c.
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Table 1.23 Twinspan classification of Date Group 4 samples
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Date Group 7 (September 1982)

Date group 7 contained 39 samples.

DCA ordination showed that axis 1 was considerably stronger than
axis 2 (Fig.1.35b), with some indication of a cluster at low axis
1 scores. All variables except Chla , AR and bisch vere
signifiéantly correlated with axis 1, and none with axis 2..

. The major level 1 division in TS classification corresponds to
the DCA ordination (Table 1.24), with level three groups 1,2,3 and
4 matching the cluster noted above. The pattern of tidal sorting
of samgles (Fig.1.35a) corresp&ndedvclosely to that observed in‘béte :

group 4; The frequency of marine/neritic taxa and meroplanktonic N

larvae declined from gropp 1 to 4, with only A.tonsa, Polydora iii
larvae, and cirripede nauplii being represented in gtoubs'STB. -
Groups 5-8 were characterised by increased frequency of
occurrence of Rotifera and the presence of freshwater taxa absent
from groups 1-4.

MDA was conducted on'TS level 2 classification (fouf groﬁps).
All variables except Chla had significant F-ratios (Table 1.10).
Sal, Dist, %org and tide were associated with function 1, and
Inor, Phaeo, and AR vere associated with function 2 (Table ).
97.5% of the variance was explained by the first two discriminant
functions (Table 1.11b). and 91.7% of samples were correctly

reclassified (Table 1.11b). Groups 1-4 (TS 1/2.3/4,5/6,7/8) vere
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Table 1.24 Twinspan classification of Date Group 7 samples

GP7
22 Arit122 | 123] 13122] 333112332
13012 d136028945451[7738 34p256597046)09
L1711 CAPS 1=2@mdecdeecedecectocaacbofyacacaa 0000
PARA PARV moellemqecqeacncdesecnensrashessscnvenes 00010
0iK0 DIOI 3322-emdmemedectchaccnctamcacacadee 00010
EIEO LARV =2==tedendemmadececltcanactcacaeceand-e 00010
NJD1I JUVE mow{lrcadenesssnescaineserchessncennnjen 00030
TEMO LONG 11=2ll1jeeefi=eedenmcctcncnckucacaaaadee 00011
SAG] ELEG =l={|lijeademmndomectcacackocacncandctee 00011
PSEU ELON 11121-11--..-1.-----.----.-------—1- 001
O1Th SIMI 2323pfe1f11=12-teafaccccbacanmaaadee 001
CENT HAMA ewnole |- decssaueacairrcocohoroenaneaire 001
ACAR CLAU .-----22----.-—-----..1---;--.------ 0100
ACAR LONG 21123231 ==e===cfi~mecbeccacacadia 0100
BIVA LARY =e=cfdocffajoedeecctcccaclccaaaacades 0100
POLY CILI =423p2li=l22121R121f=mcnckecamecaadie 0101
CIRR NAUP 344222214331220~221p12%=1fomnmmacedea 010}
CIRR CYPR 23221 dpatjedmctlrmnckacatjfonacnaasee 01}
ACAR TONS 1223p32211===3322-R21122F-=1======= 10
HARP SPEC. 3233k-22d221=-1-111P31=22p=111-212211 10
NEOM INTE e=e-Fae{d-=ecqr==f21311F=1~211-1122 110
EURY AFFT _2=-121212d11=243333232243p22222223321 110
DAPH SPEC esennccavencaciree besecchasanceswnje | 1110
BOSM SPEC ===cfeeemdemesdeaqjfijen=nliji=flea=d=2 1110
ROT] SPEC e===R-eareweed?2lma=233p121222=141~ 1110
APHR'LARV' cosnnsesnerrenecorneene | hesnsransnes 1110
DIAP GRAC oo moleaew ---.-.1-1—-...-3!-l-------. 1111
ACAR INER -----------f--------.-----..f-----1. 1111
CHYD SPEC ooowieaeefones --.-------2--1-11--212 1111
CYCL SPEC ====rouecveercdeelaearssa]]]]e====211 1111
oooopooodooooo111 i1 111111118411
00000011 81110000j000000{1 13232232411
0009'11000111110000111111000000000 11
000y 0001110000111113__
000001
ovolt

12




)

C06,09HS
K06,09HS

c20.09HsJ
G20,09HS
$06,09HS

0D20,09HS”

Gl3.09HN1

DlB.OQHNJ
K13,09LN
C13,09HN
KIS.OQHNT
€27,.,09HN

K27.09HNJ
D06,09HS

S$06,09487
S13,09HN

D20,09LS
S27 . 09HN~
C06,09LS-
D13,09LN
K27,09LN

S13,09LN
$20,09HS
K20,09LS
S06,09L81
F27 ,09KN
827,09LN
F27,09LN
F$3,COHN

F13,09LN
F20,09LS
027,09HN
027,09LN

$20.00L8d

O1kO DIOI
PSEU ELON
LITT CAPS
TEMO LONG
OoITH SIMI
OIKO PLEU
NEZOM IRTE
CENT HAMA
SAGI ELEG
OITH SIMI
CIRR NAUP
ACAR LONG POLY CILY
) CIRR CYPR
PSLU ELON
ACAR CLAU
CIRR N.
POLY CILI
| S———
ACAR TORS
pPoLY C1lLI
NEOM INKTE
EURY AFPI
ROT: SPEC
gUaT Aarred
DIAP GRAT
cHYD SPEC
cYCL SPEC

§06,09HST
Foe,00Lsd

NEOM INTE

DAPH SPEC
ACAR "INER

Figure 1.35 a

Dendrogram of Group7 samples classified by Twinspan. Indicator

; species for each division shown.

153 °



SIxy

AXIS 2

LBQZ

D wu ~3 o N wn ~ [\S) N
(Y] 8] (A V) wn (wy] ()] [av] a o an
0 1 1 e 1 } ) 1 I 1
W
Oy
L'_n_.:l'- 4]
= -
o % © 20
- -~ oD a
T - ©
[ A
- (»)
& «
O
pd
Ty o
o -~
& \:. <=
0_‘1 30,‘
- o Pio N
o -
e O
P
0 (v
-~ O
—
ror & o
® o
OJJIQA
e ¥
- | oe
[aY]
o B8
P~ 'a) o (o]
-5 N ) (T
) ~ \ L
N4
~J
L&Y ] 0 :
e} 53 (a]
0 9
wd ®°
4N]
o
Flgure 1.35 b

LdD Z2/1° 040 31dUVS NGS30

 Decorana ordination of Group? samples on first two axes.

1%



’.loo.oolo’oc.oooooo’oooconooo’ooooooooo’oo'oooooc’oooocoooo‘cooocooto’o-co-cuoo‘

X

L]

*

L)

L]

.

6 ¢

L

c .
A .
N .
0 .
N 4 ¢
1 .
c .
A .
L .
L ]

0 e
¢ N
8 .
c .
R .
1 .
M 0 ¢
1 N
N .
A .
N - L
L N
. o2 ¢
F .
v N
N .
c .
T .
¢ 4 ¢
0 .
N o
L[]

2 .
.

b ¢

L]

L ]

]

.

[ ]

X

Xooosooosotessoenss

ouT b

o‘ocoooo-oo'ouootovoo’ooocooo'o'ocooooooo’oicootooo:oooooooocx
L) - *

a<DECe88 MDA GP7 T8 N ‘
15100428  UNIVERSITY OF STIRLING DEC vAx=11/780 VNS V3,6

CLASSIFICATION RESULTS =

X
.
.
.
.
.
¢
.
.
.
.
.
*
.
.
.
.
.
*
L
.
.
.
.
*
.
.
.
.
L
¢
.
.
.
.
.
¢
.
.
.
.
.
¢
.
L]
L ]
.
.
X

out

Figure 1.35 ¢ MDA Group 7

155



correctly ordered on the first discriminant axis (Fig.1.35¢c). TS
1/2 (lower estuary, high spring tides) vere separated from TS
3/4 on axis 2 by virtue of lower inorganic suspended solids,

lower phaeopigments, and a more viable phytoplankton population.

Date Group 8 (November 1982)

This group contained 36 samples.

DCA sample scores were more dispersed on axis 1 than on axis 2
(Fig.1f36b), with a tight cluster at an axis 1 score of about 150.
Only Dist, Tide and Sal were significantly correlated with axis
1, and'no variables were significantly correlated with axis 2
(Table 1.14).

TS classification was carried to level 3. Temora was the
indicator for one side of the major division, and Diaptomus and
Neomysis for the other. Neomysis was the only frequently-occurring
species in groups 4-6; freshwater taxa vere only sparsely represented
in this sample set. Group 1 was notable for the co-occurrence of five

of the 6 Acartia species present in the Forth, and also contained samples

with Oikopleura and Sagitta. Temora, Pseudocalanus, Oithona and cirripede

nauplii were present in almost all samples in groups 1-3. Group 2 was

distinguished from groups 1 and 3 primarily by the absence of
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A.tonsa and A.bifilosa inermis. Samlples were again clearly

sortéd by tidé in the classification (Fig.1.36a); 1-3 vere mainly
high tide and Kincardine, Culross and Skinflats, while 4-6 were
mainly lov tides and Fallin, S.Alloa and Dunmore.

MDA vas carried out on four groups defined by TS at level 2.
Dist,>Tide, Inorg, Org, Phaeo and Sal had significant F-ratios
(Table‘1.10). Sal and Dist were associated with function 1 (Table
i;lla) and Phaeo and Inor with function 2. 96.7% of the variance
vas exblained by the first two discriminant functions, and 97.2%
of Sémples wvere successfully reclassified‘(Table 1.11b). The sample
groups vere clearly distinguished in discriminant space (Fig.l. 36c)
on function 1 in terms of salinity and distance from upper

tidal 1im1t Little intelligible discrimination vas apparent on

function 2.

157



Table 1.25 Twinspan classification of Date Group 8 samples
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Tidal state (High, Low, Spring, Neap etc.)

Correlations between DCA axis scores and environmental
variables are summarised in Table 1.12. As with other sample
categories, axis 1 was most strongly related to most variables,
especially to Dist, Sal, and Temp. Suspended particulate
characteristics were most strongly related to axis scores in the
high spring tide category. On axis 2, Date was the most
consisééntly correlated variable. Chla was most strongly

correlated with axis scores in the low Spring tide category.

Between 71.5X% and 93.6X% of variance was accounted for by the
first two discriminant functions (Table 1.11b), and between 70.3%
and 90.9% of samples were correctly reclassified (Table 1.11b).
Fucntion 1 invariably accounted for more variance than function
2; the difference was least in the Spring tide category and
greatest in the Low spring tide category. Of the variables
considered, only.Inorg, Org, And Phaeo did not have significant
F-ratios for the majority of categories (Table 1.10). With the
exception of the High spring and Low spring categories, Sal and
Dist were the most influential vériables on MDA function 1 (Table

1.11a). Date and Disch were most consistently azsociated with

function 2.



Variables were projected onto discriminant space for
all-sample, high, low, spring, and neap categories; further
subdivision of tidal state did not recover additional useful
information. For the purposes of vector projection, variables

have been labelled as follows:

a Distahce from upper tidal limit

b Date (decimal)

c Discharge of freshwater into the estuary
d Inorganic suspended solids

e Organic content of suspended solids

f Chlorophyll a

g JPhaeqpigments

h Acid ratio

i Salinity

3 Temperature

k - Tidal state
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High tide

THe TS indicators for the major level 1 division were Rotifera on

one side versus Polydora, cirripede nauplii,Temora, Oithona and

Pseudocalanus on the other (Table 1.26). Maranzelleria forms

created a distinct cluster of samples which formed groups 5 and 6
at level three, as did the freshwater taxa Daphnia, Bosmina and
Diagtomﬁs in group 8. Group 1 was a singleton with very few taxa
present éxcept Neomysis in high abundance. Indicators for group 3
were terebellid larvae, Centropages, cirripede cyprids,nereid
larvae and bivalve larvae (Fig.1.37); this group also contained
many néritic and marine taxa which occurred in other groups.
Group 4 vas distinguished from 3 primarily by the absence of
terebellid larvae, Centropages aﬁd cirripede cyprids. Littorina
capsules and veligers were also less common in group 4 than 3;
wvhile both groups had a high frequency of high spring tides,
groﬁp 3 vas identifiable as comprising samples collected in the
spring, and group 4 vas predominantly composed of samples taken
in November and Décember.

MDA (Fig.l.4la, Table 1.11a) shows Date, Dist and Sal vectors most
influentiai, with TS groups 1, 2, 3 and 4 (at level three) 7
separated from 5, 6, 7 and 8 on the basis of Dist and Sal, and 3/4
separated from 5/6 on the basis of date.

1,2 and 4 showed some small positive influence of Chla, AR and

Temp, vhile 3 was assouiated with Zorg to a greater extent than
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other groups. Group 3 indicated the association of larval forms

and Temora with lower-estuary, higher-salinity conditions, while

group 4, with a strong Pseudocalanus/Qithona association was

linked to later dates and rather lower salinity.

In contrast, Groups 5-8 were associated with a range of dates,
tending to later dates from 5 to 8 but also to lover salinities
and increased dominance of freshwater taxa. Group 8 showed little
date-preferencé, but a very strong téndency to low salinity.

Groups 2 and 3 were more strongly influenced than other groups
by all variables except Date; 5 and 6 included almost all samples
from the third date group and none from any other date group and

vere , as noted above, characterised by Maranzelleria.

The v;}iables of minor influence (e,f,h,j) all tended in the »

same direction as Sal and Dist.

165



1110017000371300000000T3TTTT371)00011T1100

soTdwes 9pT3 YITH JO UOT3BOTIISSeTO wedsuis] 92°T 91qel

11100

TI33135113000000033333313333313%0

1100000000000333131000

330000110000035571000000000000 3 IFFITIT!818000000 1317008373300 1500083 ST RIEERETT13300000000000000008333833333311000000000
TIITTT0000004 T TITITTITITEIT311d00000000°000000000q1T0001111Y 1
138334 _-.u_ooooooooooooooooonooocoooo.oooooeooon—dﬂ— 000000000000 SIS TEIISISTTITESSSTTSTTTSITTITTITTIINE 0
FRERTTATTTT T C RSB ITEE TSR RCTHITTIETITIILITITIIIITIINOOOO 0
130888 R RN RN RN R R R AR AR R LR NI (]
111 rLT $923 VivH
158 --wn 3041 vive
111 =1 1 £ J==1 ££2% I ViYW
221223-1 T 2nldenlmnan] T T — JvHEs 4vid
10I1  I11=1152222=q=a] 1 1 1 3348 We0s
1011 lleecw=pZles]}] 1 221 == ¢ J33d8 MWdva
0011 22221 nmom-m-omcqnc-u-o--~mmmm-mmoo-mm-nnn~nn-no.~m-n-m--m~ 1e2=02==02059E02222€ =L 1==222V0 [2=2=5L=h222)nnonnnnanan J348 I10¥
0011 1= 211 3 3 2348 1A
ot -o~o_w--.m-.w—n--~n--~nmw-~nnnnn~nm-~|~|-uun-nn~|nu~|-~ 221=£22822222252L e E121ELE2 mallmw c~n--c-~cn-nnnnummmmmmmﬁluu 3d8 duv
o1 1 i 3348 OAWD
ol n--~nnnmnc.“-omccmmov-mommnu-nncmnnm-n-n~n~n~nn~.nm .-c-nn'ncvnmm-u-~ nn'cnn-nnnnnm-nnunn-.~v-onnun S2RESSYPSSHY2ER2ESITIp2Y = 34y A¥n3
0] eeale=? - Jle=? Co=i] jo=i FANI WO3IN
110 (al2elalrenis? 1 Jell=etalll=12f-2==1p2¢
110 =2 | =2 ¢ —o-mmn--ucu- 2ipeaiensa]? : % 2ilimala=]iph=2202=- $4v2 1117
110 1 ; 1222 —-ouN-—-unn 1 -2 Nyl ¥vay
110710 11 1 nt«uﬂdno-4|-|.-_- 22 top22 - - (1771 dnNVN ¥¥
11010 2eemeecemjalai2222=011=121 ~—-n-~_-munu—.n-luu_-.losc_miwum-~n~ncun|--|u~ = 9NOT7 OW3l
103010 I=1=112 2 » g12221 1==n22221822215=11221522 Ipecaniacde ¥JAD BYID
t01030- 2=222=12mnala 2h=2f=m1 11l=celeall=]l=1=22112221R2225S8iE022E02E0EE0222ke=am]ffas 171D A04
j0t0%0 1 1 4 a1} j211t212211222112 1R121=12Ep2=12e2{wnenafan ¥3NI ¥vdYVY
oototo 2 J=p221le==1 1 1t ANV VAIS
0030%0 ) § 5 | § C=2=12=1222~an= ANy ¥3N
00t0 | 1 2221222wm=aalmlacam|aea[2lee] JIL2212RI=22120CE2252012122221211=1~22=p122=1=2=]121=2==1£2T1k2 - Inis Ml
00t0 1 . 122 —-—un_u-nun-I-no-c-ou-nnN-n-nn-~nnnn-—¢-~—-oono—_-nu-Nunuunun_n|-ov-ucu-n Til=== NOT3 N384
0010 - ] foaf 3810 ¥vaY
0010 == 2l=l=a2 J=e 11=2=2[12==]£122 | 113 _-o~|-nol~|~ I=3 4 9NDT ¥YIY
1100 f=22ipeslaladann]: Y 2 ToId o%10
1100 l=1 lejlaiellaeal=a]l]} 1 | 2lean] =£1 9313 19v$
1100 ' 1334 1 ] jonal 1 11 9734 YIVI
1100 1 1418 ¥vdY
0100 2 121£5Ip21=122(2===2 1 252 2 2 £ vy
1000 1 | jreena? 3A
1000 2 EAETTA LT § A¥Y1 0313
1000 1 1=2 A¥vd vivd
0000 1 | Tle=2i221111=22212¢ 1 Ayl 3§31
0000 loma] 3348 1AS
0000 cachow ] ' A¥VY HHdY
0000 ' , 1 peljee=? 22215115225 =I=T=]2walpa=] VHYH IN3D
9566L8p66056BISP0E52056029190E6PL22E2050EL05199205/100L60SPE09p02L92HE62T0L1L9T0ST006L0600E89520SE2L90ELT1012RSOPE60L920L6TST09P6SLE210PYPS
0SE106R122221(11492002452198495 SP22111 £5 02T IlboovchbSESEpLEE259600000K22221110L581021 CEEE2221T00660T6LSLLL99999550L9995S66Lp0iEpope
1 11 1 1 11 1 i1 1 1 TP BuTRTRREY IR pITTIRIINIL

HOIH



D26,08H8 P
x26,08m8
326,08NKS

NEOM INTE

006,09M3

“"°'”"J
013,09HN
C11,03K8
C11,03K8
C26,03M18
G26,03ns8
€08,07HS
K33,00MN
C20,09ns
C10,05K8
K10,05m8
C17,05KN
K17,0SHN
C24,05w1s
C31,05mN

C02,08KN
D10,05K8
310,05Ks
017,0SKN
624,05KS
K24,05K8
024,05K8
24,0518
K31,05KN
031,05KN
KO8, 07THS
G10,05Hs
031,05LN
FOb, 0018
K12,01H8
606, 0018
306,008
813,09mN
€27,09KN
K27,09HN
K09, 11HN
D09, 1 INN
Kio, 11MS
D16,11KS
C23, LInN
C15,12H8
K15, 12n8
€23,12KN
K23, 12nN
C1l,12n8
O11,12H8
612,01m8

G27,01KH8
€03, 11ns
CO9, 11N
023, 120N
D08, 07HS
Co3, 11ns
KO3, 11N8
003, 11n8
CO9, LIKN
Cle,11mHs
Gle,11n8
23, 11mN
K23, 11NN
G15,12n8
C06,09H8
620,09K8
020,09H8
C26,08M8
noo.oqnaJ
C13,00KN
002,08KN =
802,08KN
KO3, 02KN
C17,03KN
K11,03m8
K17,03mN
k26,0318

C17,03MN
K02,0anN
011,03H8
811,03H8
026,03H8
826,03H8
017,03HN=
F24,03H8
Co2,04MN

809, 11KN
kil 12m8
K18, 120N
K19, 01KN
K27,01M8
D27,09HN
$11,1218
O18,12KN
D15, 12H8
823, 12KN
Fil,i2n8
$10,12KN
D12,01Ks
812,01m8
019,01HN
D27,01Hs8
003, 02KN
S16,11K8
815,12n8

F10,12nN
FO2,0aMN
F17,05HN
F31,05HN
FOb,07HS
F2e,08m18
$03,11H8
023, 11HN
F10,05H8
831, 05HN
ISl.l7ul
$20,00H8
603, 02nN
$17,05mN
F24,0518
F12,01Hs
C19,01MN-
$19,01mN
823, 120N
B27,01M8
803, 02mN
FO3, 020N
F19,01mN
F27,01H8

ACAR TONS
rsa: L::X POLY CILI
g?:n gYPR CIRR NAUP
NERE LARYV TEMO LONG
E L OITH SIMI
BIVA LARV PSEU ELON
TEMO LONG
EURY AFFI
ACAR INER
POLY CILI
LITT VELI
LITT CAPS
MARA EGGS
MARA TROC
MARA WIRE
TEMO LOKG
DAPH SPEC

F13,00nN
F27,09mN
FOY, JINN
F23.12mn
Fli,o3ms
$27,00mN <

DIAP GRAC

BOSM SPEC
DAPH SPEC

167

ROTI SPEC

Figure 1.37 pendrogram of High tide
samples classified by Twinspan.
Indicator species for each
division shown.



Low tide
TS and MDA analyses were carried out to division level three (eight groups).
Indicators for the major division were cirripede nauplii and Qithona versus
freshwater chydorids and cladocera. Group 1 was composed of samples with joint

occurrence of Maranzelleria stages. Group 2 was rather sparse of species

and was dominated by high abundance of Eurytemora (Table 1.27). Group 3

contained a considerable number of larval orms (Eteone,Nereis, bivalves,

Polydora) but differed from group 2 by virtue of high rotifer abundance.
Group 4 included the majority of occurrences of cirripede nauplii, Oithona

and A.tonsa, but only isolated occurrences of the larval forms common in group

3.

Groupg,S-B vere characterised by the almost complete absence of the neritic
copepods and benthic larval forms, and by increasing (from 5 to 8) frequency of
occurrence of freshvater taxa. Chydorids and cyclopids were, however, largely
confined to group 6.

"The sample sequence (Fig.1.38) showed evidence of strong selection for date
in groups 1 and 2. Groups 3 and 4 consisted almost entirely of Kincardine and
Dunmore samples and differed considerably in date. Group 5 covered the same
time period as 4, but included more S.Alloa samples, while 6 again covered
thé same general time period as 4 and 5 but included more Fallin samples.

Groups 7 and 8 were mainly vinter samples, and 8 had the highest relative

frequency of Fallin samples.

The MDA plot showed, as with high tide samples, that 1,2,3 and 4 were clearly
separated from 5,6,7 and 8 on the basis of Dist. Disch, and Sal; the former
set of groups had highe<: salinity and the latter vere associated with

higher freshwater discharge. The effects of discharge and distance in
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distinguishing 4 and 5 can be seen by comparing their taxonomic composition;
group 4 (with the majority of September samples) with lowver discharge and
greater distance from upper tidal limit contained more merbplanktonic iarvae,
vhile group 5 contained samples dominated by the more persistent upper-estuary

forms Eurytemora,Rotifera and harpacticids. Group 4 vas also associated with

higher Chla values.

Temp and Xorg were influential in the same direction as Sal and Dist, bqt
Phaeo vas more closely linked to Date and Disch. The MDA plot correctly
indicated that groups 1,2,3,7 and 8 were distiguished from 4,5 and 6 by Date.

A considerable amount of community structure was revealed, despite the fact
that 20 out Qf 88 samples were excluded from the anaiysis due tonincompleteness,

of the environmental data set.
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Pigure 1.38 Dendrogram of Low tide samples classified by Twinspan. Indicator

species for each division shown.



Spring tide

The major division vas characterised by Pseudocalanus, cirripede nauplii,

Oithona,Temora and Polydora on one side and freshwater taxa on the other

(Table 1.28). TS and MDA analyses were carried out to level three (Eight groups
). Group 1 was nost clearly defined by the presence of Centropages, but
contained a,large variety of neritic copeopds and meroplanktonic larvae.
Littorinid‘eggshand veiigers vere most‘faithful to groups 1 and 3, while group
2 contained a cluster of A.tonsa occurrences but no terebellid larvae and few
Centropages (Table 1.28). Group 3 was defined by a cluster of Maranzelleria
occurrences and the absence of‘A.tonsa; Group 4 differed littie from group 3.
Group 5 contained, as did group 1, a cluster of samples containing Nereis
larvae, but, with the exception of Polydora , lacked frequent occurrences of

other larvae and contained virtually no neritic copepods.

Group 6,was defined by another cluster of Maranzelleria, associated with
Littorina egg capsules GroupA7 was characterised by another ciuster of
samples containing A. tonsa, together with the majority of occurrences of
Neomysis, while group 8 wvas identified by the concentration of occurrences

of Daphnia, Bosmina, Diaptomus and chydorids.

The dendrogam (Fig 1.39) indicates that groups 1-4 vere mainly high tide
samples, and almost exclusively from Kincardine, Dunmore, Skinflats and
Culross. Group ltwas‘defined by date (May 1982), uhiie group 2 vas predominantly
composed of samples collected‘ in Septenber and Novemher;January. The |
associationjof:these’temporal groups'is a feature common to all the tidal
categories‘considered thus far. |
VGroup S consisted of u_miﬁture of predominantl: autuhnrand vinter samples;

included representatives of all upper-estuary stations but excluded Culross
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and Skinflats. Group 6 is confined to March 1982 and mainly low tides.
Group 7 is a mixture of predominantly autumn and winter samples, mainly low

tide and with a bias towards the upper estuary stations, and group 8
continues this trend with an increased representation of Fallin an S.Alloa
samples.

The MDA plot (Fig.l.42a) reflects the above observations clearly; the noted
simialrity between groups 1 and 2, and also between 3 and 4, is vell-
defined. The vectors correctly indicate that these two pairs should differ
most in respect of AR, Chla, Temp and Date, but little in respect of
Sal.

Dist, Yorg and Sal are clearly aligned, are virtually orthogonal to
Date and Disch (which are opposite to each other), and act in the opposite’
direct;on to Inor and Phaeo. Chla is aligned with Date, and helps to

distinguish groups 5 and 7 from 3,4 and 6. Groups 3,4 and 6 are in fact all

samples taken in March 1982.

Neap tide

'The pattern for neap tides vas similar to that for spring tides (Table 1.29,
Fig.1.40) but with a more restricted occurrence and abundance of most

larval taxa. TS and MDA were carried out to level three division, producing

eight groups.

'The major division wa: characterised by cirripede nauplii on one side and .
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and Neomysis, Diaptomus, Bosmina, Daphnia on the other.

. At level three, groups 1 and 2 contained most occurrences of polychaete larvae.
Centropages was confined to group 2. Groups 3 and 4 contained few larvae other

than Polydora and Maranzelleria, but Pseudocalanus, Temora, Oithona and

-cirripede nauplii were moderately well-represented. The highest Eurytemora
and rotifer abundances occurred in group 4. Groups 5 and 6 were distinguished

by Daphnia, Bosmina and Diaptomus, with some occurrences of Neomysis. Few

taxa were present in samples in groups 7 and 8; Neomysis was the species most
diagnostic of group 7.

The pattern of sample clustering by attribute was similar to that noted
already for other categories; groups 1-4 tended to be associated with seaward

stations, groups 5-8 with landward stétions, with a similar trend for tidal

state. Sorting by date was most marked in groups 1-4.

MDA illustrated the contrast between spring and neap tides (Fig.1.42b); The
relative magnitude and direction of influence of variables was similar ’
(although Date and Disch were antagonistic on spring tides and éimilar on neap
tides), but neap tide group centroids were less widely dispersed; 5,6 aﬁd 7
especially differed little’in location. Disch was the variable which besf
distinguished 8 from 5,6, and 7, and accounts for the concentration of
freshvater taxa in thellatter.

On neap tides, the importance of distance relative to sélinity_increasés.
Zorg was still aligned with theée tvo variables, but Temp wés‘also more éligned
with them than on spring tides. Daté and Disch were, as‘in pre§ious categories,
almost orthogonal to the major spatial variables; Groups.l and33 differ

from 2 and 4 in these t-pects, and this separation seems to relate to Oithona

in the former pair (autumn/winter) and high abundance of Eurytémora and Rotifera

in the latter (winter to spring).
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Figure 1.41

- Vector plots for a) high tide samples and b) low tide samples '

shoving the location of the centroids of 8 Twinspan groups

ordinated in Discriminant space on the basis of sample

. 'environmental’ attributes. Vectors indicate positive direction
and relative magnitude of influence of variables in discriminating

between groups. Vector labels indicated in text.
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Vector plots for a) spring tide samples and b) neap tide samples
showving the location of the centroids of 8 Twinspan groups
ordinated in Discriminant space on the basis of sample
'environmental’ attributes. Vectors indicate positive direction

- and relative magnitude of influence of variables in discriminating
between groups. Vector labels indicated in text.
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Chapter 2

Measurements of development rate in E, affinis



Expériments vere carried out in June and July 1983 and March-May 1984
to measure the development rates of E.affinis in estuary water at a range
of temperatures representative of conditions in the Forth estuary( 8 deg.C-
20 deg.C, Figs.1.3-1.5). Attempts were made to maintain lighting,salinity and

food at approximately natural levels.

Experiment 1 ¢ Development rates in mass culture

A pre}iminary study was conducted in June-July 1983 to establish the
feasibility of culturing E.affinis in estuary water on natural suspended
particulate material. A variety of methods have been described for
following the development of copepods through successive instars; these
range from the regular sacrifice of replicate cultures (Heinle 1966) to
the repeated subsampling of a continuous culture (Vidal, 1980a). The -
latter method vas adopted in the first instance in this study as offering

the expectation of a more exact relationship between successive samples.

Egg-sac-bearing female E.affinis vere obtained by hand-net at S.Alloa(Fig.1.2)
Animals collected in the net were washed gently into the cod-end and decanted
into a 1 litre container half-filled with habitat water.Salinity and
temperature during sampling were contindously monitored using an MC5:
temperature-salinity bridge. A 25 1 vater sample was collected when the

salinity was between 14%o and 16%o. Temperature was between 15 deg;c and 17.5

deg.C during sampling.
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The copepod container was placed in a cool-box, and transferred to the
laboratory within 1 hour of collection. Animals were sorted immediately on
arrival,in a CT romm at 15 deg.C, using a Perspex sorting device (Nival and
Nival 1970). Copepods were drawn into the observation chamber by
siphon from a reservoir; the chamber acted as a tap by means of which
individuals could be directed either to a collecting vessel or to waste.

200 egg-sac-bearing female E.affinis were sorted in this manner without
sustaining visible damage.

A 1 litre sample of habitat vater was filtered onto a pre-ashed, tared,
Vhatman GF/C filter. The filter was rinsed 3 times with 10 ml distilled
vater, dried at 60 deg.C for 24h and weighed after cooling in a dessicator.
Following this,the filter was ashed for 6h at 450 deg.C and re-weighed.

A blank filter (filtered seawater only) was subjected to the same treatment.
Dry and ash weights were corrected for blank values, and ash-free dry weight
calculated as mg/l. -

The rémaining 24 litres of water sample wvas screened through 69 um nylon
mesh to remove microzooplankton, and held in dim light at 15 deg.C until

required.

Vidal (1980) followed development of Calanus and Pseudocalanus in 101

vessels from which 10% of the population was subsampled at varying intervals.
In the preseht experiment, 2 litre vessels vere established at 15 deg.C and
20 deg.C, using vell-mixed habitat water (15 +/- 1 %o) screened and held

"as described above. 15 deg.C vater was allowed to acclimate to 20 deg.C for
24h before use. Initial suspended solids were estimated to be 75 mg/l.

Suspended solids levels in the culture vessels were not monitored during the

experiment.
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On 26.6.83, 100 egg-bearing females were added to a vessel at each temperature.
The 15 deg.C vessel vas maintained in a cooled incubator with the lighting
cycle adjusted to contemporary conditions. The 20 deg.C vessel was maintained
under ambient lab. conditions and was therefore subject to less control.

Both vessels were covered to minimise salinity changes, and vere topped up to
vhere necessary to a marked level with distilled water before sampling took
place. Vessel contents were not mixed between sampling events, and particulate
material eventually settled out on the bottom of the vessels.

Each vessel vas sampledvat intervals of approximately one and three days,
at mid-afternooh. Vessel contents were well-mixed, and 5% of the volume
sampled by rapidly immersing and £filling a 100ml beaker. The contents of the
beaker vere preserved by the addition of Steedman’s solution to a final
concentration of 4% and were subsequently concentrated to a volume of 5 ml
by decanting through a 100 ml polystyrene vessel with 69 um mesh-covered
holes near the base. The sample was then counted, and specimens identified
to developmental stage. The descriptions of instar characteristics given
by Katona (1971) were followed carefully, to minimise the possibility of
including instars of other species vhich may have been included as eggs in ’
the initial inoculum.

Folloving sampling, the 24 1 reservoir vas thoroughly agitated and a 100 ml
sample withdrawn and added as replacement to each culture vessel.

The experiment was terminated in each vessel when either a cohort appeared

to have reached adulthood, or no remaining animals could be detected.
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Experiment 2 : development rates at four temperatures

and two food levels

Betweén 26.3.84 and 21.5.84, development rate in E.affinis wvas investigated
in greater detail and under more carefully controlled and realistic conditions.

Throughout this series of tests, regular collections of habitat water were
made in order to maintain a degree of coupling between the laboratory and
estuarine systems.

Development rate was measured at four temperatures (8,12,16 and 20 deg.C)
gnd at tvo food levels (10 and S0 mg/l natural suspended particulate
material). The range of temperatures spanned, within practical limits, the
greateg.part of the range experiences annually in the Forth. Temperatures of
5,10,15 and 20 deg.C would have been preferable (as spanning a wider range -
and perﬁitting a more direct comparison with the literature), but it was not
feasible to achieve a temperature lower than 8 deg.C with the available
facilities.

The food levels were chosen to reflect the range typical of Forth near-

shore waters under calm, slackwater conditions (see results of field survey).
Neither food level was expécted fo be limiting in terms of available energy and
nutrients; measurements in 1982 indicated that the organic content of suspended
particulate material never fell below 9.7% and was commonly 20-25%. If half of
the organic content is assumed to be carbon, then a minimum of approximately 500
ug/l would have been available initially in any treatment. This matches the
highest feeding level used by, for instance, Klein Breteler et al (1982) in
their study of the growth and development of four species of North Sea
calanoids. The nutritional quality of the suspended particulate material was

not known, but field observations had shown previously that the estuary could
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support locally substantial populations during periods of low primary
productivity. At each temperature, cultures were replicated four times at the

higher food level and twice at the lower food level.

Adult female E.affinis with eggs in their body cavities and bearing
spermatophores were obtained and sorted as described above, from S. Alloa
on 23.3.84. A further sample of males and females were held as stock for
re-mating. Salinity was 12.6 Xo and the temperature 8.5 deg.C.

Females were placed individually in 5 ml of habitat water in tissue culture
plates, held in a cooled incubator at 8 deg.C, and observed daily until egg
sacs were produced. When sufficient eggs had been produced to initiate a
test at one temperature, the egg-bearing females vere transferred to 20 ml
vessels in an incubator or C.T. room at the appropriate experimental temperature
and the vessels alloved to equilibrate. These vessels were examined daily
| at 1000 h and all nauplii present collected with a Pasteur pipette with a tip
drawn out to a diameter of approximately 100 um. 600 nauplii of less than

24h age were used per experimental temperature.

 Each of the six vessels used to investigate naupliar development at each
temperature consisted of a 120 ml ploystyrene jar with 2 lem holes cut
diametrically opposite each other 5 mm from the base. The holes were covered
with 69 um mesh nylon net, and permitted the vessels to be gently drained and
the nauplii concentrated into a small volume of water. This facilitated:
observétion, sampling, and the changing of water.

Vhen development to the first copepodite stage had been completed, animals -

vere transferred to 69 um mesh net cylinders of approximately 500 ml volume.
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These cylinders were equipped with a clear polystyrene base (90 mm Petri
dish) into wvhich the copepodites could be concentrated. The cylinders were
stiffened with glass rods to enable them to stand upright in the culture

medium.

The development vessels were placed in polythene baths of 101 capacity,
which vere filled to a depth of 1 cm less than the vessels’ height with

with 69-um screened habitat water . This water had been adjusted with 1.2 um
filtered river water (0 20) to a salinity of 15 Xo. Further adjustments wvere
made with either a filtered volume of this 15 Xo mixture or with resuspended
filter contents to produce a nominal suspended particulate concentration

of 10 or 50 mg/l. Suspended solids determinations were carried out on the
source water as described previously, but the accuracy of the suspended

solids adjustment was not routinely verified. -

As the vessels vere placed in the tanks, they rapidly filled with water
and suspended particles. To maintain the paticulate material in suspension
and ensure circulation through the vessels, each tank vas equipped with
a small centrifugal pump (Eheim aquarium pump, 41/min. flow rate). The
pump abstracted water from one end of the tank, and returned it via a simple
manifold to the other end. Preliminary testing with Rose Bengal dye
introduced via a Pasteur pipette indicated that this was sufficient to -
genérate gentle vater flow through the development vessels and to ensure

even temperature distribution.

Expanded polystyrene sheets were arranged over the vessels, and these diffused
‘and attenuated the overhead lighting (hatural light/dark cycle) to - -

approximately 1.2 Lux (Leakey, 1983).
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The water in the baths was replaced every 48h, from stock water collected
veekly at high tide at S.Alloa and Stirling. This water was adjusted to
approximately experimental salinity and particulate content, and stored at
the appropriate temperature. Stock water was mixed vigourously twice per
day. Chlorophyll a concentrations were measured for each batch of stock water
to establish if any increase in primary productioh had occurred between

successive collections.

Tests vere initiated by the addition of 100 nauplii to each of the 6 vessels
at a given temperature. Two of the 50 mg/l replicates at each temperature wvere
subjected to detailed monitoring. This took place at 2-day intervals at 8 deg.C,
one-dax.intervals at 12 and 16 deg.C, and 12h intervals at 20 deg.C. Test
}vessels vere gently removed from their tanks, concentrating the animals within
into a small volume of water. In the copepodite development vessels, a wash
bottle filled with tank water was used to gently rinse animals down the mesh
into the base dish. Aniﬁals vere aspirated gently into a Pasteur pipette with
a 90 degree bend 2 cm from the tip. The pipette vwas connected by a length of
silicone rubber tubing to a rubber bulb which could be compressed by a screw
clamp (Boleyn 1967). The Pasteur pipette tip was placed flat on the base of a
Petri dish containing tank water, and the animals expressed slowly, one or two
at a time, into the dish.

Copepods in the last 2 cm of the pipette were observed at 100x magnification
and their developmental stage recorded with the aid of a bank of tally counters
labelled for each stage. A minimum of 50 individuals vere staged on each
occasion.

The tvo remaining high-food replicates, and the two low-food replicates, were

maintained as controls for handling effects on development rate and mortality.
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These vessels were only drained gently and checked at low pover for the first
appearance of copepodite stages 1 and 6.
The test continued at each temperature until all specimens in a sample were

adult. C.T. room temperature and tank water temperature were recorded daily.

Egg development rates were estimated separately. Thirty mated females were
held individually in 2ml tissue culture well plates, and observed at 12 h
(16 and 20 deg.C) or 24h (8 deg.C) intervals. The approximate times of egg

sac production and naupliar hatching were recorded.
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Results

Preliminary experiment: development rates in mass culture at

15 and 20 deg.C

The preliminary experiment was of limited success. The 20 deg.C culture
collapsed after'14bdays, following the first appearance of c4 copepodites.
Naupliar development rates appeared relatively cqnstaht between |
instars; the first cl individuals appeared after 5 days. Subsequently,

developmeht proceeded to c3 in a further 4 days before stagnating during

the remaining 6 days.

Development was more complete at 15 deg.C (Fig.2.1). The culture was terminated
after 30 days, folloving the first appearance of adults of both sexes on

day 27. A small number of adult females were recorded on days 20 eﬁ& 23;

earlier appearances of adult females were attributed to the initial inoculum.
Individuals were Videly distributed amongst stages on most days. The first .
copepodites vere present in samples between 6 and 9 days, with ¢3 copepodites
appearing on the 12th day. Total copepodite development time thus appeared tqr

be approximately twice total naupliar development time.
The persistence of early developmental stages thfoughout the experiment may

indicate that a male or males vere inadvertently included in the initial

1nocu1um, and that some of the females vere subsequently re-mated.’
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Experiment 2 : Development of cohorts at two food levels and

four temperatures
Primary production

Chlorophyll a concentrations in sample water did not exceed 4.7 ug/l

during the experiment.

Comparison of development and survival between replicates and

food levels

The dage of first appearancé of ¢l and ¢6 stages was recorded for each of the
6 vessels at each of 4 temperatures (Table 2.1). The comparisons of most
interest are a) between high-food replicates subjected to detailed monitoring
and those followed with minimal disturbance and b) between either high-food
category and the low-food replicates. A full comparison was not possible
for b) at 16 and 20 deg.C as the appearance of ¢l individuals was missed. It
is nevertheless apparent that‘neifher handling nor food level had any
discernible systemétic effect on development rates; specifically, repeated
handling or lower food availability did not impede development with

respect to animals subjected to minimal handling or fed ad 1lib.

Overall, survival ranged from 59% (16 deg.C, high food) to 86X (12 deg.C,
high food)(Table 2.2). Females constituted between 45X and 58% of the final

population. There was no trend in survivorship between high and low-food

treatments or between temperatures.
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Table 2-1 Day of first appearance of copepodite 1 and copepodite 6 stages
at 4 temperatures and two food levels. earliest day for

combined replicate counts underlined.

TEMPERATURE (°C)  FOOD LEVEL (mg/1)
50 10

cl ¢6 ¢l cb

8 15 33 17 35
1w 3135

15 35
1 921 9 23

10 22 10 23

foo

22
16 5 14 - 14
6 15 - 15

6 1
20 5513.0 = 13,0
5.513.5 = 14.0

4.5 14.0
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Table 2.2 Percent survival and percent adult female in replicate

trials conducted at four temperatures and two food levels

Food level Percent sﬁrvival (X female in brackets)
8 12 16 20

Bigh 1 76(52) 86(58) 73(54) 80(49)

2 74(48) 64(50) 63(56) 68(53)

3 60(51) 71(47) 83(53) 67(46)

4 76(55) 65(53) 59(48) 64(52) ‘
Low 1 66(49) 77(47) 71(52) 72(57) -

2 79(45) 69(49) 75(55) - 66(50)

In the light of the above observations it was considered justifiable to
proceed to estimate stage durations from the combined counts of the two

more intensively-monitored high-food replicates at each température.
Estimation of egg development times

Successful development of eggs occurred only at three temperatures
(Table 2.3); 8,16 and 20 deg.C. Mean development time ranged from 4.7d at

8 deg.C to 0.5d at 20 deg.C. Development time at 16 deg.C was much closer

to that at 8 deg.C than at 20 deg.C.

Table 2.3 Mean egg development times at 3 temperatures -
Temperature
8 12 16 20
Mean (Days) 4.7 - 4.0 0.5
Range (3.5-6.0) - (0) (0)
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Estimation of naupliar and copepodite development rates

The process of cohort development through instars can be considered to
fall into the category of time-percent solutions derived in toxicological
studies. In such studies, cumulative percent reaction versus time follows
a characteristically S-shaped curve. Figure 2.3 emphasises the applicability
of this approach to development studies. The passage of individuals through
each instar is spread over time, with a fev entering the next stage at first,
followed by the majority at an approximately constant rate, and with a small

number completing development after a longer time interval.

Stage duration in the work reported here will be defined as the interval
befween the median time at which animals enter a stage and the median time
at vhich they enter the next stage. To estimate median development time
(DT50), the cumulative percent having moulted beyond a particular stage
wvas plotted against time on log-probability paper and a straight line

fitted to the points following Litchfield(1948). The DT50 was estimated

graphically from this line.

Development at 8 deg. C

Development to c6 was complete after 45 days (Tables 2.5a-c, Fig.2.2 ), at

vhich time percent survival ranged from 60 to 79X. Females constituted between

45% and 55% of the survivors.

Naupliar stages appeared generally equal in duration, with the exception of

a protracted n2 stage. The distribution of individuals in stages broadened,
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Table 2.5a Distribution in stage on each sampling occasion at 8 deg.C;
high-food replicate 1

8% High fooé level, replicate 1

nl n2 n3 n% n5 n6 cl c2 ¢3 cb c5 cb

1 5 0

3 L L6

5 0 50

” 50 0 O

) 35 1+ 0 O

11 6 37 6 5

13 O 2 43 8 o

15 0 L 3¢ 6 O

17 c & 32 3 ¢

19 C 1% 25 3

21 0 43 7 ¢

23 23 25 2

25 12 36 2

27 5 20 25 0

29 0 6 43 1

31 0 16 3= ¢
55 0 4C 10 ¢
35 3B 16 3
37 0 L2 8
39 32 20
41 3 47
L3 0 50
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Table 2.5b Distribution in stage on each sampling occasion at 8 deg.C;
high-food replicate 2

8% High food level, replicate 2

nl n2 n3 n4% n5 né el c¢2 ¢c3 c4 c5 c¢b

= 2 N0 N \n W

Y 4
A IS A 6 I LV A Y I

~I \n

-

W \D D RN
0

AWA )

50
9 41
0 50
50 0 0
27 17 7 ©
C 4 2 0
8 35 ¢
o 0 5% 0 0
2 b3 3
¢ 17 32 0
0 28 12 90
27 1B =&
S 31 10
5 27 23 0
0 M €
24 26 o0
0 Ly 6 0
27 U 9
3 38 9
0 42 8
13 37
8 42
0 50



Table 2.5c Distribution in stage on each sampling occasion at 8 deg.C;
percentage values from combined replicate counts

8°2 High fool level, combinad counts (percentages)

nl n2 n3 n¥ n5 n6 cl c2 ¢c2 c& e¢5 b
100 O
% 86
0 100
10 O 0
€2 30 8 0
6 82 8 4
0 10 74 16 ¢
c & 90 6 O
0 10 82 £ o
0 22 58 10
0 60 20 O
50 4 6
22 66 12
4 48 43 o
0 6 88 6
0 L2 63 2
0 8 16 0
€1 26 12
2 80 18
0 72 28
18 82
8 92
106G
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and stage duration increased, in the later copepodite stages.
Naupliar stage durations, derived from the DTS50 values (Table 2.4), wvere, with

the exception noted above, of about 2.5 days. The n2 stage lasted considerably

longer at 6.75 days.

Development to cl was estimated to take 18.20 days (Table 2.4), vhile full

development ( 50X moulted to c6) was estimated at slightly more than twice

this at 39.0 days.

Development at 12 deg.C

All su;viving copepods had reached adulthood after 29 days. As at 8 deg.C,
the distribution of individuals in stages broadened with increasing age
(Fig.2.4), but the development curves were considerably straighter than at

8 deg. and the stage intervals less variable.Total median development time for
all naupliar stages vas 10.40 days, and full development was estimafed to

take 26.0 days (Table 2.4). The n2 stage was again slightly longer at 2.55

days than the other naupliar stages, vhich ranged from 1.20 to 1.80 days.

Copepodite development took longer than naupliar development (15.6 days

versus 10.4 days); Individual stage durations ranged from 3.00 to 3.50

days.

Vith the exception noted above (n2 stage), there was no systematic variation

in naupliar instar duration or in copepodite instar duration.
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Table 2.4 Stage duration and median stage development time at four
temperature, high-food treatment

8% 12°¢

Stage Durztion DT 50 Durztion T 50

N1 2.45 0 1.0 0

N2  6.75 2.45 2.55 1,70
N3 1.95 9.20 1.85 L4.25
N4 2.10 11.15 1.30 6.10
N5 2.55 13.25 1.20 7.40
N6 2,40 15.80 1.80 8.60
cl 4,05 18,20 3.10 10,40
c2 4.25 22.50 3.25 13,50
c3 4,00 26.50 3.50 16.75
ol 4,00 30. 50 2.75 20.25
c5 4,50 3. 50 3.00 23.00
cé -- 39.00 - 26,00

16% 2%

Stage Duration DT, Duratien DIy

N1 1.40 0 0.95 0

N2 1.90 1.40 1.40 0.95
N3 0.95 3.30 1.1C - 2.35
N4 0.75 4.25 1.05 345
N5 0.95 5,00 1,05 4,50
N6 1,10 5.95 145  5.55
c1 1.35 7.05 1.55 7.00
c2 2.10 8.40 1.95 8.55
c3 1,90 10. 50 .75 10,50
c4 2.10 12.40 1.65 12.25
c5 2.50 14,50 1.35 13,90
cé -- 17.00 - 15.25
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Table 2.6a Distribution in stage on each sampling occasion at 12 deg.C;
high-food replicate 1

nl n2-n3 nb n5 n6 cl ¢c2 ¢3 c4 c5 ¢b

1 50 O
2 7 43 0

3 0 43 7

L 16

5 17 33 ©

6 2 28 20 ©

7 0 1% 3 5

8 o 7 43 0

9 0 30 20 O

10 0 3% W ©

11 31 16 3

12 10 30 10

13 0 37 13

14 28 22

15 17 33 0

14 0 bLs 5

17 22 3™ 0

1R 5 39 6

15 o W 6

20 29 21 0O
21 19 28 3
22 10 32 9 0O
23 0 26 23
24 12 35 .
25 0 40 10
26 31 19
27 - 25 25
28 21 29
29 0 50
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Table 2.6b Distribution in stage on each sampling occasion at 12 deg.C;

N S W e
W FE WMo

A}

DD N DD NN NN DD
O~ O\ WD 2O VWV O O

OV DT O FWwWoN o

nl
50

12

0

n2
0
38
49
39
24
6
0

high-food replicate 2

n3 n4 n5 n6 el c2 e3 ci c5 cb

0
1l
11
26 0
20 24 O
8 36 6
0 13 AN
0 20

6
30
41
29
13

0

9
21 0
35 2
* 16
16 34
8 42
o 48
18
0
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32
33
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17

37

30
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17
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Table 2.6c Distribution in stage on each sampling occasion at 12 deg.C;
percentage values from combined replicate counts

nl n2 n3 nb n5 n6 cl ¢2 e3 cb 5 cb

1 100 O

2 19 81 O

3 0 92 8

L 73 27

5 L1 59 O

6 8 48 44 O

vi 0 22 67 11 O

8 0 20 74 6

9 0 50 50 ©

10 0 77 23 ©

1 60 37 3

12 23 65 12

13 071 29

b Ly 56

15 25 75 O

16 0 o3 7

:7 Lo 60 O

18 5 79 16

19 0 8 18
20 2 48 0
21 28 60 12

22 10 63 27 O
23 0 W 60 6
2l 15 65 20
25 0 71 29
26 55 45
27 H 66
28 21 79
29 - 0100
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Percent survival ranged from 65 to 86, and females constituted between 47%

and 58X of the population(Table 2.2).

Development at 16 deg. C

Development to c6 was complete after 20 days. The development curves were
almost linear (Fig.2.5), although, as at the lower temperatures, stage

duration broadened as develpoment progressed (Fig.2.5,Table 2.10a-c).

Median naupliar development time was 7.05 days, and median stage duration
ranged from 0.75 to 1,90 days. The n2 stage lasted longer than any other

naupliar stage. There was no trend in the remaining stage duration variation.

Total median development time was 17 days, and median copepodite development
time, at 9.95 days was again rather longer than naupliar development time.

Median copepodite stage durations ranged from 1.35 to 2.50 days, and did not

change systematically with increasing age.

Survival ranged between 59X and 83X, and females numbers bgtveen 48% and 56X

of the population (Table 2.2)
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Table 2.10a Distribution in stage on each sampling occasion at 16 deg.C;
high-food replicate 1

nl n2 n3 n4 n5 n6 ¢l ¢c2 ¢e3 c4 c5 cb

1 5 0
2 0 5 O

3 35 15

4 15 35 0 0

5 0 5 16 25 O

6 5 0 20 30 0

7 ¢ 11 39

8 0 5 ©

o 7 43 0

10 0 35 15 ©

11 12 25 13

12 o 27 23

13 n 2 0

1L 0 39 11 0
15 26 23 1
16 15 29 6
17 0 30 20
18 24 26
19 13 37
20 0 50
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[
Table 2.10b Distribution in stage on each sampling occasion at 16 deg.C;
high-food replicate 2

n. n? n3 nb n5 né el ¢2 ¢3 cob e5 cb

1 5 0

2 D 50 0O

3 30 20 0O

b 527 18 0

5 0 0 7 43 0

é 0 0 11 39 o

7 C 0 8 42 o

8 0 C 41 o9

9 4 L5 ¢

1C 0 31 19 0o

12 ¢ 12 25 7

3 18 26 £ 0
W 10 22 18 2

15 0 16 22 8

16 0 20 21

17 | 17 33

18 8 42

19 -0 50
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Table 2.10c Distribution in stage on each sampling occasion at 16 deg.C;
' percentage values from combined replicate counts

nl n2 n3 nd n5 n6 el ¢c2 c3 cl4 c5 cb

O 0O~ Ovn F W N

100 ©

0100 O

65 35 0

20 62 18 ©

0 52372 0

0 0 31 69 O
0 19 81 O
0 90 10
11 8 ©

10 0 66 34+ O
11 30 50 20
12 0 47 53 0
13 29 65 6 ©
14 10 %8 30 2
15 0 3% 55 9
16 15 58 27
17 0 47 53
18 32 68
19 13 87
20 0 100
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Development at 20 deg. C

All surviving specimens had completed development to c6 after 15.5 days.
Stage duration was mﬁch reduced compared to lower temperatures, and there
was less obvious variation in the distribution of individuals within stages
(Fig.2.9, Table 2.7). Median development time to n6é was 7.00 days, similar to
that at 16 deg. C. The median development time to ¢6 was 15.25 days. The
difference between naupliar and copepodite development times at 20 deg. C was

therefore small compared to that at lower temperatures.

Median naupliar instar duration ranged from 0.95 to 1.40 days; the n2 stage

again occupied a longer period than other stages.

Median copepodite development periods were 1.35 to 1.95, with some indication

of a trend to reducing period with increasing age.

Survivorship was between 64X and 80X, with females constituting between

49% and 57X (Table 2.2).

Average stage duration

Vhen median development times were plotted against stage, the shallower
slope of copepodite development at all temperatures is more readily
apparent, as is the approximately linear nature of the naupliar and

copepodite segments (Fig.2.6).kIn order. to estimate mean instar durations,
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Table 2.7 a 20% High food level, replicate 1

nl n2 n3 n4 n5 né el c2 e3 cit c5 b
Ce5 52 o)
1.C 30 280 O
1.5 0 L5 =&
2.0 L2 8
2.5 25 15 0
3,00 27 18 5
1.5 o 2 20 9O
L0 D A ¥ 2
b.s n 30 20 0
5.0 15 30 5
5.5 D22 28 O
£.0 15 31 4
£.3 5 7 w3
7.0 1020 282 1
Te 5 S A Y
[3Re 7 26 17
8.5 ¢ 21 29
8.0 15 35
S.5 11 3¢ ¢C
10,0 c 28 2z 0
10.5 20 27 3
11.C - 10 28 12
11.5 0 22 18
2.0 36 1%
12.5 w7 33
13.0 15 33 ©
13,5k 12 28 10 O
14.0 2 13 32
.5 | O 6 35 5
15.0 o : . 0 23 27
15.5 LT | 0 50
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Table 2.7b Distribution in stage on each sampling occasion at 20 deg.C;
high-food replicate 2

nl n2 n3 n% n5 n6 ¢l c2 c3 c4 c5 cb

Jd 0NN 2
L]

0.5 5 0
1.0 42 8
5 0 5 0
.0 Ly 2
5 3% 4L 0
W0 21 24 5
2.5 0 1w 33 0
4,9 2 20 19 ©
L. 5 7 A 12
5.0 5 33 1.z
5.5 0 17 33
6.0 10 40 0
6.5 7 4 3
7.0 331 16 ©
7.5 C 1 29 7
8.0 . 6 31 15
£.5 C 28 22
9.0 ' 26 2k ,
9.5 o L1 0
10,0 | 0 17 33 0
10,5 o n 32 7
11,0 | 4o 12
1.5 | 0 40 10
12,0 | | 36 W
12.5 | | | 18 32 0
13.0 | ‘ 11 3% 3
3.5 | 7 27 16 ©
14.0 o 0 3 24 23
W5 | o 0 11 39
15.0 ~ o | 23 27

15.5 ' b
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Table 2.7c Distribution in stage on each sampling occasion at 20 deg.
percentage values from combined replicate counts

nl n2 n3 n% n5 né ¢l ¢c2 ¢c3 c&4 c5 cb
0.5 100 O
1.0 72 28 0
1.5 0 95
2.0 89 11
2.5 71 29 O
3.0 48 42 10
3.5 9 29 62 0
LG : 0 10 65 21 O

eC 20 63
5.5 0 39
5.0 25
10

NI R
N = e N
¥ O

~N ~ O

G on O \n
o
N

33 E

Rl -.30 .\1 .\]
[l

QO \» \)
N
4
he)
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0

(]

I
O
0 \n
[S IR Y6
Q

Q.5 , ‘ 2
10.0 s G

10.5 | 5 10

11.0 . % 62 2k

11.5 » c 72 26

12,0 - ' | €7 33 |
12,5 N SRR e 0.
13.0 B 2267 3
13.5 B | 19 55 26 O
w.o | 2 16 %6 26
W5 R 0 6 50 W4
15,0 o S N 0 23 77
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stage

. Developmental

’}.

5

10 15 20 25 30 35

5 10

Median development time(days)

15 20 25 30 35

Figure 2.6 Median development times for all developmental stages at four
temperatures,high food level treatment
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the regression of stage on time was calculated separately for nauplii and

copepodites at each temperature (Table ).

Table 2.8 Regression parameters: developmental stage versus time

Nauplii Copepodites
Temp. Constant Slope r Constant Slope r
8 -0.326 0.328 92.8% 1.64 0.241 99.9%
12 -0.311 0.595 97.9% 2.64 0.319 99.8%
16 - —0.636 0.925 97.1X 3.09 0.471 99.7X
20 0.116 0.853 99.6X 1.83 0.593 99.4%

The slope of each regression has units of stages/day. For nauplii, there
is an increase in slope from 8-16 deg.C, with a slight decrease at 20 deg.C.
For copepodites, there is a monotonically increasing trend in siope with
increasing temperature. Comparison of slopes for nauplii and éopepodités

at any temperature emphasises that copepodites develop more slowly than

nauplii.
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Development rate as a function of temperature

Following Bottrell (1975), equations of the form

InD = a - b(InT)**2 where D = development time in days
T = temperature in deg. C

a,b are constants

vere fitted to the development times for hauplii and copepodites and

for total development (excluding egg development) (Table 2.9,Fig.2.7a).

For purposes of comparison, power functions were also fitted (Table 2.9,
Fig.2.7b). The power function equations gave a marginally better fit for
napplii and copepodites (Table 2.9), but appeared biologically less realistic
vhen extrapolated outside the range 6f experimental temperatures. Bottrell’s
equation wvas therefore preferred as a basis on wvhich to predict daily growth

rates from field observations of vater temperature and mean instar lengths.
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Table 2.9 DEVELCPLENT RATE EQUATIONS

A) Based on Bottrell's equation:
1) Kauplii 1nD = 3.76-C.215(1nT)% 22 = 03.1:

2) Copepodites 1InD = 2,00-0,207(1nT)? 2
3) Total nD = &, 53-0,211(1nT)? r? =
B) Power function: 1) Fauplii log, oD = 2.23-1.10 logy, T - ol.3%
2) Copepodites log D = 2,26-1,05 logyg T ¥ = 97.4%
3) Total log D = 2.55-1.07 logy, T r° = 98.1%
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Estimation of daily length increment from field and laboratory

observations

Using the equations fitted above, naupliar and copepodite development times
vere predicted atjthe ambient S.Alloa temperatures on the 9 dates in 1981-2

for which detailed field length data were obtained (Table 1.7). A simplification
vas introduced by ignoring the fact that, at some times of the year, animals
wvould experience a changing temperature regime.

The coefficients of the regressions of stage on time were obtained (Table 2.8).
Estimated field naupliar development times ranged from 7.13d on 7.7.82 to
42.6d 09,12.1.82; corresponding copepodite development times for these dates
vere 8.76d and 49.4d respectively. These values translated into rates of |

0.139-0.842 stages/day for nauplii and 0.101-0.571 stages/day for copepodites

(Table 2.11).

Field observations relating cephalothorax length to stage (Figs.2.8a-c)

showved a slightly curvilinear relationship, but one which in all cases could

be adéquately modelled by linear regression (Table 2.12). The regressions
yielded coefficients (mm/stage) of between 0.034 (31.5.82,16.4 deg.C) and 0.049
(2.4.82,7.6 deg.C) for nauplii and between 0.076 (31.5.82) and 0.101 (11.12.81)
for copepodites.

In general, growth per stage, and stage duration, were lov at high‘temperatures
and high at low temperatures. An exception to this was the sample for 20.9.82,

in which animals of all stages were unexpectedly large (Fig.l.6).
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Table 2.11
DEVELOPMENT TIMES AND RATES OF LENGTH INCREMENT PER STAGE AND PER DAY
FOR 9 DATES IN 1982

™  Temr r late e r eil zily
DATT Temy Devn Dev, at n ?:tec Incn IncC Dzl N D 113c

17,12 7,00 10,03 22,5 0.315 6,222 Q0,044 €007 00,0137 0.022%
12.1 0 hz,05 Lok 0,139 0,101 0.%45 0,091 C,0063 02,0002
3.2 L, 28,16 32,00 0.213 0.152 0.046 0,096 0,0097 0,0145
2.4 7.5 17.82 21.18 0,337 0.23%5 C.049 0,099 90,0166 0,0232
3.5 16.40  7.99 09,78 0.751 0.511 0.03: 0,076 0,026 0.0388
7.7 18.00 7.13 8.76 0.842 0.571 0.035 0.079 0,029 0.0451
20,9 14.25 9.42 11.46 0.637 0.436 0,046 0.1C0 0,0289 0,0436
16.11 6,08 21.32 25.17 0.281 0.199 0.043 0,087 0.0119 0,0172
23.12 1.83 39.71 45,81 0.151 0,109 0,044 0,097 0,0067 0,0106

Q

o
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Table 2,12

11DEC
12JAN
SFEE
24FR
31MAY
-~ 7JUL
ZOSE?
16NOV

23DEC

Nauplii

L = 0.0446 + 0.04355

r= 98.2 ¢

L = 0,0419 + 0.0453S
r’= 97.8 %

L = 0.0448 + 0,04583
2
r=97.3%

L =0,025 + 0,04925
= 96.6 %

L = 0.0588 + 0.0343S
r2 = 08,8 %

1 = 0,0608 + 0,0348S
o= 99.4 %

L = 0,0399 + 0,04555
rz =098.,1%

L = 0.050% + 0.04255
%= 99.5%

L = 0,05 + 0.0444s

%= 98,8 %
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EQUATIONS RELATING LENGTH TO STAGE

Copepodites
L = -0.395 + 0,101S
= 95.4 %

L = =0.,261 + 0,09155

.r2= 93.2 %

L = =0.296 + 0,0956S
r2=97-5 %

L = -0,36 + 0,0987S
r"= 96.7 %

L = -0.251 + 0,0761S
r= 97.0 %,

L = -0,268 + 0,0795

r"= 08,6 %

L = «0,346 + 0.1S
r=91.9%

L = -0,259 + 0,08655

- Y'=08.3%

L2= -0.339 + 0.0973S
r=97.5%
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Daily length increment (mm/day) was estimated from the product of development
rate (stages/day) and growth rate (mm/stage) (Table 2.11, Fig.2.8). This reveale
that, although copepods achieved a greater final length in each stage at low
temperatures (with the exception of 20.9.82), growth rates were considerably
higher in spring and summer as a consequence of the temperature-enhanced
development rates. Highest growth rates were predicted for 20.9.82 for
nauplii ( 0.029 mm/day), and 7.7.82 for copepodites (0.045 mm/day). Lowest
growth rates were predicted for 12.1.82, and were, for nauplii and copepodites

respectively, only 22X and 21X of the highest predicted rates.
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| ’:Chap.ter 3

Predation by Neomysis integer on Eurytemora affinis



Predation of Neomysis on Eurytemora affinis

Between 29.9.83 and 31.10.83, a series of experiments were
conducted to investigate the effectiveneés with wvhich Neomysis
could prey on Eurytemora. These comprised;

a) the investigation of the relationship between mysid length
and predation rate

b) the generation of a functional response for adult mysids by
determining predation rate at a range of prey densities
representative of those observed in the Forth estuary

¢) the investigation of the effect of the absence of light and
the presence of natural suspended particulate material on

predation rates in adult mysids.

All experiments were carried out at 15+/- 1 deg.c and at 10 +/-1
ppt. Water for each experiment was made up from S.Alloa water
collected on high tides, filtered to 1.2 um, and diluted as
necessary with fresh(0%o) Forth river water similarly filtered. An
exception was the investigation of the effect of suspended
particulate material on predation rate, when the suspended solids
content of the medium was adjusted to approximately‘GS mg/l. All
experiments were carried out over 24h in a 12:12.LD lighting
cycle, with the exception of the test 6f predation rate in the
dark.Illumination, vhen present, was diffused and attenuated by
expanded polystyrene sheets to approximately 1.2 Lux.

Experiments in b) and c¢) used adult mysids of between 14 and
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17mm in length, which had been held in filtered 10 ppt estuary
vater for 24 h prior to introduction to the test vessels.Mysids
used in A) had been similarly treated, but ranged in size from
5.04 to to 19.0 mm in length. Only mysids which had not moulted
in the 24h prior to testing vere.dsed, and only one mysid was
introduced to each test vessel. All trials were conducted in
acid-washed glass beakers, loosely covered to minimise
evaporation losses.

Preliminary tests wvere conducted under less well-controlled
circumstances to establish whether or not Neomysis could capture

Eurytemora under laboratory conditions
"Collection of experimental material

Copepods, mysids and vater collected from S.Alloa on high tides

between 26.9 and 27.10. Additional water was collected on each

occasion from Stirling bridge. Animals were collected using a
hand-net equipped with a transparent cod-end. Following each net

swveep, the contents were washed gently into the cod-end and the

cod-end detached and decanted through a 1lmm mesh (through which copepods
passed) into a polythene aspirator containing 5 litres of ambient water.
Juvenile and adult mysids retained on the mesh were washed gently into a
separate and similar container. Inspection of the contents of -

the cod-end permitted the size of the ﬁatch to be approximately
estimated.

The contents of the aspirator were placed in a cool-box and

transported to the laboratory within 1 hour of collection.
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Pre-treatment and exposure of mysids
a) effects of size on predation rate: 29.9.83

The contents of the aspirator veré mixed thoroughly, and a
1-litre subsample rapidly taken to obtain a sample of
approximately 30 mysids of varying sizes. Half of these animals
vere gently transferred individually with a wide-bore pipette.
into beakers containing 100 ml filtered habitat water, and the
time noted.The remaining mysids were placed in 51 of unfiltered
habitat water for 24h. During this period, sufficient adult
E.affinis for the experiment were sorted. Damaged individuals
vere rejected, and 1500 intact and active specimens were placed
in groups of 100 into 15 200ml polystyrene beakers containing
filtered 10ppt estuary water. These beakers were placed in a C.T.
room at 15 deg. C. A further 1500 adult E.affinis were placed in.
10 1 unfiltered estuary water (10 ppt) and held in the same room.
After 24h, mysids held in filtered water were examingd, and
active,unmoulted animals were ttansferred individually,at 10 min.
intervals, to 21 beakers each containing 100 adult E.affinis.
The mysids held in unfiltered vater vere transferred individually
into 100 ml of filtered water.Staggering the initiation of the
predation trials alloved sufficient time to terminate each trial
wvithout affecting the duration of any other, although since all
trials were conducted in the same C.T. room there was a |
consequent variation in the lighting history of successive
trials. During the first set of trials, the remaining 1500

E.affinis were sorted into groups of 100 and held in filtered 10

ppt estuary water.
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Each trial was terminated 24h after initiation, by

decanting the contents of the beaker through 1lmm mesh into a
100ml container with 69 um mesh- covered holes near the base.
Neutral red stain ( 1:200000,Dressel et al,1972) was added to
the material retained, which was stained for 30 min. and then
preserved in acidified 4X Steedman’s solution and transferred to
a Beatson jar for subsequent examination. Stainiﬁg served to
assess the degree of mortality in the prey sample, and thus to
indicate the extent to which results may have been biased by
"uncontested" capture.It was expected that mortality due to
unsuccessful attacks would be evident from physical damage
susta{ped by such copepods during the attack.

Folloving the termination of the first set of trials, the 21
experimental beakers were rinsed with filtered test water (10
ppt) and refilled. 100 adult E.affinis were added to each beaker,
and the second batch of mysid§ exposed to prey in the same manner
as wvere the first batch.Two controls with 50 prey but without:

predator vere run in conjunction with each batch.
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b) Estimation of functional response

During the period 2.10.83 to 22.10.83, trials were conducted at
densities of 10,25,50,100,200,300 and 500 prey/l. Each treatment
vas replicated five times, with two controls, and each treatment
tested on 5 separate occasions. Pre-treatment of mysids was as
described above, except that individuals were briefly restrained
in a small trough and measured to the nearest millimetre. For
each treatment, five mysids between 14 and 17mm in length were
selected and held in filtered water for 24h. Adult E.affinis were
sorted dufing the starvation period and added to the experimental
beakerg just before the mysids.

Beaker volume differed between treatments.At 10 prey/l 5 litre
beakers were used( 50 prey per mysid). At 25 prey/litre,test;
vere replicated in both 5 and 2 litre beakers, and gt 50
prey/litre in both 2 and 1 litre beakers. The remaining prey
densities were tested in 1 litre beakers. All beakers_vere filled
‘to their nominal capacity. Mysids were exposed to prey‘for 24h,
and replicates vere initiated at 10-minute intervals to eliminate
variation in exposure period due to the time taken to terminatg
each one.

At the end of the exposure period,rthe vessel cpntgnts vere

decanted as described above and the contents preserved.
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¢) Predation in the dark and in the presence of suspended

sediments

14-17mm mysids were obtained on 28.10 for the investigation of
the effgc;s of darkness and on 31;10 for the investigation of the
effects of the presence of suspended particulate material. Mysids
wvere measured, held in filtered water for 24h and the tests
initiated as described above, with 5 replicates and two controls
per treatment.

Predation in the dark was measured at 50 and 100 prey/litre in 2
litre beakers filled to nominal capacity. Mysids were exposed at
these Soncentrations for 24h in a light-tight CT room at 15 deg. -
c.

Predation in the presence of detritus was tested at 25,50 and
100 prey/litre, also in 2 litre beakers. Habitat vater, adjusted
to 10 ppt, was screened through a 69 um mesh, and 3 250 ml
subsamples filtered onto tared WVhatman GF/C filters and dried for
24h at 60 deg. C. The mean suspended solids content was 65.08
mg/l, wvhich was considered sufficiently representative of
estuarine conditions to require no adjustment.Mysids were exposed
for 24h. The beakers were not mixed during the exposure period,
and the particulate material gradually settled out on the bottom.
Each replicate was obsenved at intervals during the exposure : -
period to obtain an impression of the effect of this sed%mented
layer on the behaviour on both mysids and copepods..

In both experiments, adult E.affinis were,as above sorted during

the pre-exposure period. Both sets of trials vere terminated as

described above.
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Sorting and preparation of copepods

The experiments described above required a total of 13875 adult
E.affinis. The constraints of time imposed in setting up each
treatment demanded a rapid, efficient and gentle method of
sorting. |

Foloving each collection, subsamples from the collection were
cumulatively concentrated in a 100ml polystyrene container with
69 um-mesh-screened holes near the base. When several
hundred had been concentrated into about 15 ml of estuary water,
they were aspirated gently into a sorting device consisting of a
Pasteur pipette with the final 2 cm bent to 120 degrees, attached
via 20cm of 3mm internal diameter polythene tubing to a 20ml
thumbwheel-controlled pipette filler. This device permitted
precise control of the movement of water into and out of the
V pipette tip. -

The pipette tip was transferfed to a 90mm Petri dish which had a
divider glued in place acros tﬁe diameter. The final tvo 2cm of
the tip was placed flat on the bottom of the Petri dish, below
the surface of filtered estuary water, and the position of the
dishradjusted so that the 2cm section was within the field of
viev of a Vild M5 stereo dissection microscope. The refractive
index of the water and of the pipette glass were sufficiently
close that the contents of the pipette tip could be resolved

clearly enough to identify individual copepods to species and to
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stage. The contents of the device were expressed slowly into one
half of the dish.Vhen an adult male or female Eurytemora
approached the end of the pipette, the pipette filler was
manipulated until the individual vﬁs at the pipette end. The
pipette vas raised and the individual ejected into a drop at

the pipette tip, which was then dipped gently and briefly into
the vater in the other half of the Petri dish.The pipette was
transferred back to the original side of the division, and the
sorting process continued; unwanted copepods were expressed
directly without manipulation.Given the largely monospecific
nature of the samples from S.Alloa, it proved possible to sort in
excesi,of 1000 adult E.affinis per hour

Copepods were transferred in groups of 25,50 or 100 into 100ml
beakers of filtered 10 ppt estuary water and held in dim light at
15 deg. C until required. For each set of trials, an additional
25 copepods were held in filtered water; these animals were used
to replace any which died or became moribund during the holding

period and ensured that only active, apparently healthy specimens

vere used as prey.
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Evaluation of results

The preserved épecimens from each trial replicate were
concentrated into 2ml of fresh 4X Steedman’s solution made up
with 10 ppt filtered estuary water. This volume was pipetted into
a Bogarov counting tray, and the copepods counted. Each was
examined for signs of damage, and any which had not taken up the
Neutral red stain (and were therefore dead at the end‘of the
trial) were noted.

Small mysids were placed in the Bogarov tray and the length from
rostrum tip to telson end measu;ed with a calibrated eyepiece
graticgle to O.1mm. Larger mysids were placed on a piece of graph
paper and their length similarly measured to O.5mm.

Faecal pellets produced by mysids during trials were examined and

their contents qualitatively assessed.

The effect of mysid size on predation rate was evaluated from the
regression of rate in prey/mysid/day on mysid length in mm.
For the remaining experiments, feeding rate was calculated as

clearance rate (Fulton,1982a;Frost,1972, 1975; Cooper and

Goldman,1980)
Cr =( -1n(Nt/No)V)/(NpT). (equation 1)
Where Cr = clearance rate (1/h)
No = initial(control) number of prey
Nt = number of prey at time T (h)
V = volume of experimental vessel (1)
Np = number of predators
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The relationship between clearance rate and prey density was
tested by analysis of covariance (ANCOVA) in which clearance

rates wvere normalised by log(x+1l) transformation, as the variances
vere found to be heterogeneous by Bartlett’s test. The model
partitioned variance between prey density and blocks(days), with

mysid length as a covariate.

Predation rate was calculated as:

P = (No-Nt)/TNp (equation 2)

Although Frost(1972),Landry(1981) and VWilliamson and
Butler(1986),inter alia, have suggested the use of mean, rather
than initial, prey density in the representation of predation
relationships,Marin et al (1986) have pointed out that mean prey
density is not independent of predation or clearance rate. It is
thus incorrect to determine a functional response based on mean
density.Further,the use of mean prey density invalidates the
replication of treatments and means that there is no independent
estimate of error in clearance rate for any treatment.

Clearance rate was also calculated following Marin

" et al(1986) as
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Cr = V((Co-Ct)/Co)  1/h  (equation 3)
vhere V = vessel volume
Co,Ct - initial(control) and final prey
densities respectively
This equation is appropriate when clearance rate is not constant

but declinés with increasing food coﬁcéntration.

Ingestiod rate may be calculated from equation 3 simply as

I = CrCo
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Results
Relationship between mysid size and predation rate

All copepods recovered from experimental vessels in this experiment
stained strongly with Neutral red, and were presumed to have been alive
and active throughout the experimental period. Two mysids moulted during

the exposure pefiod, and these results were discarded.

A linear relationship adequétely described (r=0.93, p<0.01) the observed
increase in predation rate (copepods/mysid/day) with mysid length (Fig.3.1,
Table 2.1). Since ﬁeither variable wvas measured without error, and the
size distribution of mysids must be regarded as truncated, a functional

or geometrié mean regression wvas calculated (Ricker, 1973):

y= =11.59 + 2.60x

vhere y 1is predafion rate (copepod#/mysid/day)

x 1is mysid length (mm)

The regression line intercepted the x-axis at a mysid length of 4.45mm.

Mysids below this length did not appear to be able to feed effectively on

adult Eurytemora.
—_—

Predation rates for mysids in the 14-17 mm size range used in subsequent
experiments clustered betveen 25 and 33 copepods/day at a prey:density of
50/1itre. The highest rates were observed in the two largest mysids, which

captured 39 and 40 prey respectively during the 24h exposure period. This
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Functional regression of mysid length on predation rate;
correlation coefficient for least-squares included as an
approximate indication of the strength of the relationship
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Table 3+1 The relationship between mysid length and predation
rate at a prey density of 50 prey per litre

Mysid No. prey . Control No. prey No. prey
length(mm) recovered recovery taken moribund
5.04 46 (51,50) &4 0
3.82 48 ‘ 2 0
4.60 51 0 0
4.39 49 - 1 0
6.60 46 4 0
9.00 40 - 10 0
7.92 36 14 0
7.48 41 , 9 0
10.51 37 , 13 0
9.07 36 - 14 0
6.77 45 5 0
8.64 35 15 0
14.50 28 (50,50) 22 0
12.50 32 18 0
16.50 27 23 0
13.00 37 13 0
19.00 21 29 0
17.00 10 40 -0
13.00 29 21 0
14.00 - 22 28 0
13.00 26 24 0
13.50-° 28 22 0
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vas equivalent to a clearance rate of 1.6 1/mysid/day.

.Comparison of the mysid size range used here with the data of Astthorsson
and Ralph (1984) indicate that the greater part of the normal size spectrum
of Scottish Neomysis ("3mm to >16mm) was sampled, but that the sample almost
certainly contained representatives of two generations. The larger mysids
are likely to have belonged to the summer generation, while the smaller

(<10mm) mysids will have been members of the autumn-born overwintering

generation.

~ Functional response: the relationship between prey density and

predation rate

In all replicates, uneaten copepods stained strongly with Neutral red,
and, as above, it has been assumed that all constituted normally-available prey
up to the end of the:exposure period. None of the 35 mysids used moulted
during exposure; Assfhorsson and Ralph (1984) reported that the intermoult

period for mature mysids is between 12 and 18 days, so moulting would not

be expected to be a frequent occurrence.

Mysid faecal pellets recovered from experimental vessels were without

exception loosely-packed and contained identifiable copepod remains.

Mean rav predation rate ranged from 24.2 copepods/day at 10 prey/l to
127.4 copepods/day at 500 prey/l (Table 3.2,Fig.3.2). Predation rate increased
monotonically with prey density up to 115/day at 200 prey/l, declined slightly

at 300 prey/l, and increased to 127/day at a density of 500/1.
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Functional response, uncorrected for

differences in vessel volume
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Figure 3.2
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Table32 Mysid predation on E.affinis at a range of prey
densities; number of prey recovered,number of
prey taken, and predator length.

Prey Vessel  Mysid No. prey Control No. prey No.
density volume(l) length(mm) recovered recovery ' taken dead
16.0 30 20 0
10 5 16.5 - 27 (52,49) 23 0
16.0 25 25 0
15.5 22 28 0
16.0 25 25 0
25 o2 16.5 31 19 0
- : +15.0 30 (50,50) 20 -0
15.5 33 17 0
17.0 27 23 0
.16.0 34 16 0
25 5 16.5 93 31 0
15.5 89 (123,124) 35 0
17.0 87 37 0
16.5 92 32 0
15.0 79 45 0
50 1 16.5 8 42 0
14.0 30 (50,51) 20 0
14.5 21 29 0
14.5 22 28 0
15.0 26 24 0
50 2 15.0 55 . 45 0
- R ©15.5 55 (100,100) 45 S0
215.5 76 24 0
16.0 53 47 0
15.0 51 49 0
100 _ 1 14,0 - 54 46 0
: 14.5 57 (100,100) 43 0
15.0 54 46 0
15.0 37 63 0
14.5 48 52 0
200 1 15.5 80 120 -0
16.5 88 (201,199) 112 0
16.0 82 . 118 0
16.5 50 110 0
16.0 85 115 )
300 1 15.5 189 112 0
14.0 195 (300,302) 106 0
16.0 186 115 0
14.5 187 114 0
14.5 191 110 0
500 1 14.5 349 150 0
14.0 375 (497,501) 124 0
14.0 386 113 0
14.0 367 132 0
13.5 381 118 0
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Table 33 Clearance rate of mysids feeding at a range of
prey densities; rates calculated using models
vhich assume a) constant clearance rate with
declining prey density and b) decreasing clearance
rate with increasing prey density.Values are mean
1/h ,95% confidence intervals in brackets

Prey density
10 25 50 100 200 300 500

Vessel volume
5 5 2 2 -1 1 1 1 1
a) 3.38 - 1.70 0.96 1.11 0.95 0.70 0.86 0.46 0.30
(0.65) (0.37) (0.26) (0.36) (0.59) (0.21) (0.05) (0.03) (0.05)

b) 2.42 1.48 0.76 0.84 0.57 0.50 0.54 0.37 0.25
(0.33) (0.22) (0.13) (0.23) (0.20) (0.09) (0.08) (0.01) (0.02)

Table Mean predation rates of mysids feeding at a range of prey
densities(copepods/mysid/day);
a) actual numbers taken in 24h
b) numbers corrected to unit vessel volume

10 25 ' 50 100 200 300 500

" Vessel volume
5 5 2 2 1 1 1 1 1
a) 24,2 36.0 19.0 42.0 28.6 50.0 115.0 111.0 127.4
(3.4) (6.4) (3.1) (11.7) (9.5) (.92) (4.7) (4.1) (16.6)

b) 4.8 7.2 9.5 21.0 " " " " "
(0.7) (1.3) (1.6) (5.9)
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Clearance rates were calculated using both the conventional exponential
expression (e.g. Frost, 1972) and that of Marin et al (1987) (Téble 3.3, Figs.
3.3a,b). Rates based on the latter equation were consistently lover at
any given prey density than those based on the former; on both bases, howvever,
rates exhibited a declining curvilinear relationship with prey density;
characteristi; (Fulton 1982) of a Type II functional response (Holling, 1965).

The curvilinear nature of the relationship between clearance rate and

prey density is emphasised if loglO clearance rate is plotted against prey

density (Fig.3.4). " -

Because the experiments were carried out on a number of days, and because
mysid length differed between treatments, analysis of covariance was carried
out to 9) determine vwhether either of these covariates had a significant
effect on the results and b) to correct the estimates of clearance for any
effects that vere detected. The analysis was conducted on log(x+l)-transfromed
data because of the obfious dependence of the variance on the mean (Fig.3.3).

Neither day nor mysid length had a significant effect on the results, and |

only the treatment effect was significant (Table 3.4). In the light of this

result, clearance rates were not adjusted.

At 25 prey/l, clearance rates were significanfly higher (p<0.01, t-test)
in 5 litre vessels than in 2-litre vessels. At 50 prey/litre, hovever,
differences between clearance rate in 2-litre and 1-litre vessels wvere not
statistically significant. ( p>0.05). Clearance rates thus appeared to be

independent of vessel volume at prey densities above 50 prey/litfé, vhile
mysid foraging activity appeared at lower densities to be greater in larger
vessels than in smaller vessels.

Under circumstances where clearance-rate is indepéndent of vessel volume,

Fulton(1982) has pointed out that prey density will decline faster in smaller
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vessels; consequently, predation rate will be higher, for a given clearance
rate, in larger vessels. This observation has been used, following Fulton (1982)
to generate a functional response standardised to unit volume (Figs.3.5,3.6).
The results of standardisation ( computing predation rate by holding v = 1

in the equations of Frost (1972) and Marin et al 1987) are indicated in

Table 3.3: values for larger vessels are substantially reduced, and differences

betwveen different-sized vessels at 25 and 50 prey/litre also much reduced.

The functional response was modelled in two ways. Firstly, a rectilinear
model, frequently applied to invertebrate predators (Cooper and Goldman 1979),
fitted by eye (Fig.3.5). A chi-squared goodness-of-fit test yielded a value

of 8.64 (p<0.01). Secondly, an attempt vas made to fit Holling’s (1965) disc

'equatiqn (Fig.3.6):

vhere Na = no. of prey eaten

a = instantaneous cdefficient of attack

N no. of prey available

Th = handling time (d)

T duration of experiment (d)

This yielded an estimate of 0.873 for a and of 6.97 minutes for Th. The
curve corresponding to this solution was generated by a computer plotting
routine (GINOGRAF) (Fig.3.6). The chi-squared value vas 8.06, indicatiﬁg an
adequate fit. The ‘disc’ model suggests that predation rate will increase

at a decreasing rate up to prey densities in excess of 1000/litre; this
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Table2'S Mean clearance rates ( 1/h and 95% confidence intervals)
of mysids feeding at 50 and 100 prey/litre in the dark
and at 25,50 and 100 prey/litre in the presence of detritus
Clearance rates calculated using exponential equation.

'bPrey
- density

_ .50
Dark
100
Defritus‘ 25
50
100

Clearance 95%

rate(1l/h) c.I.
1.28 0.39
1.41 0.20
0.98 0.17
0.76 0.18
0.67 0.10

Table3: ¢+ Analysis of covariance of log(x + 1) -transformed
- clearance rates measured at a range of prey
densities; variance partitioned by prey level
and blocks(days) with predator length as a co-

variate.

Source of variation

Residual
Regression
(length on rate)
Constant

Prey density
Blocks(days)

df

23
1

Mean square

0.00163
0.00668

0.02310

0.10822
0.00187

252

F

4.09

14.16

66.37
1.15

Significance

NS

0.01
0.001
NS



is approximately the maximum abundance observed in UK estuaries (Burkill,
1982) and is almost double the highest abundance recorded for Eurytemora
iﬁ the Forth (Roddie, 1980). At 1000 prey/litre, predation rate is predicted
to be 167 copepods/day,and this may be considered the effective maximum
rate likely to occur in the upper Forth estuary. It should be noted that in
fittihg the above curves, predation rates at 25 and 50 prey/litre were those

derived from experiments in the larger of the two vessel sizes used.

Predation in the presence of detrital material

No mortaiity was observed amongst unpredated copepods in this experiment.
My#id faecal material recovered from the experimental vessels was dark in
éolour; and éoht;inéd considerable amounts of compacted material. By virtue
of the contrast between these faeces and those produced in the previous
experiment, it was inferred that the compacted material was of detrital
origin. The faeces also contained identifiable copepod remains.

Since the vessels were unstirred throughout thebexposure éeriod, the mysids
had clearly spent some of their time foraging on the vessel bottoms. This
inference was supported by direct observation; althouéh a fo;mélytime budget
vas not constructed, intermittent viewing indicated that time was
apportioned between bottom-feeding and active swimming. It was also observed
that a variable proportion of copepods were located at the sediment surface
vhenever viewing took place, so it is not clear whether or not ingestion of

detritus was simply a consequence of foraging for these animals.

; Predation rates (Table 3.7) and clearance rate (Table 3.6) were similar to
bthose at the same prey densities in the absence of detritus. Predation ranged

from a minimum of 15/day at 25/litre to a maximum of 54/day at 100 prey/litre.
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Mean clearance rate in the presence of detritus was compared statistically

at each prey density with clearance rate in filtered seavater. F-ratios

for each pair indicated that variances were homogeneous, so t-tests were
performed on untransformed values. At no density were significant differences
apparent (p> 0.05, Fig.3.7c). Foraging on copepods did not therefore seem to

be affected by the presence of a potential alternative food source.

Predation in the absence of light

As with the experiments reported above, no copepod mortality other than
directly due to predation was observed. Predation rates at 50 prey/litre

ranged form 21-41/day, and at 100 prey/litre from 70 to 83 prey/day (Table 3.6).

Clearance rates (Table 3.5, based on equation (3)) had a mean value of

1.28 1/d at 50 prey/litre and 1.41 1/d at 100 prey/litre; this difference
vas not statistically significant (p>0.05, Fig.3.7b). Clearance rate at each
density was compared with clearance rate at the same density under normal
lighting conditions (Fig.3.7b). Whilst there Qas no‘significant difference
at 50 prey/litre (p>0.05), a statistically significaht difference did exist
at 100 prey/litre (Fig.3.7b, p>0.001). At higher prey density, foraging

therefore apppeared to be more effective in the dark.
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Table 36 Mysid predation on E.affinis in the absence of light

Prey Vessel Mysid No. prey Control No. prey No.
Density volume(l) length(mm) recovered recovery taken dead
50 1 14.0 9 (50,50) 41 0

15.0 13 37 0
13.5 29 21 0
13.0 14 36 0
13.5 11 - 39 0
100 1 14.5 30 (98,99) 70 0]
15.0 26 74 0
13.5 17 83 0
13.0 23 77 0
14.5 27 73 0

Table2' ¥ Mysid‘predation on E.affinis in the presence of
< 69 um naturally-ocurring detrital material

Prey Vessel Mysid No. prey Control No. prey No.
Density volume(l) length(mm) recovered recovery taken dead

25 2 17.0 - 28 (50,50) 22 0

- 16.5 32 18 0

15.5 35 15 0

15.0 28 22 0

16.0 31 19 0

50 1 13.5 23 (50,50) 27 0

15.5 17 33 0

13.0 29 21 0

14,5 26 24 0

16.0 24 26 0

100 1 16.0 46 (100,100) 54 0

14.5 59 41 0

15.0 46 54 0

16.5 54 46 0

15.5 51 49 0
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Discussion
Field survey
Equipment performance

The sampling equipment performed reliably throughout the survey
period, and proved to be an effective method of sampling
zooplankton in shallow and turbid waters. No physical damage was
incurred by animals present in samples, but passage through the
pump did detach eggs sacs from species such as Eurytemora. A

field assessment of fecundity in this species was therefore not

possible.

Taxa identified

A total of 55 taxa were found in the samples collected, although
some of these were identified only to family or higher level.
This contrasts with the 135 taxa identified in a contemporary
study of the main channel Forth zooplankton by Taylor (1984,
1987). Taylor encountered euphausids, ctenophores, mysids and a
'considerably greater variety of meroplanktbnic‘larvae than vere
found in the littoral/intertidal zone. His samples were, hovever,

numerically dominated by the same restricted group of neritic

copepods (Acartia, Oithona, Centropages, Temora, Pseudocalanus)

as were the samples in the present survey. A feature of the
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present study was the persistent presence and numerical
dominance of Eurxtemora.at all stations throughout much of the
year. This species, although showing a seasonal and spatial
pattern similar to that reported by Taylor (1984,1987) appears,
as observed by Roddie (1980) and dePauw (1973), to concentrate in

the margins of estuaries.

The use of a 69 um mesh net in the present study permitted the
observation and enumeration of groups such as the small cyclopoid
Oithona, rotifers, copepod nauplii and cirripede nauplii which
are frequently missed in zooplankton surveys. Amongst the
meroplgnktonic larvae, cirripede nauplii vere abundant throughout
much of the estuary and most of the year. The other,
holoplanktonic, groups, were also widespread and abundant, and
would clearly contribute much to seasonal estimates of biomass
and production.

Rotifers are rarely reported in zooplankton surveys by virtue of
their small size; Synchaeta, the genus dominant in the upper
Forth, would not be retained by a mesh of greater than 100 um.
Hulsizer (1976) and Allan et al (1976) noted high rotifer
abundance during February and March in Chesapeake Bay estuaries,
vhich corresponds to the present findings. These authors also
found, hovever, that thislpeak coincided with the maximum
abundance of Eurytemora; in the present study, the Eurytemora
peak succeeded the rotifer peak. A

.The extension of the survey area upstream of the range covered

by Taylor (1984) enables the interface between freshwater and
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estuarine communities to be more clearly reflected, and the
seasonal, tidal and spatial variation in freshwater influence wvas
readily apparent from the survey results. Peak abundance of

Daphnia, Bosmina, and Diaptomus at all upper-estuary stations

occuured in January and February 1982, just after the rotifer

peak and just before a peak in abundance of Maranzelleria larvae.

There was thus a succession of abundance maxima;

Rotifera > freshwater sp. > Maranzelleria > Eurytemora

at Fallin, S.Alloa, Dunmore and Kincardine. thsizer (1976)
reportgd a similar succession of rotifers and cladocera in
Chesapeake Bay. In contrast, an additional freshwater taxon,
chydorid cladocera, achieved maximum abundance and most frequent
occurrence in late summer and autumn. This pattern appears to be
typical of chydorids (Whiteside, 1974).

The winter peak of rotifers coincided with a winter minimum of

Eurytemora. Synchaeta has similar linear dimensions to Eurytemora |

nauplii, but can, by reproducing parthenogenetically and at a
small size, maintain a higher intrinsic population growth rate at
low temperatures than can Eurytemora. Competition betveen
nauplii and rotifers for resources may exacerbate the effects of .
low temperatures on Eurytemora population growth. Conversely, it
may be that rotifers can only compete'successfully for resources
at lowv Eurytemora abundances, although this mighf imply a second
peak in rotifer numbers during the summer decline in Eurytemora.

Villamson and Butler (1986) have demonstrated that Diaptomus can
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feed effectively on small rotifers, and it is further possible
that the succession of rotifers and Eurytemora is a consequence

of predatory interaction.

Amongst the meroplankton, Littorina egg capsules were, as
previously shown by Alifierakis and Berry(1980) and Roddie
(1980), clearly associated in abundance with high spring tides.
Although not numerically reported, the presence on occasion of
large numbefs of turbellaria in S.Allloa samples is worthy of

note, as these animals may exert significant predation pressure

on zooplankton (Maly et al 1980).

Community structure and environmental variables

The zooplankton data were rather sbarse, wvith low abundances
and infrequent occurrences of the majority of taxa. With the
exception of Eurytemora and the rotifers, Taylor (1984) found
higher abundances of most taxa common to both studies. This
contrasts with the pilot intertidal study of Roddie (1980) which
found generélly higher abundances of most taxa than in the
present study. Further, since not all samples planned could be
taken, the distribution of samples amohg attributes (tide,

Station, date) was unbalanced.
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Despite these shortcomings, the methods applied in analysis were
reasonably successful in describing community structure and its

relationship with environmental variables.

Chi-squared test of association between occurrence and

- sample type

This approach proved reasonably effective in discriminating
between species and sample categories. A strong distinction was
apparen} between the neritic copepod community and marine
incursors, and the freshvater community. The relationship between
these groups and tidal and spatial variation was also clear.

The larvae of benthic invertebrates were associated with high
spring tides (where any association existed), and their
occurrence was biased toward lover-estuary stations. This is a .
reflection of both the location of the parent populations and of
the advantages in larval dispersion derived from release dufing
periods of maximum tidal excursion. Greater tidal penetration on
spring tides is also likely to account for the higher relative

frequency of occurrence of neritic copepods and marine species

during this phase of the semilunar cycle.
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Classification

Classification analysis indicated that Centropages was confined
to spring/summer samples, and was closely allied with the

occurrence of terebellid larvae. Oithona and Pseudocalanus vere

most abundant in spring, but occurred frequently throughout the

summer and autumn, and Temora was associated with these species

although occurring less frequently. Taylor (1984,1987) found
these copepod species generally most abundant in winter.
The seasonal pattern of the Acartia spp. matched that found by

Taylor (1984,1987); A.bifilosa inermis and A.longiremis were most

abundaqt in spring and autumn, vhile A.tonsa had a late summer
peak. Polydora and cifripede cyprids occurred primarily in spring
but, as noted above, cirripede nauplii weé:present in many -
samples throughout the year. The nauplii and cyprids were not
distinguished in the samples, but are likely to have been

predominantly Balanus in the spring and Elminius during the

summer.

In general, the neritic and meroplanktonic assemblages were

seen to be associated with higher temperatures and primary -

production. TS/MDA analysis indicated that Pseudocalanus and
Oithona were more persistent than Temora and Centropages; the
former pair were common .in samples associated wvith lower salinify
and higher freshwater discharge ( e.g; in the Skinflats data
set). It was evident that primary production increased as a
discriminating factor with decreasing distance from the upper

tidal 1imit. This was related to the joint advection of lower
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estuary phytoplankton and zooplankton assemblages. Classification
also revealed the increasing importance of the freshwater
community in the same direction. The species associations were

preserved, however, wherever overlap between stations occurred.

Analysis by date group emphasised the importance of seasohal
factors, with groups in the latter part of the year reflecfing
greater positive influence of primary production and temperature.
The impact of benthic larval production was exagerrated within

date groups 4 and 7.

Analysis of samples grouped by tide indicatéd that information on
structure vas preserved in larger, more divérse sample sets. The

Oithona/cirripede nauplii/Pseudocalanus association proved to be

a robust diagnostic feature of sample division. Salinity ﬁas
relatively more important for the spring and neap tide |
categories than for high and low tide categories due to the

inclusion of semidiurnal tidal variation in the latter.

For completeness, TS/MDA vas conducted'pn the entire datg set.
Vhilst it was impractiéable to represent the results as a:two-way
table and dendrogram, the vector"plot vas constructed to ‘
illustrate the overall nelationship betwéen variables (Fig.4.1).
The plot emphasises the overall dominance of salinity, and Shows
the strong association between salinity and distance from upper
tidal limit. Percent organic and tidalvstate are also clea;ly

linked to salinity, although purely for reasons of definition in
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the latter case.

Date (association with sample cycle) is, as noted previously,
approximately orthogonal to salinity and is the second most
important variable. Inorganic suspended solids and phaeopigments
ténded to be higher at low salinities and up-estuary, a
reflection of the existence of a turbidity maximum. Chlorophyll a
and acid ratio were closely linked, and were also orthogonal to
salinity, vhile temperature tended in the same direction as
éalinity but was less influential. Temperature showed some link
with chlorophyll a. Discharge acted in the opposite direction to
salinity and femperature and vas also associated with lov primary
producf}vity. |

The species associations identified in the analysis sof data
subsets were preserved in the all-sample analysis. MDA correctly
reclassified 70.3X of samples. Wright et al (1984), using similar
methods, found approximately the same success in reclassification
for a larger sample set. In the present study success in

reclassification generally improved as the size of the sample set

decreased.
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Assessment of methods

Vhilst DCA ordination followed by correlation with
environmental variables demonstrated influence as well as TS/MDA,
it wvas difficult to quantitatively relate the results to |
community structure since the information about species is not
accessible in the final ordination.. This constraint also applies
to other ordination methods such as non-metric multidimensional
séaling as wvell as to to classification methods based on
similarity indices. The Bray-Curtis classifications carried out
in the present study were much less intelligible than the fs
classif%cations and have therefore not been reported. A méjor
advantage of TS is that the end-product is a two-way ordered
table in which both species and samples are classified. Thus, not
only can association between species and sample clusters be
identified, but the degree of order in the table can be
interpreted as an indicaton of the success of the analysis (or
of the degree of underlying order).

In the present work, it was possible to independehtly assess the
sensitivity of the analysis since the association of samples
belonging to the same'logical categories was readily apparent in
the dendrogram derived from the table; i.e. vithin each TS group
it was relatively easy to see if samples were grouped on the basis
of station, tide or date. Further analysis was,strictly, only

necessary where a heterogeneous association of samples within a

group vas observed.
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The utility of MDA has long been recognised in disciplines such
as numerical taxonomy and sociology, and Wright et al (1984) and
Green and Vascotto (1978) inter alia have demonstrated its
application in ecology. By adopting a simple method of variable
visualisation, the present study has achieved. two things.
Firstly, the relative infiuence of environmental, spatial and
temporal variables in'distinguishing between biological groups
can readily be demonstrated. Secondly, the overall relationships
between variables can be concisely summarised.

The method appears to be robust, in that useful and intelligible
information wvas recovered from an unbalanced and rather ’'noisy’
data set. In fact, most of the information seemed to be preserved
if the data were treated in terms of presence and absence.
Beyond this, semi-quantitative data was sufficient to reflect the
influence of seasonal fluctuations in abundance of taxa such as
Eurytemora, rotifers and meroplanktonic larvae.

Although Green (1974) described a more rigorous approach to the
use of MDA in analysing survey data with temporally-varying
environmental data, the present methods were reasonably effective

in simultaneously distinguishing the effects of spatial and

tempofal variables.
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Patchiness
1. Dunmore samples: temporal variation at a single site

The back-transformed 95% confidence limits for a single sample
wvere 29-347X% ,within the rénge reported by Gagnon and Lacroix
(1981) for a variety of taxa, and are similar to those reported
by Roddie et al (1984) from a previous study on the Forth. The
uncertainty of an estimate appears to increase with abundance
(Gagnon and Lacroix 1981), so abundance estimates based on a

single sample need to be treated with caution.

2. Skinflats samples: spatial variation

The patch sizes defined in this work syggest thatrthe routine
practice of traversing approximately 100m in sampling still wvater
should have ensured a reasonably representative sample. The
maximum range of variation for a single taxon ( about a factor of
11 for Eurytemora) was similar to that found at Dunmore. The
contrast in distribution about the salinity-temperature front between
the copepods and the Polydora larvae is probably a consequence of the
distribution of the parent polychaete population; this would, of coursé,
be unrelated to the development of ephemeral high tide water patterns.
The existence of the front is interesting in itself, as an
indication of the degree of small-scale hetereogeneity in

physical characteristics of an estuary.
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Eurytemora affinis

The results of field and laboratory investigations on Eurytemora

will be considered together in this section.

1. Predation

Vhilst clearance rates appeared to be independent of vessel
volume at 50 prey/l, ther was evidence at 25 prey/l that foraging
activity might be relatively constrained in smaller vessels.
Thus, mysids in 5 litre vessels appeared to search a larger
volume in 24h than those in 2 litre vessels. This contrasts with
the findings of Fulton (1982) who reported, in a study of

Neomysis and Mysidopsis predation on Acartia and Centropages that

clearance rate vas independent of vessel volume at all prey
densities. In the present study, at 25 prey/l, final prey density
vas rather similar in both 2 and 5 litre vessels at about - |
16-18/1. Prey density declined at roughly the same rate in both
sizes of vessels; the measured clearance rates may reflect a
steady acclimation of effort to declining prey density, and thus
point at low prey densities to some inhibition in smaller
vessels.

Irrespective of volume, clearance ratés vere higher at lower
prey densities, declining approximately logarithmically as prey

density increased. Clearance rates shoved evidence of decline at
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densities above saturation; this is considered (Fulton 1982,
Frost 1975) characteristic of animals displaying a Type II or
curvilinear functional response (Holling 1959), although the )
chi-squared teét did not distinguish effectively between the
goodness of fit of this model or of a rectilinear model. The
curvilinear model yielded an estimate of handling time and
maximum daily predation rate of 6.97 min. and about 170/d
respectively, while the rectilinear model sugested values of 12
min. and 120/day. Predation rates at up fo 100 prey/llvere
similar to those estimated by Fulton (1982) for Mysidopsis
feeding on Acartia. Predator and prey in Fulton’s expgriments

vere very similar in size to Neomysis and Eurytemora

respectively. Cooper and Goldman (1980), howvever, reported

predation rates of 15mm Mysis relicta which vere approximately

50% higher than those reported here.

Visual predation did not appear to be important in Neomysis:
indeed, predation rates gt higher prey densities wererhigher in
the dark than in the light, which might suggest that the level of
iilumination interfered with mysid behavipu: or pergeption. .
Cooper and Goldman (1982) found no diffgrence begwgenvforagiqg

rates of Mysis relicta in the light and dérk,_vhile Ramcharan and

Sprules (1986) found that Mysis relicta had significantly higher

predation rates on Daphnia in the light. The high turbidity

characteristic of the Neomysis/Eurytemora habitat,would,

éspecially_in‘the shallow regions where both species tend to
aggregrate, render visual predation ineffe;tive much of the ;ime.

The omnivorous, nonselective nature of Neomysis foraging was
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illustrated by the lack of effect of detritus on predation rate,
despite the evidence of ingestion of detritus. A rectilinear
model of foraging may, in the light of this, be more appropriate,
as it implies a random search pattern and the ingestion of food
items in proportion to their abundance.

Neomysis could not be quantitatively sampled in the present
study but could, even at a density of 5/m-3, account for a
considerable proportion of the Eurytemora population during the
late summer. The potential impact on naupliar and early
copepodite stages was not investigated, but could constitute an

additional pressure on recruitment success (eg Fig. 4.2).

2. Development rates

’Development rate in Eurytemora was not affected by differences
in food level, but was quantitatively related to temperature.
Final body size was not measured, so unfortunately no information
vas obtained on growth rate. Cbrkett and Mclaren (1970) noted an
inverse relationship between size and development rate.
Development was approximately isochronal,‘in that a straight
line could successfully be fitted to the plot of stage against
time. Kelin Breteler et al (1982) described isochronal
development in four species of North Sea calanoids, and the data

of Vuorinen (1982) for E.hirundoides similarly suggest isochronal
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development. It should be noted, however, that in the present
study the duration of the n2 stage was consistently longer than
that of the other naupliar stages. Landry (1983) reported similar

observations for Acartia and Pseudocalanus. The longer n2 stage

may be a consequence of the need to replace energy expended
during the nonfeeding nl stage.

Development times were similar to those determined for

Eurytemora using a variety of techniques. Vuorinen estimated
total development time at 10 deg.C to be between 27 and 33 days
(cf 39 days at 8 deg.C), vhile Heinle and Flemer (1976) estimated
a shorter period of 26 days at the same temperature.

At ZOJdeg.C, agreement was closer, with estimates of 15.5 days
and 13.5 days respectively (cf 15.25 days). Estimates of
Vijverberg (1980) at 15 deg.C were 8.3 days for nauplii and 9 to
12 days for copepodites, giving a total of 17.3 to 20.3 days (cf
17.0 at 16 deg.C).

The shape of the curve relating temperature to development rate
indicated that the effects of temperature were most marked at
lover temperatures. Little reduction was apparent from 16 deg.

C to 20 deg.C, and it can be concluded that generation time is

relatively independent of temperature above 14 deg.C and is

highly dependent below this temperature.
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3. Field observations .

The annual variation in length followed an unusual pattern,
most marked in adult females. Conflicting descriptions of the
relationship between body length and temperature have been
reported in the literature. A negative relationship for copepods

wvas described by Deevey (1960) and Marshall and Orr (1955), but Evans

(1977) described a positive relationship for Pseudocalanus. Evans (1977)
also reported a bimodal pattern for Temora, similar to that found

for Eurytemora in the present work. He subsequently :elated
length‘yariation in Temora to variations in food quality.

Variation in length in Eurytemora in the Forth led to largest

body size in September, at water temperatures similar to that at

vhich the annual length minimum occurred; temperature cannot, therefore,
be the controlling factor. The length variation was less evident

in earlier stages, which were measured only for 9 dates; the more
frequent measurements for adult females confirmed that the peak

vas real. The subsequent decline in body size was followed by a

return to normal winter size. The dramatic increase in length (ec.
50%) between August and September argues that generation time was

short, as no size overlap was apparent. The clear synchrony of

change in size between all stages similarly suggests a short adult

life span at all seasons. A

This study has demonstrated that development rate is strongly
temperature-dependent. Combining the findings on development rate

with field observations of the relationship between length and
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stage led to the prediction of highest daily length increments in
August and September and lowest daily length increments in
midwinter. Thus, on the one hand, growth rates are similar
betveen samples of radically different body size growing at
similar temperatures and on the other growth rates differ widely
betveen specimens of much more similar size growing at very
different temperatures. Clearly, temperature cannot be the factor
controlling body size and, as néted above, the lack of overlap
between samples suggests rapid development so food should not be

" limiting.

Eurytemora displayed a clear ﬁeak of abundance in May, reaching
numberi,in excess of 250000 m-3. Abundances were considerably lower
than found by Roddie (1980) somewhat later in the season, and
very much lower than maximum numbers reported for this species
elséwhere (Burkill et al 1982, Heinle and Flemer 1976). Taylor
(1984,1987) has demonstrated, hovever, that variations in zooplankton
abundance between consecutive years can exceed one order of
magnitude.

Following the spring peak, abundance declined to a minimum at
the same time as body size reached a maximum. A reduction
in fecundity might leave more energy available for somatic
growth, if the reduction were not itself a consequence of food limitation.
The rapidify with which body size increased makes food limitation
an unlikely possibility. Alternatively, increased predation
pressure from mysidé could lead to seléction for increased body

size as a refuge from attack, although early stages would still

275



be vulnerable were they present.

One further, simpler , hypothesis might be that the sudden
change in size was due to the replacement of the local population
by a larger adjacent population. Measurements were not made of
size distributions at other sites to test this hypothesis, but
evidence can be adduced that in high spring tide samples in May
mean female lengths did not differ significantly between Fallin,
S.Alloa and Dunmore. It would be likely that, if morphologically
distinct populations existed, evidence of advection woud have
been apparent at that time. In either case, it is possible that
seasonal genetic selection could accbunt for the chanée in size;
Bradley{(1978) demonstrated seasonal selection for thermal

tolerance characteristics in an American Eurytemora population.
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Summary

Application of classification and discriminant analysis to one
year’s field survey data demonstrated the practicability of
objectively relating zooplankton cbmmunity structure to physical,
spatial, and temporal variables. Littoral zooplankton have been
éhown to have a clear strqéture vhich agreed well with that
descibed by other studieé on the Forth; and whi;h could‘

successfully be defined in terms of the above variables.

Field and laboratory studies relating to Eurytemora affinis

demonstrated:

a) seasonal variation in abundance and size

b) a well-defined relationship beteen temperature and development

rate

¢) the capacity for predatory interaction between this species
and Neomysis, one of the co-dominants of the low salinity region

of the estuary.
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Appendix A

Environmental variables

Variables are identified in tables as follovs:

Tide

Date

FVW disch
Susp.solids
Xorganic
Chla

Phaeo

Sal

Temp

. tidal state

decimal month C » :

mean monthly freshwater discharge (Cumecs)
total suspended particulate material (mg/l)
percent of susp.solids lost on ignition
Chlorophyll a (ug/l) .

Phaeopigments (ug/l)

salinity (Xo) :

temperature (deg.C)



Table Al Environmental variables : Culross

~Tide Date FV Susp. %Z org Chla Phaeo Sal
: Disch. solids
S 3.37 113.1 50.80 8.30 0.00 6.73 25.8
N  3.60 113.1 40.30 7.45 0.32 3.046 28.6
S 3.86 + 113.1 ~ 74.18 21.18 3.95 4,35 26.8
N 4,07 25.1 39.78 8.18 1.18 4,36  23.6
S 5.32  -22.9 17.80 5.75 1.18 1.49 27.5
N 5.5 - 22.9 33.20 7.80 9.35 4,02 27.5
s - 5.77 22.9 122.18 22.50 8.61 12.69 28.7
N 6.00 22.9 * * * * 26,3
S 7.25  12.1 77.56  24.32 2.54 2.26 32.6
S  8.84 24,1 * * * *  27.1
S 9.20 77.9 48.76 13.60 4.33 3.11  26.6
N 9.43 77.9 40.60 8.75 2.72 1.03 27.0
S 9.67 77.9 257.90 45.00 7.36 8.49 29.9
N 9,90 - 77.9  30.35 6.90 2.48 4.06 10.6
S 11.10 135.2 33.15 6.30 2.00 0.33 22.9
N 11,30 135.2 40,08 7.85 2.20 1.89 23.5
S 11.53 135.2 185.77 35.70 9.88 12.70 26.6
N 11.73° 135.2 61.20 15.40 1.34 2.40 18.6
S 12.48 114.3 238.50 32.13 6.68 16.55 22.9
N 0.00 2.90 26.1

12.74  114.3 51.52 11.50
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Table A2 Environmental variables : Skinflats

Xorgv Chla Phaeo Sal Temp

Tide Date FW

Susp.

Disch solids
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Table A3 Environmental variables : Kincardine

Tide Date FW Susp. ZXorg Chla Phaeo Sal Temp
Disch solids

-
LMOOULOoOUOLUVOOOQUICULLIOO

HS 0.35 100.0 * * * * 31.5 7.
'HN 0.58 100.0 * * * * 30.5 2.
LN 0.58 100.0 * * * * 23,0 2.
BHS 1.39 97.2 * * * * 25.0 2.
LS 1.39 97.2 * * * * 18.5 1,
HN 1.61 97.2 * * * * 11.5 3.
LN ‘1.61 97.2 * * * * 12,0 2.
HS 1.87 97.2 * * * * 23.0 4.
LS 1.87 97.2 * * * * 15.0 3.
HN 2.11 79.4 26.80 5.60 0.00 1.79 17.5 5.
LN 2.11 79.4 28.65 5.85 0.00 2.04 11.0 5
'HS 3.37 113.1 63.90 10.00 0.00 1.65 18.4 4.
LS 3.37 113.1 494.40 71.80 0.00 18.70 4.6 3.
EN 3.60 113.1 12.50 2.90 0.00 1.27 20.2 5.
LN 3.60 113.1 25.55 5.10 0.53 1.48 15.4 6.
HS -3.86 113.1 52,23 13.78 0.85 3.78 24.4 9.
LS 3.86 113.1 140.15 29.95 0.67 11.67 10.4 6.
BN 4.07 25.1 37.77 8.13 1.18 4.06 15.4 8.
JIN 4.07 25.1 156.65 23.45 2.00 8.93 14.0 9.
HS 5.32 22.9 22.50 5.15 4.57 1.45 26.7 13.
LS 5.32 22.9 75.10 14.55 2.63 7.97 9.7 11.0
HN 5.55 22.9 17.10 4.20 2.24 3.18 25.0 13.5
LN 5.55 22.9 394.66 60.33 8.19 21.59 16.3 16.0
BS 5.77 22.9 31.73 6.05 4.74 5.21 29.8 13.5
LS 5.77 22.9 60.83 10.85 2.40 6.31 15.6 14.0
HN 6.00 22.9 * * * * 22,9 15.0
LN 6.00 22.9 * * * * 21.5 16.0
HS 7.25 12.1104.28 23.08 8.33 5.52 30.5 16.5
LS 8.84 24.1  *  * * * 24,9 16.5
HS 9.20 77.9 33.91 8.90 7.01 2.80 29.1 13.5
EN 9.43 77.9 23.20 4.25 2.16 1.58 23.1 13.5
LN 9.43 77.9 70.40 15.30 3.20 4.46 14.4 13.0
BS 9.67 77.9 259.90 48.50 6.94 8.03 30.4 14.0
LS 9.67 77.9 61.20 12,30 3.47 3.25 9.6 15.0
LN 9.90 77.9 34.02 7.68 2.34 0.82 8.2 12.0
BS 11.10 135.2 61.40 11.80 1.74 2.54 24.3 10.5
EN 11.30 135.2 50.03 8.60 1.04 1.82 14.4 9.5
LN 11.30 135.2 92.60 14.07 1.47 B8.19 3.4 9.5
HS 11.53 135.2 53.32 9.18 2.80 2.87 24.5 8.5
LS 11.53 135.2 637.97 96.63 21.22 24.19 8.2 7.0
EN 11.73 135.2 37.35 8.43 0.00 1.98 23.6 7.0
LN 11.73 135.2 55.60 12.40 0.00 5.69 10.0 5.5
HS 12.48 114.3 106.77 16.70 0.45 10.46 22.8 7.0
LS 12.48 114.3 462.82 62.29 15.14 21.27 13.6 6.0
EN 12.74 114.3 32.37 7.75 0.80 1.53 23.5 5.5
1.17 3.62 9.1 4.0

LN 12.74 114.3 49.12 10.55



Table A4 Environmental variables :

Tide Date FW

HS
HN
LN
HS
LS
HN
LN
HS
LS
HN
LN
HS
LS
HN
LN
HS
Ls
HN
LN
HS
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11.10
11.10
11.30
11.30
11.33
11.53
11.73
11.73
12.48
12.48
12.74
12.74

disch

100.0
100.0
100.0
97.2
97.2
97.2
97.2
97.2
97.2
"79.4
79.4
113.1
113.1
113.1
113.1
113.1
113.1
25.1
25.1
22.9
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12.1
24.1
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"77.9
77.9
135.2
135.2
135.2
135.2
135.2
135.2
135.2
135.2
114.3
114.3
114.3
114.3

Susp. Xorg

solids

* % % ¥ % % ¥ *

*

22.60
38.40
49.20
304.20
26.65
33.20
35.53
319.15
31.83
100.15
27.70
200.20
44.13
20.26
46.63
104.33
*

*
853.30
*

29.76
225.71
36.80
79.45
43.65
143.90
20.40
284.75
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Table A5
Tide Date
HS 0.35
HN 0.58
LN 0.58
HS 1.39
Ls 1.39
HN 1.61
LN 1.61
HS 1.87
LS 1.87
EN 2.11
LN 2.11
HS 3.37
LS 3.37
HN 3.60
LN 3.60
HS 3.86
LS 3.86
BN 4.07
LN 4.07
HS 5.32
LS 5.32
HEHN 5.55
LN 5.55
HS 5.77
LS 5.77
-HN 6.00
IN 6.00
HS 7.25
HS 8.84
HS 9.20
LS 9.20
HN 9.43
LN 9.43
HS 9.67
LS 9.67
HN 9.90
LN 9.90
HS 11.10
LS 11.10
HN 11.30
LN 11.30
HS 11.53
LS 11.53
HN 11.73
LN 11.73
HS 12.48
LS 12.48
BN 12.74
LN 12.74

Environmental variables

FV
disch

100.0
100.0
100.0
97.2
97.2
97.2
97.2
97.2
97.2
79.4
79.4
113.1
113.1
113.1
113.1
113.1
113.1
25.1
25.1
22.9
22.9
22.9
22.9
22.9
22.9
22.9
22.9
12.1
24.1
77.9
77.9
77.9
77.9
77.9
77.9
77.9
'77.9
135.2
135.2
135.2
135.2
135.2
135.2
135.2
135.2
114.3
114.3
114.3
114.3

Susp.
solids

* % % % * ¥ ¥ * %

15.40
73.45
314.70
267.80
34.45
38.15
37.23
282.35
88.95
237.75
36.10
202.70
16.66
51.73
85.93

266.35
*

*
42.72
*
92.51
465.21
25.50

122.65°

©77.23
461.50
338.15
50.30
278.35
59.63
113.40
63.50
349.57
33.67
118.00
217.16
372.64
20.12
26.27

S.Alloa

Xorg Chla Phaeo Sal Temp

* % o ¥ * F ¥ ¥ *

3.95
10.35
43.50
28.70

6.30

6.05

8.78
49.45
16.45
35.45

9.05
35.45

4.26

9.13
16.60

40.20
*

*
11.08
*
19.90
77.95
4.15
19.10
14.40
70.10

5.39

48.35
7.59
41.45
8.50
17.13
10.03
51.63
7.33
19.13
31.30
52.80
4.95
4.80
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Table A6
Tide Date FVW

disch
HS 0.35 100.0
HN 0.58 100.0
IN 0.58 100.0
HS 1.39 97.2
LS 1.39 97.2
~ HN 1.61 97.2
IN 1.61 97.2
HS 1.87 97.2
LS 1.87 97.2
EHN 2.11 79.4
IN 2.11 79.4
BS 3.37 113.1
LS 3.37 113.1
BN 3.60 113.1
LN 3.60 113.1
HS 3.86 113.1
LS 3.86 113.1
HN 4.07 25.1
LN 4.07 25.1
HS 5.32 22.9
Ls 5.32 22.9
HN 5.55 22.9
LN 5.55 22.9
HS 5.77 22.9
LS 5.77 22.9
HN. 6.00  22.9
LN 6.00 22.9
HS 7.25 12.1
HS 8.84 24.1
HS 9.20 77.9
LS 9.20 77.9
HN 9.43 77.9
IN 9.43 77.9
LS 9.67 77.9
HN 9.90 77.9
IN 9.90 77.9
HS 11.10 135.2

LS
HN
LN
HS
HN
LN

11.10 135.2
11,30 135.2
11.30 135.2
11.53 135.2
12.74 114.3
12.74 114.3

Environmental variables :

Fallin

Susp. ZXorg Chla Phaeo Sal Temp

solids

* % % % % % ¥ *

*

15.300
92.450
215.500
95.800
9.000
14.600
167.500
264.250
83.250
4.065
74.700
249.500

'50.900

22.460
238.950
173.950

*

*
62.480
*

109.710
458.110
77.050
86.850
375.200
42.200
648.950
368.950
90.450
31,330
25.270
136.970
19.410
16.400

w
WU % % % % % % % % %

[

10.20
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10.80
1.45
2.45
30.75
41.75
13.85
7.55
16.20
47.75
8.46
4.46
32.90

28.30
*

*
13.88
*
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66.55
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12.83
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91.75
49.45
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17.30
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3.00
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Appendix Bs Zooplankton abundances



Table Bl as Fallin

STATION ETEOLARV NERELARV

F11.12HS
F18412HN

F18412LN

F12,01HS
F12,01L8
F19,01KN
F19,01LN
F27,01HS

FRT.01LS

F03,02HN
FO3.02LN
F11,03HS
F11,03LS
F17,03HN
F17,03LN
F26,03HS
F26,03LS
F02,04HN
F02,04LN
F10,05HS
F10,05L3
F17,0SHN
F17.,0SLN
F24,05KHS
F24,05LS
F31,05HN
F31.05LN
FO08,07HS
F26,08HS
FO6,09HS
FO06,09LS
F13,09HN
F13,09LN
F20,09LS
F27.09HN
F27,09LN
FO03,11H3
FO3,11LS
F09,11HN

FO9,11LN

F16,11L3
F23412HN
F23.12LN
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Table Bl bs Fallin

STATICN LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

o

F11.12HS
Fi18,12KN
F18.12LN
F12,01HS
F12,01LS
F19,01HN
F19.0iLN
F27401HS
F27,01LS
F03,02HN
FO3,02LN
F11,03HS
F11,03LS
F17,03HN
F17.,03LN
F26,03HS
FR6.03LS
F02,04HKN
F02,04LN
F10,05HS
F10,05LS
F17.0SKEN
F17.05LN
Fe4,05HS
F4,05L3
F31,0SHN
F31,0SLN
FOB407HS
FR6,08HS
FOb6,09HS
FO&6,09LS
F13,09KN
F13,09LN
F20,09LS
F27.,09HN
F27,09LN
FO3,11HS
FO3,11LS
FO9,11HN
FO911ILN
F23,12HN
F23.12LN

v
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Table Bl ¢s Fallin

STATION PSEUELON TEMOLONG

F11.,12HS
F18.12HN
F18.12LN
F12,04HS
F12,01L8
F19,01HKN
F19,05LN
F27,01HS
F27,01L8
F03,02HN
FO3,02LN
F11,03HS
F11,03LS8
F17.03HN
F17403LN
F26,03KS
F26,03L8
F02,04KN
FO2,04LN
F10,05HS
F10,05L3
F1740SHN
F17,05LN
F24,05HS
F24,05LS

F31,05LN
FO8,07HS
FR6,08HS
FO06,09H3
FO6,09LS
F13,09HN

F13,09LN

F20,09LS

~ F27 ¢09HKN

F274,09LN
FO3,11HS
- FO03,.14LS
FO9,11HN

FO9,11LN

Fle.11L8
F23,12HN

F23,12LN
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Table Bl ds Fallin

STATION ACARINER ACARTONS

Fil.12HS
F18.12HN
F18,12LN
F12,01HS
F12.01LS
F19401HN
F19,01LN
F27,01HS
 F27.01LS

F03,02HN
FO3,02LN

F11,03H3

F11,03L8
F17.,Q3HN
F17.,03LN
Fe6,03HS
F26,03L3
F02,04KN
F02,04LN
F10,05HKHS
F10,05L3
F17,05HN
F17.0SLN
F24,05HS
F24,05L3
F31,05HN
F31,05LN
- F08,07H3
F26,08HS
FO06,09HS
FO6,09LS
F13,09HN
- F13,09LN

F20,09LS

F27409HN
Fa7,09LN
FO3,11HS
FO3,11LS
FO09,11HN
FO9,11LN
F16,11L38
F23,12HKN
F23,12LN

.f‘o

ACARLONG ACARCLAU ACARCOPE OITHSIMI
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Table Bl fs Fallin

STATION EAFFADUL EAFFCOPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

F11.12HS 776 37714 10117 600 159740 0
F18,12FN 328 24s 0 298 S7 0
F18.12LN 8 51 232 65 14487 0
F12,01HS 552 597 6144 1179 126633 0
F12,01LS 0 22 92 1 437 0
F19,01HN 0 44 78 25 530 37
F19,01LN 16 8 12 a1 53 0
F27,01HS 69 113 4 17 1044 0
F27,01L8 0 0 0 17 165 0
F03,02HN 35 163 528 4 10647 0
FO3,02LN 8 0 18 18 169 0
F11,03KS 11 25 23 29 57 43
F11,03LS 0 0 32 0 30 30
F17,03HN 4 43 34 4 39 96
F17,03LN 2 15 71 14 87 48
F26,03HS 1450 6173 19582 277 0 0
F26,03LS 24 74 - 209 31 14 29
FO02,04KN 1348 2538 20392 56 16 112
FO2,04LN 38 28 12 18 4 9
F10,05HS 14927 36214 88362 2 2192 0
F10,05LS 309 169 475 90 77 0
F17,0SHN 36139 22750 39630 12 0 1232
F17.0SLN 38540 20636 712 0 0 0
F24,05HS 14521 98390 153120 56 82560 0
F24,05L8 128 262 5108 19 0 369
F31,05HN 3168 53950 193621 6 91 0
F31,05LN 81275 70317 30968 4 0 0
FOB,07HS 9818 4573 11565 43 59 0
F26,08H3 2 0o 4 15 0 -0
FO06,09HS 32 S " 34 7. 9 63
F06,09LS 0 0 6 6 0 8
F13,09KN 7 2 . 8 5 11 16
F13,09LN 0 0 11 0 41 20
F20,09L8 0 0 69 22 14 11
F27409HN 0 26 16 0 9 7
F27409LN 19 2 2 7 7 9
FO3.14HS 68 136 298 17 166 28
FO3,11L8 25 12 17 21 25 0
F09,11HKN 0 39 32 13 'Y I 32
F09431LN 4 2 2 0 66 39
Fl6.11L8 0 84 92 8 46 0
F23,12HN 16 . 28 6 0 13 g
0

F23,12LN 0 0 -0



Table B2 a:South Alloa

STATION ETEOLARY NERELARY MARAWIRE MARAEGGS MARATROC BIVALARY

S11,12HS
$18,12HN
$18.12LN
$12,01HS
$12,01L8
S19,01HN
819,01LN
827,01HS
827,01L8
S03,02HN
$03,02LN
S11,03KS
$11,03L8
S17,03HN
$17,03LN
$26,03HS
$26,03LS
§02,04HN
802,04LN
$10,05KS
$10,05LS
$17,05HN
$17.05LN
S24,05HS
324,05L8
$31,05HN
§31,05LN
S08.07THS
826,08HS
S06,09HS
806,09LS
813,09HN
8$13,09LN
820.09HS
§20,09L8
827, 09HN
827,09LN
S03,11HS
S03.11LS
S09,11HN
S09.11LN
$16,11HS
S16,11L8
323,11HN
S23.11LN
$15.12H8S
S15.12L8
823.12HN
823.12LN
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Table B2 bs South Alloa

STATION LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

S11,12HS
S18,12hN
S18412LN
$12,01H8
$12,01LS
S19.,01HEN
S19,01LN
$27.01HS
$27.01LS
$03,02HN
503,02LN
S11,03HS
S11,03L8
S17,03HN
$17.03LN
S26,03HS 2
$26,03LS
$02,04HN
$02,04LN
§10,05HS
$10,05LS
$17.,0SHN
S17.05LN
824,05HS
$24,05LS
531,05HN
$31,05LN
S08,07HS
826,08HS
506,09HS
806,09LS
© 813,09HN
$13,09LN
$20,09HS
$20,09LS
$27,09HN
S27,09LN
803,11HS
S03.,11LS
S09.11HN
809,11LN
S164,11HS
S16,11LS
S23,11HN
S23,11LN
$15,12HS
$15.12L8
$23.12HN
$23.12LN

- 0

COO0OO0OODOOOOOOOOONOOOIDOOCOOONOOLEOOOOOCOOOOVNOONIINOOODOOOOOOO0O
OCO0OOO0OOOCOO0OOO0OOODO0OOTOODOOOCCOOO0OOLEOCOOLOEONYOOOOOOOOOO0OODOO0O
ONOODOODOO0OO0OOOOODIVOOONOOODOONOOIONONODOPO~NNOCOCONOOODOOOLEOVO
COOOCOOO0OOODOODOOOOOUNOODOOONOTOHIOTNOIrRrGCOOOOCOODOODOO0OOSOOOOODOO

OCOCNFOOCOOOO0OO0OO0OODDOOOCOOO0OO0O0O0

OO0 00000000 OO0OO0OO0OO0ODDOODOOOOOLEOMOOONOTODOODODODOOOODOOOODODOOO
@
COO0OO0OO0COCODO0OO0OOCOOONOCOOCYVOLELENTOVO o



Table B2 c¢s South Alloa

STATION PSEUELON TEMOLONG CENYHAMA’CALAHELG SAGIELEG OIKODIOI

S11,12HS © 0
S18.12KHN
S18,12LN
S12,01HS
S12,01LS
S19,01HN
S19,01LN
S27,01HS
S27.,01LS
S03,02KN
S03,02LN
S11,03HS
Si11,03L8
S$17,03HN
S17.03LN
826,03HS
826,03L8
S02.04HKHN
S02,04LN
$10,05HS
810,05LS
S17.0SKHN
S17.,05LN
S24,05HS
824,05LS
S31,05HN
S31,0SLN
S08,07HS
S26,08KS
S06,09KHS
S06,09LS8
S13,09HN
S13,09LN
S20,09HS
820,09LS8
827 09HN
$27.09LN
S03.,11HS
S03,11L8
S09.11HN
S09.11LN
S16,11HS
S16,11L8
S23,11HN
- §23411LN
$15.,12HS
' §15.12L8°
823,12HN
S23,12LN



Table B2 ds South Alloa

STATION ACARINER ACARTONS ACARLONG ACARCLAU ACARCOPE OITHSIMI

13

311.12HS
30

S18,12HN
S18,12LN
$12,01HS
812,01L8
S19,01HN
$19,01LN
S27,01HS
S27.01LS
S03,02HN
$03,02LN
811,03HS
S11,03LS
S17,03HN
S17403LN
826,03H3
S26,03LS
S02,04HN
S02,04LN
810,05HS
$10,05LS
S17,05HN
S17.05LN
$24,05HS
824,05L8
$31,05HN
831,05LN
S08,07HS
S26,08H3
$06,09HS
S06,009L38
S13,09KN
S13,09LN
S$20,09H3
§20,09L8
827 .09HN
827.,09LN
S03,14HS
S03,11LS
S09,11HN
S09.11LN
S16,11HS
S16,11L8
823 ,11HN
823,11LN
815.12HS
815.12L8
$23,12H6N
- 823,.12LN
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Table B2 e: South Alloa

STATION NEOMINTE DIAPGRAC DAPHSPEC BOSMSPEC CHYDSPEC CYCLSPEC

S11,12HS
S18,.12KHN
. 818,12LN
S$12,01HS
812,01LS
S19,01HN
$19,01LN
827,01HS
327,01L8
S03,02HN
S03,02LN
811.03HS
S11,03L8
S17,03HN
S17,03LN
326,03HS
826,03L8
S$02,04HN
S02,04LN
S10,05HS
$10.05L8

. 817,05KHN

S$17.0SLN
S24,05HS
$24,05L8
831 ,0SHN
331.,05LN
S08,07HS
326,08KH3
S06,09HS
806,09LS
S$13.,09HN
S13.,09LN
S20,09HS
820,09L3
S27,09HN
S27.09LN
S03,11HS
S03,.11L8

S09.11HN

S09.11ILN
S16,11HS
S16.11L8
S23,11HN
S23.11LN
315,12H38
8$§1S.12L8
S23,12HN
823,.12LN
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Table B2 f:+ South Alloa

STATION EAFFADUL EAFFCQPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

S11.12HS 3428 3298 2143 118 13550 0
S18,12HN 758 3674 523 790 338495 0
S18.12LN 92 365 416 4 241 0
S12,01HS 141 1005 13371 833 94102 0
$12,01LS 53 48 1296 629 37212 0
$19,01HN 78 362 1785 50 23662 0
S19,01LN 16 0 74 45 107 0
827.01HS 382 1552 2244 47 52435 0
$27,01LS 15 22 224 22 8952 0
S03,02KN 191 3010 10944 95 341250 0
$03,02LN 254 27 318 ay 4545 0
S11,03HS 178 556 3242 554 1415 502
811,03LS 16 27 8 43 32 27
S17,03HN 91 1256 2205 13 21 87
S17.03LN 53 124 286 31 114 164
$26,03HS 150 1694 3141 36 47 293
826,03LS 20654 18702 15180 45 0 0
802,04HN 307 3348 10449 51 94 539
$02,04LN 495 600 5775 182 224 0
$10,05HS 121 7333 10229 21 73 1587
$10,05LS 2540 4043 12025 132 0 56
S17.05HN . 1971 34852 26564 6 1385 1774
$17,05LN 7228 1491 7889 154 0 430
S24,05HS 7913 33999 7476 78 19217 739
$24,05LS 2739 28759 64782 115 2304 1086
831,05HN 3209 40168 28909 18 5685 0
$31.05LN 15895 19824 34670 47 0 0
S08,07HS 770 15215 29364 23 8370 8163
$26,08HS 17 7 0 20 0 131
$06,09HS 57 9% " 46 o 37 572
806,09LS 6 50 9 68 62 136
$13,09HN 15 9 108 7 42 721
S13,09LN 35 0 0 e 25 16
$20,09HS 129 285 1128 23 144 1822
$20,09LS 0 14 114 53 19 110
$27  09HN o - 63 270 7 12 80
$27,09LN 19 5 14 5 14 9
S03,11HS 382 1782 1132 8 53 31
$03,11L8S 8 8 20 71 30 - 30
$0911HN 84 183 415 0 Se7 21
$09,11LN 4 12 15 137 21 38
 $16411HS 348 1781 4950 82 13439 10
S16,11L8 . 165 30 - 66 88 62 19
823,11HN 166 458 2575 0 2016 60
8234 11LN 269 4 8 2 32 0
S15.12HS 71 411 1059 183 6449 10
$15,12L8 1183 115 269 854 228 142
$23,12HN 306 986 914 12 7510 14

823,.12LN 17 6 24 0 58 ; 6



. 023,11LN

Table B3 a: Dunmore

STATION ETEOLARV NERELARV MARAWIRE MARAEGGS MARATROC BIVALARYV

D11,12HS
018,12KN
D18,12LN
0§12,01KS
012,01LS
D19,01KN
D19,01LN
D27.01HS
D27.01LS
D03,02HN
D03,02LN
D11,03HS
Di1,03LS
D17,03HN
D17,03LN °
026,03HS -
D26,03LS
D02,04HN
D02,04LN
D10,05HS
010,05LS
D17 .,0SHN
D17,05LN
D24,05HS
D24,05LS i
D31,05HN
031,05LN
C08,07HS
026,08HS
D06,09HS
006,09L8
D13,09HN
D13,09LN
020,09HS
020,09LS
D27 ,09HN
027,09LN
D03,11KH8
003,11LS
009.,11HN
009,11LN
016.11HKHS
" D16,11LS
D23.11HN
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Table B3 b: Dunmore

STATION LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

D11.12HS

D18,12KN
D18,12LN

012,01KS
012,01LS
019,01HN
019.01LN
D27,01HS
027,01LS
D03, 02HN
003,02LN
D11,03HS
011,03L8
D17.03HN
C17,03LN
026,03HS
026.03LS
002,04HN
002,04LN
D10,05HS
010,05LS
017,05HN
017.05LN
024,05HS
024,05LS
031,05HN
031,05LN
008,07HS
026,08HS
006409HS
006,09LS
013,09KN
013,09LN
020,09HS
020,09LS
027 4 09HN
027,09LN
003.11HS
003.11LS
009.11KN
009, 11LN
016,11HS
016,11LS
D23, 11HN
023, 11LN
D15.12H8
D1S.12L8
023.12KN
023,12LN
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- D16,11HS

Table B3 c¢cs Dunmore

STATION PSEUELON TEMOLONG CENTHAMA CALAHELG SAGIELEG OIKQDIOI

D11.12HS 144 33
018,12HN 48
D18412LN 0
012,01HS 0 2
012,01L8
019,01HN
019.01LN
D27,01HS
027.01LS
DO3,02HN
003,02LN
011503HS
D11,03LS
D17403HN
D17.03LN
D264 03HS
D26,03LS
D02,04KN
002.04LN
D10,05HS
D10,05LS
D17,0SHN
017,05LN
D24,05HS
D24,05LS
D31,05HN
031,05LN
D08,07HS
D26,08HS
006,09HS
D06,09LS
D13,09HN
013,09LN
020,09HS
020,09LS
D27,0GHN
027,09LN
003.11HS
D03.11LS
009.11HKN
D09,11LN
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Table B3 d: Dunmore

STATION ACARINER ACARTONS ACARLONG ACARCLAU ACARCOPE OITHSIMI

N
o
St
W
-y

D11.12KS
C18.12KN
D18,12LN
012,01KS
012,01LS
D19.,01HN
D19,01LN
D27,01HS
D27,.,01LS
003,02KN
003,02LN
011,03HS
011,03LS
D17,03KHN
017,03LN
026,03KS
026,03LS
D02,04HN
002,04LN
010,05HS
010,05LS
017.05HN
017.,0SLN
024,05HS
D24,05LS
031,05KN
031,05LN
008,07KHS
D26,08H3
D06,09HS
006,09LS
013,09HN
D13,09LN
020,09HKH3
D20,09LS
D27 .09HN
D27.,09LN
003,11HS
003,.11LS
009,11HN
D09,14LN
016,118
Dl16,11L8S
 DR23411HN
D23,11LN
D1S,12HS
D1S.12LS
D23.12HN
D23.12LN
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Table B3 es Dunmore

STATION NEOMINTE DIAPGRAC DAPHSPEC BOSMSPEC CHYDSPEC CYCLSPEC

D11,12HS
018,12KN
018,12LN
012,01HS
012,01LS
D19,01HN
019,01LN
027,01HS
027,01LS
003,02HN
003,02LN
D11,03HS
011,03LS
D17,03HN
017,03LN
26,03HS
026,03L8
002, 04HN
002,04LN
010,05HS
10,05LS
017,05HN
017,05LN
024,05HS
024,05L8
D31,0SHN
031,05LN
DO8,07THS
026,08HS 3
006,09HS
D06,09LS
D13,09HN
013,09LN
020,09HS
020,09L8
D27,09HN
D27,09LN
003,14HS
- D03,11LS
009, 11HN .
009.11LN 2
D16,11KS :
016,11LS 30
D234 11KN 16,
D23.11LN u4
015.12HS 0
D15.12LS .
023,12HN 0
D23, 12LN 0
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Table B3 f:IMmmofe

STATION EAFFADUL EAFFCOPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

D11.12HS
018,12HN
D18.12LN
012,01HS
012,01LS
019,01HN
D19.01LN
027.01HS
D27.01LS
003,02HN
003,02LN
011,03HS
011.03LS
D17.03HN
D17.03LN
026,03HS
D26,03LS
002,04HN
002,04LN
010,05HS
D10,0SLS
D17,05HN
017,05LN
024,05HS
D24,05LS
D31,05HN
031,05LN
008,07HS
D26,08HS
06,09HS
D06,09LS
D13,09HN
013,09LN
£20,09HS
£20,09LS
D27,09HN
027 4,09LN
003,11HS
003,11LS
009,11HN
009.11LN
D16,11HS
D16,11LS
023,11KN
D233 1LN
D1S.12HS
D15,12L8
023,12HN
D23.12LN

46
26

S184-

1739
3152

205
5812

202

178

21
235
189
240

12
154
253
120
155

- 209
879
38
408
612
584
32

89

50
176
165
773
230
1248
2585
194
2134
S634
16538
6292
158
25990
21560
7521
33673
2780
52830
362

980
1804
223
1209
5784
403
168
678
1107
200
536
1766
1367
414
2665
1015
8686
6314
162762
2066
187
17628
232
1738
84564
3476
36420
515
-0

0
27
30
278
0
284
13
235
71
50
406
3577
92
898%
344
30
30

1407 -

578
183

183
293
204
496
1511
28
37
26
75
13
22
25
336

713

379
10674
5269
74867
48180
1145
752
47019
12912
47881
49522
130
96

0

0
52144
309
204
2921
68

0

63

0

783
11956
12
2572
0
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w
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71157

1597
2245
10490
4034
32
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438

1023

1354
162
1657
391

50
81

208
471
376
4254
10
Sé
261

105
153



Table B4 as Kincardine

STATION ETEOLARV NERELARV MARAWIRE MARAEGGS MARATROC BIVALARY

Ki1,12HS
K18,12KHN
K18,12LN
K12,01HS
K12,01LS
K19,01KN
K19,01LN
K27,01HS
K27,01LS
K03,02HN
K03,02LN
Ki1,03HS
Ki1,03LS
K17403HN
K17,03LN
K26,03HS
K26,03LS
K02,04KN
K02.04LN
K10,05HS
Ki0,05LS
K17 ,0SHN
K17,05LN
K24,05HS
K24,05LS
K31,05HN
K31,05LN
K0B,07HS
K2b,08HS
K0b6,09HS 2
K13,09KN
K{3,09LN
K20,09LS
K27 ¢ 09KN
K27 ,09LN
K03,11HS
K09.11HN
K09,11LN
Ki16,11HS
- K16,411LS
K23,11HN
K23,11LN
Ki1S,12HS
K§S.12LS8
K23,12HN
K23,12LN
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Table B4 b: Kincardine

STATION LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

ONOOONODR®O» 0O

Kil.12HS 0 0 32 0 0 0
K18, 12HN 0 0 26 0 0 0
K18.12LN 0 0 22 0 4 0
K12,01HS 0 0 40 -0 0 18
K12,01L8 4 0 27 0 13 0
K19,01HN 0 0 0 0 0 0
K19,01LN 0 0 4 0 0 0
K27,01HS 0 0 9 0 0 0
K27.01LS 0 0 0 0 0 0
K03,02HN 0 0 54 0 0 0
K03,02LN 0 0 5 0 0 0
K11,03HS 0 0 34 2100 0 0
K11,03LS 0 0 0 0 0 0
K17.03KN 0 0 38 0 0 0
K17.03LN 4 0 31 0 0 0
K26,03HS S 0 113 0 0 0
K26,03LS 6 0 11 0 0 0
K02,04HN 4 0 47 0 0 0
K02,04LN 2 0 16 0 0 0
K10,05HS 10 0 406 4 34 199
K10,05LS" 0 0 3 -0 0 0
K17,05HN 0 22 104 32 10 4887
K17,0SLN 2 0 8 34 - L us
K24,05HS 0 0 695 16 60 615
K24,05L3 0 e . 2 0 0 107
K31,05HN 2 38 16 26 20 14480
K31,05LN 0 78 0 147 46 189
K08,07HS 14 4 366 16 0 61
K26,08HS 0 0 127 0 0 0
- KQb6,09HS 0 0 1502 141 0 1556
K13 ,09HKN 0 0 630 29 0 20
K13,09LN 0 0 0 7 0
K20.,09LS 0 0 2 2 0 0
K274 09HN" 0 0 57 0 L0 12
K27,09LN 0 0 26 0 0
K03,11HS 0 0 31 0 .0
K09,11HN -0 0 17 0 0 1
K09,11LN: 0 0 . 6 0 0
K16.,11HS 0 0 6 0 0
- K16,411LS 0 0 0 0 0
- K23,11HN 0 8 8 0 0
K23.11LN 0 0 0 -0 0
K1S,12HS 0 0 2 0 0
- K1S.12LS 0 0 7 0 7
K23.12HN 0 0 15 0 0
0 0 11 2 0

K23.12LN



TaEthbcn'Khmanﬁpe

STATION PSEUELON TEMOLONG CENTHAMA CALAHELG SAGIELEG OIKODIOI

K11.,12HS
K18,12HN
K18,12LN
K12,01HS
K12,01L8
K19,01HN
K19,01LN
K27,01HS,
K27,01LS
K03, 02HN
K03,02LN
K11,03HS
K11,03LS
K17 403HN
K17 403LN
K26,03HS
K26,03LS
K02+ 04HN
K02 04LN
K10,05HS
K10,05LS
K17405HN
K17,05SLN
K24 ,05HS
K24,05LS
- K31,05HN
K31,05LN
K08,07HS
K26 ,08HS
K06,09HS
K134, 09HN
K13,09LN
K20,09LS
K27 ,09HN
K27 ,09LN
KO3,11HS
K09,11HN
K09,11LN
K164,11HS
K16,11LS
K23, 11HN
K23,11LN
K15.12HS
K1S.12LS
K23,12HN
K23.12LN
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Table B4 d: Kincardine

STATION ACARINER ACARTONS ACARLONG ACARCLAU ACARCOPE OITHSIMI

Kil,12HS 0 0 0 0 404 39
K$8,12KHN 0 0 0 0 189 0
K18,12LN 0 0 0 0 0 0
Ki2,01HS 0 0 0 0 18 18
K12,01LS 8 0 0 0 0 17
K19.,01KN 0 0 0 0 0 0
K19,01LN 0 0 0 0 8 q
K27,01HS 4 0 -0 0 0 0
K27.,01L8 0 0 0 0 0 0
K03,02HN 3 0 0 0 163 0
K03.,02LN 0 0 0 0 4 4
K11,03HS 0 0 0 s9 226 S
K11,03LS 0 0 0 0 0 0
K17,03HN 0 0 0 15 135 12
K17,03LN 0 0 0 32 17 2
K26,03HS 118 0 0 5 255 4
K26,03L8 0 0 0 0 0 0
K02,04KHN 0 0 0 0 0 0
K02,04LN - 0 0 0 0 0 0
K{0,05HS 0 0 0 0 95 2
K§10,0SLS 0 0 0 0 0 0
K17405HN 203 0 0 0 3173 0
K17,0SLN 6 0 0 0 ol 0
K24,05k8 228 0 0 24 2668 0
K24,05LS 0 0 0 0 0 0
K31 ,0SHN 0 0 18 0 55 0
K31,05LN 0 0 . 4 0 32 16
K0B8,07HS 22 0 86 0 178 4y
K26,08HS 0 40 0 0 102 29
K0b,09HS 0 28 2 0 66 118
K13,09HN 0 0 0 0 36 7
K13,09LN -0 -7 10 0 13 -3
K20,09LS -0 10 7 0 17 .0
K27 ¢ 09HN 0 0 -0 0 2 2
K27,09LN 0 7 0 0 2 0
K03.11HS 93 104 31 3 699 410
K09,11HN 0 0 4 0 264 2
K09,11LN 0 0" 4 0 2 11
K16,11HS .0 -0 0 2 151 121
K16,11LS 0 0 -0 0 e 6
K23,11HKN b - 88 2e 6 505 256
K23,11LN 0 0 - 4 0 2 18
. K1S,12H8 0 0 0 -0 - 41
K1S,12L8 ) 0 S0 -0 R § 7
K23,12HKN 0 -0 4 0 265 38
K23,12LN 0 0 0 2 0 Fd



Table B4 es Kincardine

STATION NEQMINTE DIAPGRAC DAPHSPEC BOSMSPEC CHYDSPEC CYCLSPEC

K11.12HS 0 0 0 0 0 0
K18412HN 0 0 0 0 0 0
K18.12LN 0 0 0 0 0 0
K12,01HS 0 0 0 0 0 0
K12,01L8 0 0 0 0 0 0
K190 1HN 0 0 0 0 0 0
K19,01LN 0 0 0 4 0 0
K27,01HS 0 0 0 0 0 0
K27,01L8 0 44 22 1 0 0
KO3 402HN 0 0 0 0 0 0
K03,02LN 0 0 0 9 0 0
K11,03HS 0 0 0 0 0 2
K11,03LS 2 8 0 0 0 6
K17403HN 0 6 0 0 0 0
K17403LN 0 6 0 0 0 0
K264 03HS 0 0 0 0 0 0
K26,03LS 0 0 0 0 0 0
K02, 04HN 0 0 0 0 0 0
K02,04LN 0 0 0 0 0 0
K10,05HS 0 0 0 0 0 0
K10.05LS 0 0 0 0 0 0
K17.0SHN 0 0 0 0 0 0
K1740SLN 0 0 0 0 - 0 0
K24 ,05HS 0 0 0 0 0 0
K24,05LS 0 0 0 0 0 0
K31 405HN 0 0 0 0 0 0
K31,05LN 0 0 0 0 0 0
KO8,0THS 0 0 0 0 0 0
K26.,08HS 0 0 0 0 0 0
K0b409HS 0 0 0 0 0 0
K13,09HN 0 0 0 0 0 0
K13,09LN 94 0. 0 0 0 0
K20,09LS 2 0 0 0 0 0
K27 . 09HN 0 0 0 0 0 0
K27,09LN 2 0 0 0 0 0 -
K03, 11HS 0 .3 0 0 0 0
KO9o11HN 0. 0 0 0 0 0
KO9e11LN. 11. e 0 0. 0 0
K16,11HS 0 NE 0 0 0 0
K16,11LS 4 0 0 0 0 0
K234 1LHN 0 0 0 0 0 S0
K23, 11LN 2 10 2 0. 0 0
K15,12HS - 0 0 0 2 0 0.
K1S.12LS 0 0 0 0 0 0
K23, 12HN | 0 0 0 0. 0 0
0 0 0 0 0 0

K23,12LN



Table B4 f: Kincardine

STATION EAFFADUL EAFFCOPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

Ki1,12HS ] 0 4s 4s 78 36018
K18,12HN 13 49 189 0 316 1708
K184,12LN 17 176 404 61 19775 263
K12,01HS 13 62 443 2614 4376 1439
K§2,01LS 119 518 1037 2897 80900 341
K19,01HN 0 12 20 78 543 0
K19,0ILN 12 217 263 56 64197 24
K27,01HS 0 13 144 13 53S a4
Ke7,08LS 0 0 133 22 3a44 0
K03,02HN 0 32 386 18 30504 1412
K03,02LN 0 32 82 23 177133 at
K11,03H3 9 662 3482 0 2283 12899
K{1,03LS 32 86 264 82 107 0
K17.03HN 2 100 401 31 56 2227
K{7,03LN 122 366 2l6 26 109 334
K26403HS 14 79 1828 0 609 3544
K26,03L38 126 2112 2651 50 0 0
KQ02,04HN e 20 339 0 - 99 679
K02,04LN 44 58 234 200 0 454
K10,05HS 12 126 252 135 0 5SS
K10,05LS 23 877 363 2161 56 62
K17,05HN 12 34 5256 2 94 12073
K17,05LN 34 167 1642 383 ° 3203 903
Ked4,05HS 0 347 782 16 0 3652
K24,05L38 847 10032 9043 123 30782 0
K31,0SHN cd 61 823 P4 0 218}
K31,05LN 57 4223 3209 1106 0 823
K08,07HS 8 34 0 92 0 721
K26,08HS 0 4 0 8 0 516
KQ06,09HS 0 0 0 56 0 1502
K$3,09KN 0 2 0 21 0 567
K13,09LN 7 7 17 44 0 544
K20,09LS 24 146 230 14 216 3501
K27 ¢ OGHN S 0 5 0 0 83
K27 <O0GLN 2 9 19 S 0 298
K03,11HS 121 1183 37 62 0 0
K09,11iHN .0 17 20 0 8 47175s
K09,11LN 73 187 . 9 9 S1 n
Ki6,11HS 8 18 0 34 0 1988
Ki6,11LS 8 84 S47 201 829 141
K23.11KN 100 82 0 14 L} 6826
K23,11LN 60 178 42 10 46 20
K15,12HS 349 35 35 2 47 200
K15.12L8 7 37 125 676 1853 23s
K23,12HN 63 206 19 6 27 3824

K23,12LN 756 a7é6 38 200 137 111



Table B5 as Skinflats

STATION ETEOLARV NERELARV MARAWIRE MARAEGGS MARATROC BIVALARYV

Gli.,12HS
G12,01HS
G19,01HN
G27,01HS
G03,02KN
G11,03HS
G17,03HN
626,03HS
602,04HN
610,Q5HS
624,05H3
631,05HN
G06,09HS
G13,09KN
G20,09KS
GO3,11HS
GO9.,11HKN
G16,11HS
G23,11HN
G15.12HS
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Tadble B5 bs Skinflats

STATION LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

Gi1,12HS 0 0 78 0 0 0
G12,01HS 0 0 18 0 0 9
G19,01HN 0 0 .0 0 0 12
G27,01HS 0 0 17 -0 0 22
G03,02HN q 0. 0 0 0 19
G11,03H8 107 91 104 0 0 0
G17,03HKN 9 4 9 0 0 0
626,03HS 4 61 274 0 0 0
G02,04HN 4 8 9 0 0 3774
G10,05HS 0 0 65 15 2 68
G24,05HS 6 340 138 54 e 4837
G31,05HN 0 0 0 0 4 49
G06,09H3 0 0 16 9 0 26
G13,09KHN 0 0 23 20 0 )
G20,09HS 12 0 50 14 0 149
G03,11HS -0 0 11 0 0 -0
G09,11HN 0 0 - 0 0 0
G16,11HS e 0 4q 0 0 0
G23.11KN 0 0 0 0 0 0
G15,12HS 0 0 3 e 0 0



Table B5 c: Skinflats

STATION PSEVELON TEMOLONG CENTHAMA CALAHELG SAGIELEG OIKODIOI

Gl11.12HS
G12,01HS
G19,01HN
G27,01HS

G03,02KN

G11,03HS
G17,03HKN
6G26,03HS
G02,04KN
G10,05HS
G24,05HS
G31,05KN
G06,09HKHS
G13,09HN
G20,09HS
GO03,11HS
G09.11HN
G16,11HS
G23,11HN
G15.12HS

99
3
0
0
0
210
e
88
4
0
83

1559
1692

24l

6
111
0
65
0
473
20
65
0

0
140
29
S

0
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Table B5 d: Skinflats

STATION ACARINER ACARTONS ACARLONG ACARCLAU ACARCOPE OITHSIMI

G11.12KS 20 0 0 0 229 144
G12,01HS 8 0 0 0 27 53
G19,01KN 0 0 0 0 0 0
G27.,01HS 96 0 0 0 87 . 200
G03,02HN 0 0 0 0 4 0
G11,03HS - 0 0 0 321 16 89
G17.,03KN 201 0 0 31 454 0
G26,03HS 102 Y 0 0 113 264
G02,04HN it 0 0 0 34 4
G10,05HS 6 0 0 0 6 4
G24,05HS 1152 0 0 0 2391 a4
G31,0SHN 16 0 0 0 0 0
GO06,09KS 0 12 0 0 54 49
G13,09HN 0 41 185 36 243 18
G20,09HS 0 460 0 0 302 175
G03,11KS 11 34 0 0 59 748
G09,11HKN 24 St 242 13 157 aid
G16,11HS 6 0 0 0 68 76
G23,11HN 4 4 0 4 14 0
G15.12KS 6 0 e 37 58 76



Table BS e: Skinflats

STATION NEOMINTE DIAPGRAC DAPHSPEC BOSMSPEC CHYDSPEC CYCLSPEC

G11.12HS 0 0 0 0 0 0
G12,01HS 0 0 0 0 0 0
619,01HN 0 0 0 0 0 0
G27,01HS 0 o 0 4 0 0
G03¢02HN 0 0 0 0 0 0
G11,03HS 0 0 0 0 0 0
G17,03HN 0 0 0 0 0 0
626,03hS 0 0 0 0 0 0
602, 04HN 0 0 0 0 0 0
610,05HS 0 0 0 0 0 2
624,05HS 0 0 0 0 0 0
631 ,05HN 0 0 0 0 0 0
G06,09HS 0 0 0 0 0 0
G13,09HN 0 0 0 0 0 0
620,09HS 0 0 0 0 0 0
G03,11HS 0 -0 0 0 0 0
6094 11HN 0 0 0 0 0 0
G16,11HS - 0 0 0 0 0 0
6231 1HN 0 0 0 -0 0 0
615,12HS 2 0 0 0 0 0



Table B5 £3 Skinflats

STATION EAFFADUL EAFFCOPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

G11,12HS 27 8s 301 445 1864 811
G12,01HS 44 278 2007 1288 227950 1803
G19.,01HN 0 4 0 2196 1628 469
G27.01HS 13 69 13294 726 97360 6673
G03,02HN 0 0 3632 240 5675 1589
G11,03KS 187 180 4110 99 0 1712
G17.03HN 4 507 2271 1349 1834 5000
G26,03HS 25 36 4063 8596 0 4750
G02,04HN 1t 580 4606 3502 5562 6292
G10,05HS 15 154 194 . 5517 35 3457
G24,05HS 261 1239 0 1885 1217 2609
G31,05HN 21 12 0 39910 0 0
G06,09KS 0 S 0 0 91 979
G13,09KN 2 0 0 68 0. 1831
G20,09HS 2 10 0 35S 0 715
GO3,11HS 14 913 6741 - 163 6067 404s
G09.11HN 0 S6 338 67 3340 336
G16,11HS 1312 . 2483 227 92 10 185
G23,11HN 46 94 46 174 0 246

615.12HS 80 59 0 33 0 53



Table BS as Culross

STATION ETEOLARV NERELARY MARAWIRE MARAEGGS MARATRQOC BIVALARY

C11,03HS
C17,03KN
C26,03H8
C02,04HN
C10,05HS
C17.05HKN
C24,05HS
C31,0SKN
C08,07HS
C26,08HS
C06,09KHS
C13,09KN
C20,09HS
C27,09HN
C03,11HS
C09,11HKN
C16,11HS
C23,11HN
C1S.12H8
C23,12KN
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Table B bs Culross

STATION LITTCAPS LITTVELI CIRRNAUP CIRRCYPR TERELARV POLYCILI

C11,03HS
C17,03HN
C26,03KS8
C02,04HN
C10,05HS
C17.0SHN
C24,05HS
C31.05HN
C0B8,07HS
C26,08HS
C06,09HS
C13,09HN
C20,09HS
C27,09HN
C03,11KS
C09,11HN
C16,11KHS
C23,11KN
C15.12KS
C23,12HN
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o
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0
2

COO0OO0COO0OOOOOOoCONIow
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28
63
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4860
967
196
417
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Table BS cs Culross

STATION PSEUELON TEMOLONG CENTHAMA CALAHELG SAGIELEG OIKQDIOI
C11.,03HS 23
C17.,03KN
C26,03K3
C02,04HN
C10,05HS é
C17,05HKN
C24,05KS
C31,05KHN
C08,07HS
C26,08HS
C06,09HS
C13,09KN
C20,09HS
C27,09KN
Co3,11HS
Co9,11HN
C16,11HKS
C23,11HN
Ci1S.12HS
C23.,12HKN
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Table B6 ds Culross

STATION ACARINER ACARTONS ACARLONG ACARCLAU ACARCOPE OITHSIMI

C11,03HS 82 0 0 0 12 22
C17,03HN 0 0 0 4 20 0
C26,03HS 0 0 0 0 32 32
C02.,04HN 0 0 0 .0 0 0
Ci10,05HS 35 0 0 0 28é 226
C17,05HN 0 0 0 0 4 0
C24,05HS 20 0 0 0 129 11
C31,05KN 0 0 0 0 2 0
C08,07HS 0 0 S 0 29 5
C26,08HS 0 8 .0 0 4 39
CO6409HS 0 e 23 0 63 28
Ci13,09HN 0 e 5 0 34 2
C20,09HS 0 38 5 0 110 28
C27,09HN 0 0 0 0 2 0
C03,11HS 14 2s 39 6 ) 432
C09,11HN .60 0 0 11 312 86
Cl6,11HS 6 2 6 0 16 44
C23,11HN 0 0 0 0 30 12
C15.,12HS 0 0 0 0 10 24
C23.12HN 0 0 0 0 e 8



Table B6 es Culross

STATION NEQMINTE DIAPGRAC DAPHSPEC BOSMSPEC CHYDSPEC CYCLSPEC

C11,03HS 0 0 0 0 0 0
C17,03HN 0 0 0 0 0 0
C26,03HS 0 0 0 0 0 0
C02,04KN 0 0 0 0 0 0
C10,05HS 0 0 0 0 0 0
C17,0SHN 0 0 0 0 0 0
C24,05HS 0 0 0 0 0 0
C31,05HN 0 0 0 0 0 0
C08,07HS 0 0 0 0 0 0
€26,08HS 0 0 0 0 0 0
C06,09HS 0 0 0 0 0 0
C13,09HN 0 0 0 0 0 0
€20,09H8 0 0 0 0 0 0
€27, 09KN 0 0 0 0 0 0
C03.11HS 0 0 0 0 0 .0
CO9411KN 0 0 0 0 0 0
Cl16,11HS 0 0 0 0 0 0
€23, 11HN 0 0 0 0 0 0
C15.12HS 0 0 0 0 0 0
C23,12HN 0 0 0 0 0 0



Table B6 f: Culross

STATION EAFFADUL EAFFCOPE EAFFJUVE HARPSPEC ROTISPEC COPENAUP

C11.03HS 287 100 18 34 103 116
C17,03HN o 16 240 140 24 1769
C26,03HS 0 9 14 43 0 84
C02,04KN 27 7 112 54 0 263
C10,05HS 0 338 0 159 0 169
C17,05HN 0 10 14 225 0 76
C24,05HS 39 165 126 48 0 302
C31,05HN 0 14 0 119 0 74
C08,07HS 0 5 0 20 0 408
C26,08HS 0 0 0 4 0 176
C06,09KS 2 2 7 178 0 0
C13,09KN 0 9 0 18 0 180
C20,09HS 5 0 0 167 0 895
C27,09KN 0 0 0 2 0 229
CO3.11HS 3 205 62 76 404 118
C09,11KN 2 0 9 101 13 113
Cl6,11HS 606 404 0 46 0 36
C23, 11HN 6 0 0 130 776 156
C15.12HS 47 53 18 167 94 404
€23,12HN 0 0 15 48 17 48



Appendix CtZooplankton abundancesFigures
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Figure C1 as Annual abundance of mixed group taxa at Fallin,high tide.
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Figure C18 a: Annual abundance of freshwater taxa at Dunmore at high tide.
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Figure C18 b: Annual abundance of freshwater taxa at Dunmore at low tide.
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Figure C19 b: Annual abundance of freshwater taxa at Kincardine at low



