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CRERAN MICROPLANKTON IN 2012
PAUL TETT
SCOTTISH ASSOCIATION FOR MARINE SCIENCE, OBAN
Abstract. This note describes results of sampling the microplankton (pelagic
protists including algae and protozoa) in loch Creran during 2012 and compares
seasonal patterns of abundance with those in 1979-1981. There is no longer a
Spring Bloom of the diatom Skeletonema, and flagellates and dinoflagellates are
more numerous. However, significant change in biomass could not be demonstrated either by statistical analysis of the seasonal graphs or using the Phytoplankton Community Index (PCI). Methods used for microscopy and numerical
analysis are discussed, including the problems caused by low cell counts. A small
improvement in the fitting of the PCI envelope is reported.

Date: June 1, 2013.
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1. Introduction
This note describes results from microscopic analysis of water samples taken
from Barcaldine Pier in Loch Creran during 2012. The subject of analysis was
the microplankton (Tett 1987), the community of pelagic micro-organisms that
includes algae (members of the phytoplankton) and micro-heterotrophs such as
ciliates, zooflagellates and non-photosynthetic dinoflagellates. Bacteria also form
part of the microplankton but were not counted during this study.
Loch Creran is a representative Scottish fjord (Landless & Edwards, 1976), and
its phytoplankton ecology has been studied since 1970 at several sites in the loch’s
midline (e.g. Tett et al. 1975, 1985). The pier at Barcaldine, near the head of the
loch’s main basin, allows sampling without the need for ships. Water was taken
weekly here during 1979 through 1981, and analysed using methods described by
Tett et al. (1981). Laurent et al (2006) found that chlorophyll concentrations
were much lower in 2003–4 than those reported for 1979 by Tett et al., (1981),
or for 1970–1976 by Tett & Wallis (1978), and microscopical analysis from 2005
onwards suggested that there had been changes in the abundances of some groups
of microplankters. This note is the first of a series documenting such changes and
discussing the data-analytical methods used to demonstrate them.
2. Methods
2.1. Sampling. Water samples were taken from the SW end of Barcaldine Pier
using a Collins-type water bottle lowered to a depth of 1 m. The bottle (which
had been in use since about 1980) was lost on 10 September 2012, and a makeshift
replacement used thereafter (Figure 1). A subsample was taken from the bottle for
later salinity measurement, and another 30 mL were preserved with about 1.5%
Lugol’s iodine and stored at 2 – 4◦ C for examination within a few weeks.
2.2. Salinity. Salinity was estimated using a Bellinhgam & Stanley E-line ‘Aquatic’
refractometer with a salinity range of 0 - 100 ppth divided into 1 ppth intervals.
A small amount of the sample, brought to room temperature, was used to rinse
the optical platform of the refractometer, and a second subsample was then observed and the indicated salinity noted. Samples were dealt with in batches of 6 to
10, each including a freshwater sample and a sample of known salinity, and were
measured twice. Readings were adjusted for salinity offsets.
2.3. Microscopy. For microscopic analysis, the Lugol-preserved sample was gently mixed, and a 10 mL subsample taken with an auto-pipette and discharged into
10 ml chamber with a base made of coverslip glass. After sedimention, the chamber’s microplankton content was examined with a Wild M40 inverted microscope
using two main patterns:
• whole chamber base, x10 objective, after at least 4 hrs sedimentation (for
larger and less abundant organisms);
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Figure 1. Samplers. Top picture (Barcaldine Pier, 1982) shows the
Collins bottle used for sampling from the pier during the reference
period and until September 2012. Lower picture (Bonawe Pier, 2012)
shows the improvised sampler used thereafter.
.
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• 2 transects across the chamber base, forming a cross along the diameters,
x20 objective, and a x10 eyepiece with (adjustable) parallel cross-hairs
delineating the transect, after at least 18 hrs sedimentation (for smaller or
abundant organisms).
Taxon names and counts of numbers of cells were recorded in a notebook, illustrated in some cases by sketches (x20 phase objective, x15 eyepeice), and measurements made at x40 using an eyepiece micrometer. The eyepiece micrometer,
and the cross-hair separation in the counting eyepiece, were calibrated against a
stage micrometer.
The microscope, the chambers, and these analytical procedures were the same
as in 1979-1981, except that during those years, observation was restricted to a 1
x 1 cm square centered within the chamber base (which was 2.5 cm in diameter
and hence 4.9 x the area of the square).
2.4. Taxonomy. Tett et al. (1981) list reference works used for identification in
1979-81. Since 2003 the main work used to identify and classify phytoplankters has
been Tomas ed. (1997), especially the chapters on diatoms (Hasle & Syvertsen),
dinoflagellates (Steidinger & Tangen) and flagellates (Throndsen). In general,
diatoms have been reliably identified to genus, dinoflagellates to order and in some
cases genus, and flagellates to class and in some cases genus. Taxa were sometimes
split according to cell size, and presence or absence of chloroplasts was used to
distinguish heterotrophic dinoflagellates and flagellates from similar autotrophs or
myxotrophs.
Pelagic ciliates have proven difficult: there are several conflicting taxonomies,
and the web-pages of the pelagic ciliate project (www.liv.ac.uk/ciliate: StruederKypke & Montagnes 2002), which aid identification of most taxa, are no longer
supported by Liverpool University. identification of Lugol-preserved ciliates is imprecise, and there are now according to WoRMs (www.marinespecies.org), used
as a taxonomic reference, many described genera, in different families, that look
superficially similar. The term ‘oral ciliate’, referring to oligotrichs, was used during the reference period, to distinguish between these and more uniformly ciliated
organisms; in 2012 I aimed to distinguish oligotrichs by size (medium or large) and
shape (round or conical).
See appendix (section 7) for details and lists of genera included in lifeforms. As
mentioned in the next subsection, the files named ‘volf –’ contain lists of the taxa
to which counts were allocated.
2.5. Data analysis. The data were digitized and converted to lines in a ‘flatASCII’ database (Table 1) in several steps:
(1) the notebook pages were scanned to black/white jpegs at 150 dpi, embedded in pdf files identified as 2012_<month number>_<day>_BP;
(2) the Matlab function EnterPPdata aided manual entry of data from these
pages into a csv spreadsheet called a ‘Transferred Data Sheet’ (TDS);
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(3) after checking the csv file, the Matlab function WritePPdata was used to
convert the data into the ‘flat ASCII’ format;
(4) the resulting lines of text were added to the end of the main data-base.
Table 1. Example of data-base lines.

Characters to the right of
‘%’ are treated as comments and are skipped when the data-base is read.
‘-99’ indicates end of sample. ‘sp’ gives a numeric ‘species’, or higher level
taxon, code. The codes have been maintained over taxonomic changes.
‘m.f.’ codes for an examination-pattern multiplication factor, used to
convert counts into cells/L. ‘ID’ identifies the analyst. The last three
columns give the date on which the sample was sedimented.

% rep year mon day stat dpth sp m.f. cells - TDS
ID year mon day
1
2012 3
9
351 1
1
105 203 - 2013007 1 2012 3
9
1
2012 3
9
351 1
216 105 1
- 2013007 1 2012 3
9
-99

Figure 2 shows these and the next steps. The first involves the use of Matlab
script (HPLP3Ea) to extract values from the data-base, either for a single taxon (e.g.
Skeletonema, or for a lifeform (e.g. OPCD). In the lifeform case, abundances were
calculated (i) by summing cells/L over all the taxa included in a lifeform, and (ii)
by summing the product of cells/L and mean cell volume to estimate biomass (in
mm3 /L). The function envf2, called by HPLP3Ea, was used to compute a median
line and an envelope for data from the reference period, 1979-1981; the option for
including 90% of values was selected. The 2012 abundances were overplotted on
the reference data and envelope. The script was also used to count 2012 points that
plotted above or below the 1979-81 medians and to calculate a value of chi-square
with an expectation of an equal split.
Finally, the Matlab script PCI1F was used to plot data in lifeform state space,
to fit reference envelopes around data for 1979-1981, and to calculate a value of
the Phytoplankton Community Index (PCI: Tett et al., 2008) as the proportion of
2012 points that plotted inside the reference envelope. The data input to PCI1F
was that output as time-series from HPL3Ea for selected lifeforms, merged using
the script HPLF2e. The function findenv2 is called by PCI1Fb to fit a reference
envelope. It excludes a fraction of points (typically the 10% furthest away from
the centre of the cloud). It has been augmented with an option to scale X- and Yaxes data in proportion to their standard deviations.
Table 2 lists the Matlab scripts and functions, and related files, involved in data
processing. Unlike Figure 2 it includes the version details (e.g. HPLP3Ea is the first
version of HPLP3E).
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Figure 2. Flow diagram for data processing. Matlab scripts and
functions are identified by Courier font, e.g. HPLP3E, although without version information. Only selected sub-functions are shown.
Table 2. Matlab scripts or functions and associated files
name
EnterPPdata
WritePPdata
HPLP3Ea
hcf
envf2

used by
HPLP3DEa
HPLP3DEa

description
data digitization (from notebook to TDS)
convert TDS to a sequence of data-base lines
reads data-base and plots selected data
Matlab code with control variables
computes reference envelope: data were
grouped in blocks of 20 and ranked to get
statistics, which were smoothed over 3 blocks
volf.csv
EnterPPdata each row contains species code, standard cell
volume (log10 µm3 ), lifeform codes and original and revised taxon names
volfApril13.txt HPLP3Ea
plain text version of the csv file
HPLF2e
merges time-series datafiles from HPLP3Ea in
preparation for PCI1F
PCI1Fb
calculations and plots for PCI
findenv2
PCI1Fb
fits reference envelope, with options for excluding data and for scaling axes
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3. Results and interpretations
3.1. Salinities. The median salinity at 1 m depth was 31.5 psu, with a range
over 13 samples from 23 to nearly 34 psu (Table 3). Data are available from
salinometer measurements of weekly samples from 1 m depth at the Pier during
1979 ( Typical values around 310 /00 , approx. range 18 – 330 /00 ; Tett et al. 1981)
and 1982 (median 30.90 /00 , 10 – 90 %ile range of 23.9 – 32.80 /00 ). Thus there is
no evidence of change in the freshwater content of water at the pier.
Table 3. Salinities at Barcaldine Pier (1 m) during sampling in
2012 (a Leap Year), estimated with a refractometer.
Date
12 Jan
10 Feb
9 Mar
21 Mar
16 Apr
15 May
22 Jun
4 Jul

Day Salinity notes
12
22.5
41
31.5
69
28
81
23
107
32.5
136
28
174
33.5
186
taken by GM after bloom of
P-n. “seriata”
19 Jul 201
28
9 Aug 222
32
10 Sep 254
15
old sampler lost; sample dipped from
surface and omitted from graphs
28 Sep 272
32
new sampler
17 Oct 291
30
19 Nov 324
33
20 Dec 355
32

3.2. Statistical. The results of the χ2 test used to compare 2012 results with the
medians from the 1979-1981 reference period are given in Table 4. The comparison
can only deal with differences that persist throughout most of the year. Such
differences were significant in the case of cell abundance of Skeletonema, Mediumsized Autotrophic Dinoflagellates (MAD) and Small Flagellates (SF). There were
no significant changes in biomass.
3.3. Diatoms. (Figures 3, 4 and 5). During the 1970s, including the reference
period 1979-1981, the diatom Skeletonema dominated the Spring Bloom, and typically peaked during late March. It did not bloom in Spring 2012, although abundances June–October appeared normal. Other Pelagic Centric Diatoms (OPC
Diatoms, excluding Skeletonema) were at least as abundant between April and
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Table 4. Significance of changes between 1979-81 and 2012. χ2 (n)
refers to cells/L, and χ2 (v) to biomass (mm3 /L). The critical value
for a one-tail χ2 test with 1 d.f. is 3.84 ( p ≤ 0.05).
χ2 (n) χ2 (v) 2012 compared with 1979–1981 reference
4.6
no Spring bloom; during Nov–May all cells/L
below reference median; ‘normal’ Jun–Oct
OPC Diatoms 3.0
0.3 more cells/L Apr – Oct ?
Nitzschia
0.0
0.3 no change
MAD
7.1
0.3 more cells/L Apr – Oct but smaller than previously
SF
7.1
1.1 increased abundances
Ciliates
0.3
0.3 no change
Entity
Skeletonema

October 2012 as in the reference period, but they did not replace the early Spring
Skeletonema bloom. They may have been more abundant April – October than
previously. The lifeform Nitzschia, formerly including species belonging to that
single genus, now includes the genera Cylindrotheca and Pseudo-nitzschia as they
are presently defined. The seasonal cycle includes peaks in early Spring and in
Summer. There was no evidence of significant change, although Spring abundances might have been less in 2012.
3.4. Flagellates. (Figures 6 and 7). The Small Flagellate (SF) lifeform includes
a variety of small (less than 10 µm) flagellated unicells: cryptomonads, prymnesiophytes, and the small dinoflagellate Katodinium rotundatum. The historic data are
less reliable in these cases, the algae in question not being properly distinguished
until late 1980, and it has not been possible to draw a reference envelope. However,
numerical abundance was significantly greater in 2012 (based on comparisons with
the 1980–81 overall median). The numerical abundance, but not the biomass, of
the lifeform MAD (Medium-sized Autotrophic Dinoflagellates) had also increased
in 2012: there may have been a shift from larger gonyaulacoids to smaller peridinioids such as Scrippsiella and Heterocapsa. (The lifeform also includes Dinophysis,
Prorocentrum and chloroplast-containing gymnodinioids).
3.5. Heterotrophs. (Figure 8). The oligotrich Ciliate lifeform, includes the cased
tinntinnids as well as ‘naked’ pelagic Oligotrichida sensu strictu such as Strombidinium, all of which are characterized by restricted cilial covering, usually concentrated in the oral area. It excludes ciliates from other groups, including stichotrichs
(such as the freshwater Stylonichia) and cyclotrichs (including the heterotroph
Didinium and the myxotroph Myrionecta – formerly Mesodinium – containing
symbiotic cryptomonads). In general, the abundance of this lifeform was the same
in 2012 as in 1979–1981; however, the seasonal pattern might have changed, with
greater abundance March–June and lower thereafter.
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Cell number: LF0 no 1; station: 305 to 351; years: 1979 to 1981
8
depths: 0 to 5; min mult was x1; 223 samples from AllphytoApr2013.txt
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Figure 3. Abundance of Skeletonema spp. during 2012, compared
with the climatological envelope (the 10 and 90 %iles) and median
line for 1979-1981. The lower part is rescaled relative to the medians.
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Cell number: LF1 no 1; station: 305 to 351; years: 1979 to 1981
8
depths: 0 to 5; min mult was x1; 203 samples from AllphytoApr2013.txt
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Figure 4. Abundance of the Other Pelagic Centric Diatoms
(OPCD) lifeform during 2012, compared with the climatological envelope (the 10 and 90 %iles) and median line for 1979-1981. The
upper part shows numerical abundance, the lower part biomass (as
total cell volume).
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Cell number: LF1 no 2; station: 305 to 351; years: 1979 to 1981
8
depths: 0 to 5; min mult was x1; 226 samples from AllphytoApr2013.txt
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Figure 5. Abundance of the Former Nitzschia lifeform during
2012, compared with the climatological envelope (the 10 and 90
%iles) and median line for 1979-1981. The upper part shows numerical abundance, the lower part biomass (as total cell volume).
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Cell number: LF1 no 23; station: 305 to 351; years: 1980 to 1981
8
depths: 1 to 4; min mult was x1; 49 samples from AllphytoApr2013.txt
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Figure 6. Abundance of the small flagellate lifeform during 2012,
compared with the median line for 1980-1981. The upper part shows
numerical abundance, the lower part biomass (as total cell volume).
Organisms belonging to this group were only distinguished after late
1980.
.

365

CRERAN MICROPLANKTON IN 2012

15

Cell number: LF1 no 11; station: 305 to 351; years: 1979 to 1981
8
depths: 0 to 5; min mult was x1; 199 samples from AllphytoApr2013.txt
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Figure 7. Abundance of the Medium-sized Autotrophic Dinoflagellate (MAD) lifeform during 2012, compared with the climatological
envelope (the 10 and 90 %iles) and median line for 1979-1981. The
upper part shows numerical abundance, the lower part biomass (as
total cell volume).
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Cell number: LF1 no 105; station: 305 to 351; years: 1979 to 1981
8
depths: 0 to 5; min mult was x1; 221 samples from AllphytoApr2013.txt
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Figure 8. Abundance of the Oligotrich Ciliate lifeform during
2012, compared with the climatological envelope (the 10 and 90
%iles) and median line for 1979-1981. The upper part shows numerical abundance, the lower part biomass (as total cell volume).
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Reference: Loch Creran (1979 to 1981)
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Figure 9. PCI diagram for loch Creran in 2012, plotted by PCI1Fb,
showing no significant change from the reference envelope drawn for
1979-1981. ‘Si-users’ are diatoms and silicoflagellates; the vertical
axis shows all other autotrophs; details of the groups are given in
section 7. The units are biomass, in mm3 L−1 , transformed with
log10 (X + z) ; the ‘min’ lines are plotted at log10 (z). Upper part;
envelope-fitting function findenv2 set to be insensitive to differences
in X- and Y- axis variation. Lower part: relative variability taken
into account.
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3.6. PCI. (Figure 9). The two lifeforms chosen for plotting against each other
were ‘all Si-users’ (all diatoms plus a few silicoflagellates) and ‘all other autotrophs’
(autotrophic or myxotrophic flagellates excluding silicoflagellates, autotrophic or
myxotrophic dinoflagellates, and the symbiont-containing ciliate Myrionecta). Together these make up all the phytoplankton, assuming that picophytoplankters do
not contribute significant biomass. The assumption is supported by studies in the
Easdale Quarry in 1984 (Tett et al., 1988).
The PCI reference envelope for 1979–1981 was computed using both options
offered by the function findenv2. The option that scales X- and Y-axis values in
relation to their variability, gave a better fit of the envelope to the cloud of points.
However, both options resulted in the same value of the PCI: 0.79, which did not
show a significant change from the reference condition.
This finding differs from that of Carreira (2006), Tett et al. (2008) and Whyte
(2011), all of whom found significant change between the condition of Creran during the 1970s and in various years from the 2000s. However, all these authors
employed more narrowly defined life-forms (such as MAD) in their PCI applications, and mostly used cell abundance rather than biomass. Finally, theory (Tett
& Mills 2010) suggests that a plot of non-Si-users against Si-users ought to be
doughnut shaped. However, the 2012 data suggest a strongly linear – i.e. highly
correlated – relationship between the two groups.
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4. Discussion
4.1. Variability. Creran is a highly dynamic system. The residence time of the
superficial waters sampled in this study is typically less than a week according
to salt budget calculations (Tett, 1986) and simulations using the ACExR model
(Gillibrand et al., 2013). High frequency observations, made almost daily during
the Spring bloom in 1973 (Tett et al., 1985) and weekly in 1979 (Tett et al., 1981)
show that single-taxon micro-algal populations bloom and decline within a few
weeks. Although some features of the seasonal cycle are consistently observed
year after year (such as the spring bloom of Skeletonema between 1971 and 1981),
there is also much inter-annual variability (Figure 10).

Figure 10. Biomass of Skeletonema in loch Creran 1979 – 1981,
compared with total diatom biomass. Arithmetic scale.

Thus, demonstrating a change in the loch’s microplankton ideally requires years
of regular, frequent sampling. The numerical methods reported in this note were
designed to compare sparse new data with medians and envelopes for a wellsampled reference period that included some year-to-year variability. The statistical methods used are conservative and only able to detect differences that
persist throughout a year; however, even the demonstration of a significant difference between phytoplankton in 2012 samples and 1979–1981 does not prove a
long-term trend; additional years of recent data will be needed for this.
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4.2. Minimum values. The abundance of an algal taxon in the sea can be treated
as a continuous variable. However, when population abundance is low, sedimentation results in a markedly discrete distribution: counts of single cells can only
have values 0, 1, 2, etc. This gives rise to questions such as:
• what is the meaning of a zero count? does failure to observe a taxon in a
sedimented sample imply absence from the water-body sampled?
• how should counts of 0 or 1 unit be handled by the software used in data
analysis?
The meaning of a zero count. If a scarce taxon is not observed in a sedimented
sample, there are several possible explanations:
(1) a few units of the taxon were present but were not observed, or were misidentified (this is more likely at low abundances, because more attention
was given to identification of common organisms);
(2) the taxon was present in the loch with low population abundance, but was
not present in the sedimented sample because of random sampling effects;
(3) the taxon was absent from the loch’s superficial waters, or at least so scarce
that its true abundance was very low.
Options 1 and 3 are unknowns. Option 2 is more tractable. Although the problem is that of ‘backwards inference’, i.e. of identifying the most likely real-world
abundance corresponding to a null count, it is helpful to consider the corresponding
‘forwards inference’ problem (Figure 11).
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Given an abundance of X cells/L of a unicellular taxon in the seawater sampled
on a particular day, how many cells might be seen in a sedimented subsample
of 10 mL? Assuming that the cells are independent and that the sample was
representative of the sampled water and was well mixed before subsampling, the
probability of observing a certain number of cells is given by a Poisson distribution
X
. In the case of 100 cells/L, the expectation is of 1 cell
with an expectation of 100
in the chamber. According to the Poisson distribution, however, there is a 37%
probability of observing 0 cells, a 37% probability of observing 1 cell, and a 26%
probability of observing 2 or more cells. Even with 200 cells/L there is a 13%
probability of observing 0 cells. At 70 cells/L, 0 cells will be observed on one
occasion in two. Thus, ‘low’ abundance may be defined (for this microscopical
method) as 70 cells/L.1 In the case of examination of 2 mL,the equivalent ‘low
abundance’ is 350 cells/L.

in sea

observed

log(cells/L)

95%ile

median

?
?

5%ile
'low'
abundance

Figure 12. The problem with low abundances. ‘Low abundance’ is
that at which, at best, there is one chance in two of a single unit of the
taxon being observed in the sedimentation chamber. The diagram shows
3 sampling occasions with true abundance below this threshold. On one
of these occasions, one unit is supposed to have been seen in the chamber,
leading to a record of 1 unit, which, × the multiplication factor, is plotted
at the minimum abundance. The other two samples do not result in a
plotted point. The envelope is computed from observed abundances, and
hence the lower limit (the 5%ile) and the median might be too high.

1

had multiple samples been taken, the mean cell count would tend to 0.7 (not 0.5, the mean
of 0 and 1), because several cells would have been observed in some replicates.

22

PAUL TETT SCOTTISH ASSOCIATION FOR MARINE SCIENCE, OBAN

How the software handles low counts. The Maltalb script HLP3E (which generated
the envelope plots) scans the data-base for all rows that include a specified taxon
name-code and sampling year, station and depth. When a row satisfies these criteria, it is extracted and the value for cells counted multiplied by the appropriate
factor to give cells/L. The counts, and corresponding biomasses may be accumulated to give lifeform totals for a sample.
Because absences of taxa were not recorded in the data-base, the minimum
abundance shown in the diagrams was 490 cells/L for most taxa in 1979-1981, as
explained in Appendix in section 8. It was 100 cells/L for the same organisms in
2012, when the entire chamber base was examined. Thus the lower values shown
in the diagrams, e.g. for November and December 2012, do not signal a true
reduction in abundances in Creran. Furthermore, the lower limit of the envelope
in each diagram is not reliable when it tracks the minimum abundance of the
taxon or lifeform (Figure 12). This would seem to the case for MAD and ciliates
(Figures 7 and 8), and the implication is that larger volumes of water should
have been examined in 1979-1981. The change of methods in 2012, involving
examination of 10 mL rather than 2 mL, seems to have solved the problem.
The Matlab script PCI1F (which calculates and plots the PCI diagrams) takes
in data output by HPLF2, which in turn takes time-series output from HLP3E (see
Figure 2). In the present case, HPLF2 read in two data files, one for each lifeform,
and then aligned sampling dates. When there were no data for one lifeform on a
sampling date, a ‘NaN’ value was supplied, and later converted to a zero. This
requires the use of the transformation in order to prevent numerical errors when
attempting to take the logrithm of zero, and also to deal reliably with the lower
limits of the plotted data and the reference envelope. The transformation was
log10 (X + z), where X was the abundance value (either cells/L or mm3 /L) and z
was the numeric value used for low abundance (and which differs between lifeforms
and with biomasses). Thus the minimum plotted value was log10 (z).2
A consequence of this is that the reference envelope ‘doughnut’ can appear cutoff on the lower and left sides when the lifeform data contains many pairs with a
zero value. However, this does not seem to have been the case in Figure 9.
4.3. Change in the microplankton.
Phytoplankton change: is it eutrophication? A salmon farm (of 1500 tonnes consented maximum biomass) has been operating in Loch Creran since the early
1990s (Nickell et al., 2003). According to simulations with the ACExR-LESV
model (Figure 13) enrichment of ambient DAIN (‘Dissolved Available Inorganic
Nitrogen’) exceeded 1.2 µM on 10% of days, the highly enriched days occurring
between May and August when nutrient-nitrogen is otherwise naturally scarce.
The model (driven by mass of food actually supplied to the fish in Creran in 2004)
2

HLP3E (also) plots log10 (X + z); however, parameters were set so that z = 0 in all cases
(because, always, X > 0).
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also predicts increased phosphate. Thus it is at first thought unsurprising that
dinoflagellates and flagellates have increased in the loch, in comparison with the
pre-farm reference condition.
However, it may not be so simple. First, it is only cell numbers that have increased significantly in these groups: biomass appears not to have altered. Second,
Creran is silica-rich, and the simulation shows that enrichment does not push the
N:Si molar ratio above the critical value (either 1:1 (Justic et al., 1995) or 3:1 (Tett
et al., 2003) that favours flagellated algae. So expectation would that the diatoms
should increase as much as the other algal groups, if what is seen is the beginning
of a eutrophication process.3 In fact, OPCD did not increase significantly, and
Skeletonema decreased during the Spring. Something has happened, but it is only
partly applicable in terms of the ‘standard theory’ of nutrient enrichment.
Ciliates. None of the ciliates in this group contain chloroplasts and hence must
be heterotrophs. Food probably includes bacteria, zooflagellates and micro-algae.
Their relative lack of seasonal variability during the reference period suggests dependence on a food chain based on imported or stored organic matter rather than
on local primary production. In 1979-1981 a sea-weed processing factory at Barcaldine was discharging large amounts of organic carbon waste into the loch, close
to the Pier, making a substantial contribution to the loch’s organic carbon budget
(Tyler, 1983; Cronin & Tyler, 1980). The discharge decreased during the 1980s
and ceased in 1996.4 It might be thought that removing this input would decrease the food supply available to the ciliates, but this does not appear to have
happened. Clearer evidence of a more pronounced seasonal cycle in ciliates during
recent years could be interpreted as a switch to autochthonous primary production
as a source of food.
What does the PCI show? Despite the increase in dinoflagellates and flagellates,
and the loss of the Skeletonema Spring bloom, in 2012, the PCI method did not
detect a significant change when the phytoplankton was split into two lifeforms –
those requiring Si and those not requiring it – that included all algae. Instead of
the expected doughnut shape suggested by theory (Tett & Mills, 2009) and evident
for coastal waters at Stonehaven when diatoms and dinoflagellates were plotted
against each other (Tett et al., 2008),5 the Si-users and the non-Si-users behaved
similarly (Figure 9). Perhaps this is explicable by an absence of Si-limitation at
3

Recent judgements by the European Court of Justice, in 2004 and 2009, make it clear that,
for eutrophication to be diagnosed, there has to be causal chain leading from enhanced nutrients
through increased growth to undesirable disturbance to the balance of organisms and to water
quality. This might be summarized as the need to show + → + → +. What has been observed
in Creran is + → + /− →?.
4
http://www.biomara.org/understanding-seaweed/the-importance-of-seaweed-across-theages
5
Tett et al. 2008 also show a PCI diagram for MAD (including Katodinium) plotted against
‘all pelagic diatoms’ (including Skeletonema. Thus demonstrates a ‘doughtnut’ in the reference
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(a) DAIN simulated by LESV in sECE mode for Creran 1978
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Figure 13. Nutrients simulated for loch Creran using the ACExRLESV model (Tett et al., 2011a,b) in sEcE model, i.e. without
algal uptake of nutrient. 1978 weather; climatological sea-boundary
conditions. (a) shows concentrations of DAIN at the sea-boundary (BC)
and in the upper 10 metres of the loch during run 1 (no fish-farm) and
run 2 (farm of 1500 tonnes consented biomass). (b) shows the DAIN
enhancement by the farm, calculated as the difference between the run 2
and run 1 time-series. (c) shows molar ratios of DAIN to DSi.

any stage, as suggested by the ACExR-LESV model results. Nevertheless, both
the finding of no significant change, and that of linearity, need to be checked with
data from at least another two years. This will be done when observations made
in 2010 and 2011 have been digitised.
envelope for 1979–1981 and a shift in MAD abundance in 2006–2007 causing a significant decrease
in the PCI value.
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The PCI method was designed (Tett et al., 2008) for investigation of changes
in the community structure of phytoplankton using a state-space perspective in
which seasonal succession is seen as part of structure, i.e. in the relationship between different types of phytoplankter, rather than in terms of temporal sequence
(i.e. phenology). Furthermore, the present version of the method rests on a theory of community structure involving the inter-relationship of groups defined by
functional traits (Tett et al., in review).
Within pelagic autotrophs, the distinction between Si-use and non-use is that
within an exclusive binary pair of fundamental biogeochemical traits that are also
practically important (from a human perspective) in relation to the ‘undesirable
disturbance’ component of eutrophication. However, the correlation between the
two groups in 2012, explained by lack of Si-limitation, suggests a need to probe
more deeply into the functional structure of the phytoplankton in order to understand better the changes reported for the lifeforms plotted in section 3. The
distinction between large and small algae has implications for sinking and nutrient assimilation rates. It was successfully used by Carerra (2006) to demonstrate
change in Creran, drawing on the CSR theory of Grimes and Reynolds (Reynolds
et al., 2001, 2002). The demonstration of significant changes in cell numbers, but
not in biomass of MAD and small flagellates, (Table 4) suggests a shift to smaller
organisms. Thus there is a good case for applying the PCI method to size-based
as well as biogeochemically-based life-form pairs.
Finally, the PCI method, as applied in Figure 9, did not pick out the change
in the seasonal cycle associated with the loss of the Skeletonema spring bloom
(Figure 3). This requires further analysis, after some improvements have been
implemented in the analysis software.
4.4. Need for improvements in analytical methods. This report presents
few new data. Its main aim has been to document and discuss the methods used,
especially for data analysis, before more water samples are analysed and notebook
records from recent microscopical analysis are digitized and processed. There are
several possible changes to be considered.
Sediment larger subsamples? A crucial difficulty in analysis has been that arising
from low or zero counts, and the resulting ‘flat bottoms’ in seasonal envelopes (e.g.
Figures 7 and 8) and PCI reference envelopes (not apparent in Figure 9 but seen in
some of the diagrams in Tett et al. 2008). During 1979–1981, only the central 1 cm2
square of the chamber base was scanned, effectively reducing observed volume to 2
mL.6 During 2012, the whole chamber base and thus the entire 10 mL sedimented
was scanned. This change (which reduces ‘low abundance’ from 345 cells/L to 70
cells/L) seems to have been adequate for all the taxa or lifeforms shown in the
Results section.
6

Strictly, the scanned area was

1
4.9

of the chamber base, equivalent to 2.04 mL.
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Cell number: LF1 no 12; station: 303 to 351; years: 1972 to 1981
8
depths: 0 to 10; min mult was x100; 50 samples from AllphytoApr2013.txt
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Figure 14. A lifeform with low abundance: the genus Ceratium.
The large cells of this dinoflagellate are difficult to miss, but they were
observed in only about 1 sample Biomass
in 6. Results from observations in 1972
3
throughplotted:
198121−May−2013
have been
combined
to show the approximate shape
sample of the
by HPLP3Ea
5%ile the ‘low
seasonal
cycle
(a
peak
in
early
Autumn).
For
the
historic
data,
2
median
abundance’ value is log10 (350) = 2.54.
95%ile
1
log10 mm3 lifeform/L

All those entities were observed in at least 5 samples out of 6 during the reference
0
period and in 2012. Some taxa were much less common. An example is provided
by Ceratium
−1 (Figure 14). Clearly, most of the seasonal cycle lay below the line of
‘low abundance’ when examining 2 mL. There are insufficient data to show whether
−2
observing 10
mL has improved this. If not, then an alternative method to capture
low abundances
might be desirable.7 Because it is desirable to retain the existing
−3
microscopic method for continuity, any such procedure would be additional, and
would need−4 to be justified on grounds such as the contribution of these algae to
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Convert biomass to chlorophyll? The day
initial
in year evidence that there had been a change
in Creran phytoplankton came from extraction and measurement of chlorophyll in
2003 and 2004 (Laurent et al., 2006). This suggests that it would be desirable to
7

Options include sedimentation of larger volumes of preserved sample, perhaps using a 50
mL Uttermöhl chamber reducing to 1 mL (Hasle, 1978), or the FBA method involving the repeated use of large measuring cylinders and the siphoning of the bottom 10%. Another option
is membrane filtration to concentrate a sample, as employed for living armoured dinoflagellates
(including Ceratium) in the Firth of Clyde (Tett, 1969). Counting of large cells after concentration can be done in a Bogorov tray, examined using a LP dissecting microscope. Karlson et al.
(2010) provide a recent overview of methods for quantitative phytoplankton analysis.
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plot biomass as chlorophyll. Algorithms exist for cell carbon as a function of cell
size and algal group. Ratios of carbon to chlorophyll vary with cell nutrient content
and illumination, but can probably be approximated on the basis of experience in
loch Creran (Tett et al., 1985) and the Easdale quarry (Tett et al., 1988). One
approach might be to include a column of typical values of chlorophyll per cell
in the volf file, and the results might be tested by comparing total chlorophyll
with observations in 1979-81. One difficulty is that before late 1980, distinction
was seldom made between chloroplast-containing and other small flagellates, but
it might be possible to calculate a mean proportion from observations in 1981.
A final improvement would be to calculate total chlorophyll routinely, so that
biomass plots for a taxon of lifeform could show what proportion of the total was
contributed by that taxon’s or lifeform’s chlorophyll. This would be particularly
useful in assessing the consequences of changes in the seasonal cycle of Skelteonema
Improve statistical analysis. The present statistical analysis in HPLP3E, in which
new data are compared with the medians of the reference period, is insensitive to
shifts in the seasonal cycle. It would be good to have a further option, if sufficient
new data were available, to split the year into, say, 3 periods within which to
compare new and reference data. Perhaps: Spring: March-May; Summer: JuneOct; Winter: Nov - Feb.
Reliable values of medians for the reference period are crucial in the statistical
analysis. The present method of computing them is inelegant but straightforwards:
data are blocked and the median taken as the central value in each block (of 20),
and then smoothed over 3 blocks with wrap-around at the year’s start and end.
The use of a truncated Fourier series (e.g. Brito et al., 2009) might provide a
more elegant alternative, although perhaps encountering difficulties when a high
proportion of values are of ‘low abundance’ (as in Figure 14).
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7. Appendix: Identification, Taxa & Lifeforms
When phytoplankton studies started in 1970, we attempted to identify diatoms
and armoured dinoflagellates to species, using Lebour (1925, 1930) and Cupp
(1943). By 1979 it was apparent that this was time-consuming and not always
reliable. Taxa were therefore identified as far as possible within the time and
expertise available. Size was often used both as a taxon characteristic and as
a distinguishing feature. For example, the diatom genus Chaetoceros contains
species such as Ch. decipiens and Ch. didymum that had easily recognizable
distinguishing factors, and others that were much harder to identify. In 19791981 we distinguished: such species; between the subgenera Chaetoceros (now
Phaeoceros) and Hyalochaete, the former with setae containing chloroplasts; and
then by size: large (cell volumes of order 104 µm3 ), medium (O 103 µm3 ) and small
(O 102 µm3 ). In 2012, I distinguished only between the subgenera and by size.
Given these difficulties, it was reassuring during the 1970s that the dominant
diatom in Creran (and in other sea-lochs) was the genus Skeletonema, believed
to contain only the single species costatum. Recent works (Zingone et al., 2005;
Kooistra et al., 2008), however, distinguish several species within the genus, and
suggest that, although there may be several in European waters, none of them are
likely to be Skeletonema costatum; S. marinoi is more probable.
Table 5 lists the main genera included in lifeforms mentioned in this report,
based on taxonomy in Tomas ed. (1997) for algae and WoRMS (www.marinespecies.org)
for ciliates. The groupings transcend taxonomic changes that have taken place between 1981 and 2012. Of these, the most significant are:
• the splitting of the genus Nitszchia; N. closterium is now Cylindrotheca
closterium the former Nitzschia species seriata and delicatissima are now
recognized as clusters of species within the new genus Pseudo-nitzschia but
continue to be distinguished on the basis of size.
• Coscinosira polychorda is now included in Thalassiosira (as Th. angustelineata).
• the genus Rhizosolenia has been split up; what was called Rh. delicatula
and Rh. stolterfothii are now Guinardia delicatula and G.striata; Rhizosolenia fragilissima is now Dactyliosolen fragilissimus; of the large but
long and thin forms, Rhizolenia alata is now Proboscia alata, whilst others
remain within Rhizosolenia.
• In Lebour’s account, most medium-sized armoured chloroplast-containing
dinoflagellates with roughly central girdles were either species of Gonyaulax
or of Peridinium, although the latter genus also included clearly heterotrophic
species. Recent taxonomies (including Steidinger & Tangen in Tomas ed.,
1997) divide these organisms between two orders (gonyaulacoids and peridinioids) and several families.
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Table 5. Main taxa in lifeforms plotted against time of year.
Lifeform
main taxa
Skeletonema
Skeletonema (formerly S. costatum )
OPCD: Other Pelagic Centric Diatoms
Cerataulina
Chaetoceros
Dactyliosolen (including former Rhizolenia spp.)
Ditylium
Eucampia
Guinardia (including former Rhizolenia spp.)
Lauderia
Leptocylindrus
Rhizosolenia
Thalassiosira (including former Coscinosira spp.)
Former Nitzschia
Cylindrotheca
Nitzschia
Phaeodactylum
Pseudo-nitzschia
MAD: Medium-sized Autotrophic Dinoflagellates
Alexandrium (gonyaulacoid)
Amylax (gonyaulacoid)
Dinophysis (dinophysoid)
Gonyaulax (gonyaulacoid)
Gymnodinium (gymnodinioid)
Heterocapsa (peridinioid)
Karenia (gymnodinioid)
Prorocentrum (prorocentroid)
Scrippsiella (peridinioid)
Small Flagellates
Cryptomonads
Katodinium (dinoflagellate) – placed in MAD by Tett et al. (2008)
‘small coloured flagellates’: Prymnesiophytes, Prasinophytes, etc
Oligotrich Ciliates - class Spirotrichea, including (at least) the following
– cased (tintinnids: subclass Choreotrichia, order Tintinnida)
Heliocostomella (Metacyclidae)
Tintinnopsis (Codonellidae)
– caseless (subclass Oligotrichia), distinguished by shape and size
Laboea (Tontoniidae)
Lohmaniella (Lohmanniellidae)
Strobilidium (Strobilidiidae)
Strombidium (Strombidiidae)
Tontonia (Tontoniidae)

CRERAN MICROPLANKTON IN 2012
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The taxonomic changes have been accommodated because taxa are recorded in
the digital database under an identifying number, and because aggregation into
lifeforms uses columns in the ‘volf –’ files that assign numerically-identified taxa
to the lifeforms.
Finally, the lifeforms used for the PCI were:
(1) Si-users: all diatoms, plus the silicoflagellates Dinobryon (Chrysophyceae)
and Dictyocha (Dictyochaphyceae);
(2) non-Si-users: all other autotrophic (and myxotrophic) protista (including
the ciliate Myrionecta).
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8. Appendix: Minimum abundance
Several factors determine the minimum biomass that might be recorded:
• the counting pattern used (Table 6);
• the smallest number of cells that might be recorded: usually 1 for solitary
organisms, maybe several for chain-forming diatoms or colonial flagellates;
• the (notional) size of the organism (Table 7);
• whether the values plotted are for a single taxon or a lifeform; the latter
are likely to be more abundant because the result of summing over several
species.
Taking these factors into account, Table 7 includes a column of estimates of
minimum biomass likely to have been encountered.
Table 6. Common multiplication factors for 10 mL sedimented.

‘ph’ = phase contrast; ‘cep’ = counting eyepiece, set at 12 . The Wild
M40 includes x1.5 magnification between the object lens and the eyepiece.

code × factor
used
objective eyepiece
10
490
1979-81 x10 ph
x15
22
8280
1979-81 x20 ph x10 cep
105
100
2012
x10 ph
x15
112
5250
2012
x20 ph x10 cep

description
1 cm2 square
4 strips in 1 cm2 square
entire base (4.9 cm2 )
2 strips, + pattern, entire base

Table 7. Ranges of cell volumes (log10 µm3 ). ‘minbio’ estimates the
lowest biomass (in mm3 /L) likely to have been recorded in 2012.

lifeform
Ceratia
MAD
Nitzschia

Oligotrichs
OPCD
SFlag
Skeletonema

smallest
Ceratium
lineatum
Prorocentrum
(minimum)
Pseudonitzschia
‘delicatissima’
Didinium
Thalassiosira
(decipiens)
small coloured
flagellates
one cell

vol largest
4.0 Ceratium tripos

vol minbio
4.7 1e-3

2.5 Gonayulax
diegensis
1.5 Pseudonitzschia
‘seriata’
3.5 large oral ciliates
2.2 Ditylium
brightwelli
1.8 Katodinium
rotundatum
2.1 4-celled chain

4.5

4e-5

2.5

4e-6

5.0
4.8

4e-4
4e-5

2.1

4e-4

2.7

5e-5

