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NET MICROPLANKTON PRODUCTION IN LOCH CRERAN
AND ITS APPROACHES IN SEPTEMBER 2013

PAUL TETT
SCOTTISH ASSOCIATION FOR MARINE SCIENCE, OBAN

Abstract. This report describes results from 10 September 2013, when a UHI
H3 class on RV Calanus worked a transect of CTD stations from inside Loch
Creran to the southern entrance of the Lynn of Lorn. The results include longi-
tudinal sections for density and chlorophyll (from calibrated CTD fluorescence),
estimates of irradiance attenuation, and estimates of ‘Net Microplankton Pro-
duction’ (NMP) made by calculation from chlorophyll and illumination data.
The distribution of density and chlorophyll was interpreted in relation to the
existence of a tidally-enhanced estuarine circulation within the loch. NMP was
positive only in a thin near-surface layer, and, like chlorophyll, was less than
estimated for the 1970s – in part because light attenuation was greater in 2013.

Date: January 10, 2014.
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Table 1. Scientific personnel on RV Calanus, 10 September 2013

name function
Paul Tett scientist in charge
John Beaton technical support, esp. SBE911
Sharon McNeill technical support, esp. chlorophyll, SBE19+
Greg Moschonas demonstrating
Callum Whyte photography
Chelsea Broughton student
Patrick Crothers student
Laken-Louse Hines student
Jan Moser student
Kevin Purves student
Catherine Tait student

Acknowledgements. I am grateful to the Captain and crew of RV Calanus for
their skilled part in this work, to the student class for the Secchi data, to Estelle
Dumont for advice on CTD data processing, and to Callum Whyte for commenting
on the penultimate draft of this report. John Beaton and Sharon McNeill also
provided the specific data, diagrams and information acknowledged in the text.



NMP IN CRERAN, SEP 2013 5

1. Introduction

On 10 September 2013, RV Calanus worked CTD stations in Loch Creran and
its approaches for a UHI H3 class. Creran is a representative Scottish fjord (Land-
less & Edwards, 1976) in which freshwater input gives rise to density layering,
and, aided by tidal pumping, drives an estuarine circulation. Stratification allows
micro-algae to remain within the euphotic zone, and the estuarine circulation aids
nutrient renewal; during the 1970s this led to a long productive season for phy-
toplankton, as shown by chlorophyll concentrations (Tett & Wallis, 1978). More
recent observations (Laurent et al., 2006) suggest that the loch is less produc-
tive, having lower chlorophyll concentration and a shorter season, than hitherto.
Our study aimed to extend these observations by estimating ‘Net Microplankton
Production’ (NMP) in late summer. Microplankton (Tett 1987) includes both phy-
toplankters and pelagic micro-heterotrophs, and NMP is calculated by subtracting
the respiration of all of these from the photosynthesis of micro-algae.

2. Methods

2.1. Sampling. The ship worked a line of stations (Figure 1, Table 4) commencing
inside loch Creran and concluding at the southern entrance to the Lynn of Lorne.
Positions were taken from the ship’s GPS navigational system, and sea-bed depths
from the echo-sounder. At each station the following were deployed:

• a Secchi disc on a marked rope, the Secchi depth being that at which the
disc could no longer be seen;
• a circular frame (the ‘rosette’) containing a set of 5 litre water-bottles, each

of which could be closed by a signal sent via the main CTD:
• a Seabird SBE911 CTD with a WetLabs ECO-AFL/FL fluorometer and

a pumped conductivity sensor, mounted at the base of the rosette frame,
and linked via a conducting cable and hydrographic winch to a ship-board
computer;
• a Seabird SBE19+ self-contained CTD with a WetLabs WetStar fluorom-

eter and a Biospherical Instruments PAR sensor with a spherical collector
for scalar irradiance; this CTD system was attached to the outside of the
rosette, and its pump drove water past the fluorometer as well as the con-
ductivity sensor.

At some stations, and after viewing real-time density and fluorescence profiles,
water bottle samples were taken from several depths. From these, duplicate 500
mL subsamples were filtered on board for later measurement of chlorophyll; in
some cases, 30 mL subsamples were preserved with Lugol’s iodine for microscopy.
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Table 2. Station positions on 10 September 2013. Weather: calm,
overcast. The station names in roman font correspond to stations of Tett
& Wallis (1978) and Tyler (1983). Sill was not sampled, but has been
added for use in constructing sections. The last two columns show where
water samples were taken for chlorophyll extraction and for microscopy.

no name lat (◦N) long (◦E) GMT seabed chl micro
1 C5 56.532 -5.330 10:00 -30 x x
2 C4 56.526 -5.347 10:22 -20 - -
3 C3 56.518 -5.368 10:43 -41 x -
4 C2 or C2A 56.522 -5.386 11:15 -29 - -
5 Eriska or C2 56.531 -5.399 11:29 -13 - -
- sill 56.539 -5.404 - -7 - -
6 C1 56.532 -5.435 11:52 -32 - -
7 LY3 56.524 -5.446 12:48 -32 x -
8 LY2 56.504 -5.466 13:09 -52 - -
9 LY1 56.479 -5.502 13:33 -48 x x

Figure 1. Homeward track of RV Calanus, and the stations
worked, on 10 September 2013. Map by John Beaton.

2.2. Electronic data. SBE911 data were logged in real time; SBE19+ data were
subsequently downloaded. Both sets of data were processed using SBE software,
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Figure 2. CTD system on the deck of Calanus with Sharon McNeill
taking water. The white cyclindrical frame contains the rosette of water
sampling bottles; the SBE911 CTD is underneath this. The self-contained
SBE 19+ CTD is attached to the side of the rosette frame; the black
object towards the top is the cover over the spherical light collector for
the PAR sensor. Photo by Callum Whyte.

and the results output for each station as a text file in which each row represented
1m binned values, with downcast and upcast shown separately. The processed
data included values for temperature, salinity, ‘sigma-t’ (density excess over fresh-
water at 4◦C), photosynthetic pigment fluorescence, and scalar irradiance (PAR,
photon flux density, SBE19+ only). The depth co-ordinate z was set to zero at
the sea-surface and became increasingly negative downwards; thus, the 2 m bin,
for example, includes observations made between -1.5 and -2.5 m (pressure sensor
depth) – see Appendix A.

2.3. Chlorophyll. Next day, frozen filters were extracted overnight into 90% ace-
tone, and the fluorescence of the extracted pigments measured before and after
acidification using a Turner Designs TD700 laboratory fluorometer that had been
calibrated with solutions of pure chlorophyll a of known concentration. Details
are given in Appendix D. The concentrations of extracted chlorophyll were com-
pared with CTD fluorometer signals from the same stations and depths (Appen-
dix E). The resulting calibration was used to convert SBE19+ CTD fluorescence
into chlorophyll concentration.
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2.4. Sections. Longitudinal sections for density (sigma-t) and chlorophyll con-
centration were drawn by a Matlab script PlotSection7 with special routines for
vertical and horizontal interpolation (Appendix F). In order properly to show the
loch’s entrance sill and to take account of the ship’s course through the entrance
channel, a notional extra station was added to each file. It was given the position
of the shallowest part of the entrance channel, and properties were set to means
of the station on either side.

2.5. Attenuation. The diffuse PAR attenuation coefficient, kD, was calculated
for 1 m depth increments using a finite-difference form of the Beer-Lambert law:

(1) kD[zI +
1

2
] = ln

I[zI + 1]

I[zI ]

where I[zI ] was bin-averaged PAR at sensor depth zI (0.58 above pressure sensor
depth and negative downwards) and calculation began with the 2m pressure-depth
bin. Extrapolation of PAR surfacewards from the 1m bin gave an estimate of I0−,
irradiance immediately beneath the sea-surface. The parameter kD,min required
for simple calculation of production was estimated by fitting a linear regression to
ln(I) for depth bins between -5 and -10 m inclusive. The surface intercept of this
regression was compared with I0− to estimate the correction m2 for hyperexpo-
nential decay etc (Tett, 1990). See Appendix C.

2.6. Microscopy. Lugol-preserved water samples were examined and counted us-
ing an inverted microscope, as described by Tett (2013). Additional samples, taken
at depths of 1 m from Bonawe Pier in loch Etive on 11 September, and Barcaldine
Pier in loch Creran on 12 September, were also examined.

2.7. Calculation of NMP. The generic equation for calculation of NMP was:

(2) NMP = X · (pX(I)− rX) ·∆z mg C m−2(unit time)−1

where

X : chlorophyll concentration, mg m−3

I : diffuse PAR, µE m−2 s−1

pX(I) : photosynthesis as a function of PAR, mg C (mg chl)−1 (unit time)−1

rX : chlorophyll-related microplankton respiration, mg C (mg chl)−1 (unit
time)−1

Two calculation schemes were used (Appendix G). In the first (Tett, 1990),
production was calculated for a superficial mixed layer using averages of chlorophyll
and PAR and assuming that photosynthesis increased linearly with photon flux. In
the second, production was calculated for 1 m depth increments using a saturation
form of pX(f). Biological parameter values were taken, mainly, from Tyler (1983)
and Tett et al. (1988)
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3. Results

Results are presented mainly as longitudinal sections (e.g. Figure 3). In these sections,
the horizontal axis is distance along the track in Figure 1, starting from an origin at the
Greag Isles near LY1, and the vertical axis is depth below the sea-surface. The seabed,
with simplified topography, is shown in grey; the entrance sill to Creran lies between 9
and 11 km from the origin. Stations are shown by cross-hatched vertical lines.

3.1. Physical data. There was little temperature variation in the section, and the
differences in density shown in Figure 3 resulted mainly from differences in salinity. The
strongest density layering occurred within loch Creran, where σt in the deeper water was
similar to that in the adjacent upper waters of the Lynn of Lorn. However, a superficial
layer of lower salinity and density was also observed at LY1 at the southern entrance to
the Lynn of Lorn. Figure 9 (Appendix B) shows profiles for all properties at the stations
(LY1 and C5) at the ends of the transect.
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Figure 3. Longitudinal section of Loch Creran and approaches,
contoured for density (σt) from SBE911 CTD upcasts.
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Figure 4 presents example profiles of attenuation kD(z). Values increased towards the
surface, as expected (because of faster extinction of red, blue and shallow-angle light),
and also towards the sea-bed. Values of the minimum attenuation kD,min tended to be
higher inside the loch than otuside (Table 4). Values for m2 (which parameterises the
extra near-surface losses) varied between stations; a mean of 0.40 was calculated from 7
reliable values, corrected for an assumed surface albedo of 0.1 (Appendix C).

There was no significant correlation between Secchi depths (zS , Table 4) and kD over
-0 to -12 m (values in Table 9. The mean value of f in kD = f/zS was 1.67.

3.2. Biological data. Corresponding to the density section in Figure 3 is the chloro-
phyll section in Figure 5. Chlorophyll was low below 10 m; the greatest values were
observed in superficial waters at LY1, and at most stations in loch Creran; however, at
C5 there was a subsurface chlorophyll peak.
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Figure 5. Longitudinal section of Loch Creran and adjacent Firth
of Lorn on 10 September 2013, contoured for chlorophyll, calculated from
fluorescence measured by the SBE911 CTD during upcasts.

Microplankton composition (Table 3) included several interesting features: the contri-
bution of the large cells of Ceratium spp. and gonyaulacoid dinoflagellates to the fluores-
cence peak at C5; the widespread occurrence of phytoflagellates; a bloom of Skeletonema
that was less pronounced inside Creran than at LY1 and in loch Etive; other differences
between the flora in Creran and that outside and in Etive.

Microplankton production, calculated by the simple method for a 10 m superficial
layer, was positive at all stations for the climatological 24-hr mean PAR on 10 September
(Table 4). Calculation in 1 m depth steps using a saturation equation for photosynthesis
showed (Figure 6) that NMP was positive only in a thin near-surface layer; some column
totals were negative (Table 4).
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Table 3. Most important microplankters: abundances in cells/mL.
Barcaldine refers to pier in Loch Creran, Bonawe to pier in Loch Etive.

Taxon LY1 C5 Barcaldine Bonawe
2 m 6 m 1 m 1 m (HW)

10 Sep 10 Sep 12 Sep 11 Sep
Ceratium spp. 0.0 3.4 0.5 0.0
Prorocentrum micans 0.2 1.5 3.4 1.0
Scrippsiella sp. 6.3 2.2 1.9 0.6
Heterocapsa triquetra 0.1 0.0 0.0 23
Gonyaulax spp. 0.3 3.8 0.1 0.7
Cryptomonads 189 168 572 320
small phytoflagellates 184 105 352 357
Eutreptiella sp. 2.3 0.2 0.1 84
Skeletonema sp. 304 47.3 255 1,256
Guinardia delicatula 4.8 4.3 10.7 0.0
Leptocylindrus danicus 1.9 6.5 21 0.0
Eucampa zodiacus 0.0 3.2 1.0 0.0
Myrionecta rubra 1.5 0.3 1.4 0.1

Table 4. Station data including estimates of NMP. See Appendix G
concerning simple (1) and complicated (2) methods. Unreliable kD,min
values have been replaced by parenthesized values based on adjacent sta-
tions. A climatological value of 80 W m−2 was used for E0+.

station Secchi -5 to -10 m 0 to -10 m layer column sum
no name depth sal. kD,min I X NMP(1) NMP(2) over

m psu m−1 µE/m2.s mg/m3 mg C/m2.d m

1 C5 61
2 32.19 (0.31) 23 1.58 +196 -27 -21

2 C4 61
2 32.24 0.31 23 1.43 +176 +205 -17

3 C3 51
2 32.48 0.30 23 1.40 +181 -11 -38

4 C2/2a 6 32.34 0.27 26 1.36 +212 +77 -27
5 C2 51

2 32.87 0.26 26 0.83 +135 +150 -10
6 C1 5 32.97 (0.27) 26 0.58 +91 +41 -30
7 LY3 5 33.02 0.27 25 0.61 +92 -42 -30
8 LY2 7 33.12 0.26 26 0.80 +133 +28 -50
9 LY1 51

4 32.92 0.23 28 1.55 +293 +105 -44
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Figure 6. Longitudinal sections of loch Creran and the adjacent
Firth of Lorn, for simulated PAR and for NMP calculated by the
second method in Appendix G. Simulated NMP was positive above the
zero line, negative below. Same interpolation and contouring method as
for chlorophyll, except no vertical smoothing. The small peculiarites in
deep water irradiance result from the horizontal smoothing method.
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4. Discussion

4.1. Observational and analytical methods. This cruise provided a good oppor-
tunity to explore methods for CTD deployment and data analysis, and RV Calanus
provided a comfortable and stable platform from which to work, especially in deep wa-
ter. However, a bulky system lowered from a 20 m ship with 3 m draft is not best
suited for observing near-surface gradients in salinity and PAR. If the detailed vertical
distribution of such properties within the top few metres is critical for understanding
microplankton dynamics – as the distribution of NMP in Figure 6 suggests – it would be
better to study these distributions using smaller boats and CTDs. More attention may
need to be paid to flushing the ‘plumbing’ of the fluorometer on the SBE 19+ CTD. The
new routines used for section plotting (Appendix F) gave better results than the use
of standard Matlab grid-interpolation schemes; however, some plotted sections included
minor anomalies, and further improvement is necessary.

4.2. Circulation. The density structure shown in Figure 3 is characteristic of Creran
(for another example, see Tett et al., 2011) and can be explained in terms of a tidally-
enhanced estuarine circulation. Freshwater entering the loch, mainly towards its head,
increases sea-surface height, so causing an outwards flow that entrains saltier water and
sets up a balancing inwards flow at depth. This flow is enhanced on the flood tide as
denser water, entering from the Lynn of Lorn, sinks below the surface layer. The exiting
tidal prism is largely drawn from the brackish surface layer in the loch. Some of this ebb
tide water may return on the following flood, partly mixed with more saline water. It is
not clear where the new water comes from: although I have hitherto treated LY1 as a
reference station for Creran, the density section suggests an origin at LY3 and C1 and
thus perhaps from Loch Linnhe to the north. Observations of the pelagic flora (Table 3)
support lack of continuity between Creran water and that at LY1.

4.3. 2013 compared with historic data. Creran is a highly dynamic system. The
residence time of its upper waters 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 (Tett et al., 1981, 1985) 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, there is also much inter-
annual variability. Thus observations made on a single day in a particular year are not
necessarily typical. Nevertheless, observed salinity layering at C5 lay well within the
‘Summer’ envelope reported by Tyler et al. (1983) for 1978 (Figure 9 in Appendix B).
Although the deep water at LY1 was less salty than in 1978, the difference in physical
properties (and maybe in others) seems unlikely to impact on microplankton within
Creran, given the lack of continuity between LY1 and Creran. In contrast, the 0-10
m mean, fluorescence-derived chlorophyll concentrations, 1.4 to 1.6 mg chl m−3, were
below the lower limit (2.0 mg chl m−3) of the envelope (which included 95% of values) for
extracted chlorophyll in this depth layer in mid-September 1972 - 1976 (Tett & Wallis,
1978). NMP estimated by the simple method for the 0-10 m layer (Table 4) was mostly
higher than column estimates by the more complicated method, but even so, the layer
average for C2 - C5 of 0.18 g C m−2 d−1, was much less than Tyler’s (1983) estimate
for September 1978 of about 1 g C m−2 d−1 (Appendix H).
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4.4. Attenuation and production. In open water on the Scottish continental shelf
at this time of year, attenuation coefficients are about 0.1 m−1 and the mixed layer
is about 40 m deep (Tett & Wilson, 2000; Tett & Lee, 2005). In Creran, in contrast,
minimum PAR attenuation was in the range 0.23 to 0.31 m−1 and there was no mixed
layer: the density gradient continued to the surface. Figure 6 shows that NMP was
positive only above about 7 m, and thus it seems that density layering was vital for
micro-algal photosynthesis. Although 0-10 m NMP, and most estimates of column NMP,
were positive, the impression is of a pelagic system on its way towards net heterotrophy,
running down towards the Winter condition.

Attenuation is a result of the absorption and scattering of photons by ‘optically active
constituents’ (OACs). The latter include water itself, dissolved ‘yellow-substance’ (much
of which is derived from freshwater), grey and black suspended particulate matter (SPM),
and photosynthetic pigments (Bowers et al., 2000; Devlin et al., 2009). Tyler (1983) re-
gressed 0 - 12 m kD on chlorophyll concentration in 1978 to estimate attenuation at zero
chlorophyll, kD,X=0. His slope (which is the pigment’s ‘attenuation cross-section’) was
used to correct similar kD from September 2013 to zero chlorophyll. The resulting value
of 0.26 m−1 was 30% greater than Tyler’s value of 0.20 m−1 (Appendix H). Bowers et
al (2000) suggested that ‘yellow-substance’ is the single most important light-absorber
in the Firth of Clyde; this is also likely to be the case in loch Creran. Thus the in-
creased attenuation in Creran in September 2013 might have been the result of a higher
river-water content of ‘yellow-substance’. Attempts to investigate this by seeking a rela-
tionship between kD,min,0 and salinity, could not proceed, because, although there was
the expected inverse relationship, it was not significant. Another possibility is that of
greater SPM concentrations in the loch. Clearly, there is a need for further investigation
of the OACs in Creran.

Finally, the average value of 1.67 for f (in kD = f/zS) is close to the clear-water value
of 1.7 ascribed by Holmes (1970) to Poole & Atkins in 1929.

4.5. Conclusions. Chlorophyll was less in September 2013 than in the climatological
Septembers of 1972 - 1976, and light penetration was weaker than in 1978. Thus, given
the method for estimating NMP, it is unsurprising that this was found to be less in 2013
than in 1978. Because lower production is likely in turn to result in less chlorophyll, this
finding suggests an explanation for the observed decrease in chlorophyll concentrations,
and the shortening of the productive season, in Creran. This hypothesis should be tested
against observations of light penetration in other seasons.
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Appendix A. CTD systems and the problem of measurement depth

Introduction. The purpose of this appendix is to discuss issues relating to the depths
of measurements made by the CTD systems used from RV Calanus on 10 September
2013. However, I start with an account of earlier methods for observing marine physical
properties, hoping that this will aid understanding of the issues. The account will also
show how far the art has progressed in half a century and will provide context for
comparison with historic observations.

Historical account. During the late 1960s (and my introduction to oceanography)
the standard oceanographic equipment for measuring water properties was a sampling
bottle equipped with a reversing thermometer.1 Deploying an array of these bottles - a
‘hydrocast’ - was slow, and it was sometimes difficult to know the exact depth at which
the water had been sampled.2 At about this time there became available a ‘temperature-
salinity bridge’ developed at the UK National Institute of Oceanography.3 An small
underwater sensor, containing a thermistor and a circuit that measured the electrical
conductivity of sea-water, was connected to a surface box containing batteries and a
manually balanced Wheatstone bridge circuit.4 These devices were light and portable,
and could be used from a small boat. However, they needed regular calibration,5 and
depth estimation was still uncertain, typically relying on marks on the sensor cable.

By 1980 we were using (Figure 7) a new generation of small, battery-operated, sub-
mersible T-S ‘probes’, such as the Braystoke STM 500. The underwater component
included a pressure sensor, providing an accurate measurement of depth. Manual bal-
ancing was not required: the surface box provided a digital readout. Data could be

1 The bottle was lowered to a known depth and a messenger weight sent down the bottle’s
supporting wire to release springs that closed the bottle’s end caps and rotated the thermometer
through 180◦. Rotation broke the mercury thread and thus captured the water temperature.
Water from the bottle was later measured for salinity, either by chemical titration of chloride or
by electronic comparison of sample conductivity with that of ‘standard seawater’.

2 A bottle’s sampling depth was estimated from the length of supporting wire deployed,
sometimes with a rough correction for angle to the vertical. Getting data from which to make a
profile of temperature and salinity was a lengthy business: many bottles had to be clamped to the
line, and messengers loaded onto each (so that the triggering of one bottle would release a nother
messenger). Resolution was coarse, because messenger-triggered bottles needed a minimum
spacing of a few metres. And, finally, there was a delay in knowing the salinity, because samples
had to be returned to a laboratory for measurement.

3 Woods et al (1973) refer to measurements in Loch Etive in 1970 and 1971 using an ‘NIO
temperature-salinity probe lowered on a weighted line’. The device was later marketed by EIL
as the MC5 and is (probably) that described by Cox & Moorey 1962 .

4 In use, dials on the box were manually rotated until a meter needle came to zero: at this
point the user had selected a resistance in one arm of the bridge that balanced the resistance
in the other arm of the bridge - which was (as selected) either that of the thermistor or that of
the water. The former had been calibrated in terms of temperature, the latter in terms of water
conductivity. Since there is a relationship between temperature, conductivity and salt content,
the dial settings could be converted to salinity and temperature.

5 Against temperatures measured with a mercury-in-glass thermometer and salinities measured
in a laboratory salinometer.
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obtained more speedily, allowing a picture of the pycnocline to be constructed rapidly
as a guide for water sampling (e.g. for chlorophyll).6

Figure 7. Using a portable T-S probe from a small boat. Loch
Striven, 1980. The probe is underwater, at the end of the cable held by
Ken Jones. The Braystoke STM500 deck unit is on a thwart of the dory,
with Pat Jones recording its display. (Scanned from 35 mm transparency.)

Meanwhile, seagoing oceanographers were using CTD systems of increasing preci-
sion and reliability to replace hydrocasts.7 They were able to carry additional sensors,
including those being developed for chlorophyll fluorescence or photosynthetically avail-
able radiation. However, the combination of CTD, additional sensors, and rosette of
water bottles was bulky and only suitable for deployment from large research vessels
equipped with special hydrographic winches.8 Some large modern systems still require
such a winch; however processing and sensor electronics are now sufficiently small in
size and power requirements that they can be built into light-weight ‘portable’ systems.
All modern CTDs can collect more precise data more quickly than the older methods,
and their temperature and salinity measurements are considered to be highly reliable, to
the extent that calibration measurements are seldom taken. Nevertheless, there remain
some difficulties in using them close to the sea-surface in stratified waters.

The Issues. There are two main difficulties:

• understanding, and compensating for, variation in water properties observed dur-
ing the occupation of a station because: the ship was drifting through laterally-
varying water-column structure; water masses might have been moving; internal
waves might have displaced the pycnocline;

6 At that time we had no simple method of profiling phytoplankton directly.
7 In some cases this occurred quite late. For example the Californian coastal water monitoring

programme CalCOFI only replaced its standard 20-bottle hydrowire cast with a CTD-rosette in
August 1993.( http://www.calcofi.org/references/ccmethods/293-art-ctdhistory.html.)

8The drums of the winches were wound with conducting, armoured, cables, able to support
the load of the CTD system, provide power, and return data. The winch drums could maintain
electrical connection between the cable and the CTD deck/power unit whilst rotating.
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• accurately measuring the depth at which a water property is observed

The introduction of pressure sensors into submarine probes has greatly improved depth
estimation, but has not solved all problems. Other sensors might be vertically separated
from the pressure sensor. The response of the other sensors might lag that of the
pressure sensor. Averaging over time, or notional depth bins, can compound the biases
or distortions resulting from sensor separation and lag, especially when the CTD system
is operating in a region of strong vertical gradients.

The CTD systems used on 10 September 2013. SeaBird Electronics CTD systems
are currently considered the ‘state of the art’, and on this occasion, two such systems were
used. A ‘large’ SBE 9+ CTD (linked to a SBE 11 deck unit, the combination making up
the 911 system) was deployed horizontally within a rosette frame, the CTD’s armoured
signal cable supporting the frame. A ‘portable’ SBE 19+ CTD – battery powered and
internally logging – was lashed in a vertical position to this frame (Figure 2). Sensor
arrangement was as follows:

pressure : was measured at the base of each instrument; the pressure sensor of
the horizontally oriented 911 CTD was within a few (vertical) cm of the pressure
sensor in the vertically oriented 19+ CTD;

temperature and conductivity on SBE911 : were measured in a contained
flow of water that was pumped past the two sensors and which originated close
to the 911’s pressure sensor ;

fluorescence on SBE911 : was measured by a Wet-Labs ECO-AFL/FL sensor,
mounted close to the depth of the CTD’s pressure sensor;

conductivity and fluorescence on SBE19+ : were measured within a pumped
flow of water, originating at the depth of the 19+’s pressure sensor; the Wet-Labs
WetStar measured fluorescence within a flow chamber;

temperature on SBE19+ : was measured close to the water intake;
PAR on SBE19+ : was measured by a Biospherical Instruments scalar irradi-

ance sensor with a spherical collector 0.58 m above the SBE19+ pressure sensor.

Thus, the pressure, temperature and conductivity sensors on both instruments, and
the fluorometer on the SBE911, were observing the same water volume to within a few
cm vertically and a few dm horizontally. During the downcast the water properties
that they measured should have been free of influence by the body of the coupled CTD
system; during the upcast, the sensors may have experienced the ‘turbulent wake’ of the
system. Thus in principle the downcast data should be more reliable. Although water
samples were taken on the upcast, it was paused to allow the wake to disperse at the
depth of sampling.

Whereas the conductivity sensors of both systems were close to the water intake, the
SBE19+ fluorometer was further away. In principle the systems should be deployed
for a few minutes with the pressure sensor 2 m deep, allowing time for the pumps to
turn on and flush air from tubing. Should this initial deployment be too brief, the
SBE19+ fluorometer response might not have accurately show the vertical distribution
of photosynthetic pigments in the water column.

The depth co-ordinate. The CTD depth variables have been calculated from pressure
and increase downwards. In this report I adopt the convention that relates vertical



20 PAUL TETT SCOTTISH ASSOCIATION FOR MARINE SCIENCE, OBAN

distances to the sea-surface at z = 0. Thus z become increasingly negative towards the
sea-bed. Unless otherwise specified, values are those calculated for the level of the CTD
pressure sensor.

Data averaging and depth binning. The SBE19+ CTD system took and internally
recorded 4 sets of sensor readings each second. The SBE 911 is capable of 24 such
scans/second, but in the present case averaged these internally to one set of means each
second. Once uploaded from the CTDs, the data were processed into 1 m depth bins,
such that the 2 m bin, for example, contained data from -1.5 to -2.5 m depth. The
data in the bin were arithmetically averaged (Figure 8). Because the mean depth of
measurements taken within the bin might not correspond to the central depth of the
bin, the SBE ‘bin average’ module (SBE, 2013) interpolates property means to this
depth, using mean values obtained in the next bin down. Such processing might be
inappropriate for variables, such as PAR, expected to change exponentially with depth.

sea surface: z = −0 m

−0.5 m

−1.5 m

−2.5 m

centre of depth bin 1, at −1.0 m

centre of depth bin 2, at −2.0 m

average
over

average
over

Figure 8. Depth binning, illustrated for 1 m thick bins.
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Appendix B. Physical properties

The two sets of profiles in Figure 9 graph 1m-binned measurements from both CTDs
against depth, showing downcast and upcasts separately.
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Figure 9. Profiles for example stations C5 and LY1, drawn by Plotstation.m.
.
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The REF lines in the salinity plots show envelopes from Summer 1978, discussed in
Appendix H. The main purpose of the present Appendix is to assess the 2013 data.
Mostly, there was good agreement between the temperature and salinity values from the
two CTDs, but there were differences between upcasts and downcasts, especially in the
upper water column. These were most likely due to changes in water column structure
between the two phases of the CTD cast, perhaps resulting from ship drift or the passage
of internal waves. Because differences in density were mainly controlled by differences
in salinity9 the shape and variability in the density profiles largely follows those of the
salinity profiles.

Fluorescence showed more variability between upcast and downcast, and between
sensors. The latter differences are not surprising: the ECO fluorometer on the 911 CTD
was exposed to open water; the WetStar fluorometer on the 19+ CTD viewed water that
was being pumped through an enclosure.10 The large near-surface differences between
fluorescence measured during the 19+ downcast and upcast might have resulted from
delays in flushing the tubing that led to the fluorometer. Plots of fluorescence against
density (Figure 10) suggest that the differences were not the result of vertical movements
of a density surface between downcast and upcast.
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Figure 10. Fluorescence against density for stations C5 and LY1 on
10 September 2015. Fluorescence is plotted against the corresponding
density (e.g. 19+ upcast fluorescence against 19+ upcast density.)

.

It was concluded that SBE 911 downcast data should be used in constructing the
density and chlorophyll sections presented in the main text (Figures 3 and 5). In fact,
upcast data were used for chlorophyll, and the work of preparing sections of downcast
fluorescence has not been completed.

9 For C5, mean temperature 13.6◦C, mean salinity 32.3 psu, the maximum temperature dif-
ference of 0.2◦C contributed only about 5% to the maximum density difference of 0.8 kg m−3.

10 Fluorometers use blue light to stimulate the algal photosystem to emit red fluorescence.
The response may alter if the photosystem is exposed at the same time to daylight. Thus in
principle an enclosed sensor is better.
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Appendix C. Submarine optics: estimation of attenuatation

A Matlab script OptoProd was use to calculate the PAR diffuse attenuation coefficient
kD for each 1 m layer from the profile of PAR I measured by the SBE 19+ irradiance
sensor during the downcast. Values of PAR flux of less than 0.001 µE m−2 s−1 were
ignored. The data for I formed a column vector with index d starting from 1 for the
first depth bin (for which the mean depth z calculated from the CTD pressure sensor
data was -1.0 m). For d = 1 : dmax − 1,

(3) kD[d+1] = ln
I[d+1]

I[d]
· 1

∆zI
; ∆zI = zI[d+1] − zI[d]; zkD[d+1] = zI[d] +

∆zI
2

zI was the depth of the PAR sensor, 0.58 m above z.11 Results are in Figure 11.
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Figure 11. Attenuation profiles, 10 September 2013, SBE19+ downcasts.
.

Some of the profiles, especially that for C1, were very irregular, the result of large
variations in irradiance between adjacent depths. In general the profiles show greater
attenuation near the sea-surface (as expected, due to rapid absorption of low angle
photons and of red and blue light) and also towards the bottom of the water column.
The latter may have been due to increased SPM.

These effects also show in Figure 12, where the sections have been plotted by slight
modifications of the contouring program described in Appendix F. The appearance in

11 See Appendix A
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the highly-interpolated section of ‘lenses’ of increased attenuation may be an artefact of
the polynomial smoothing process.
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.

Finally, figure 13 shows estimation of the two parameters (m2 and kD,min) needed for
the mixed layer mean PAR approximation of Tett (1990). A linear regression was fitted
to PAR measurements between -4.5 and -9.5 m; the slope of this regression was used for
kD,min. Values of the coefficient m2 were estimated by calculating PAR at -0 m (I0−
just below the sea-surface) by extrapolating linearly from mean PAR in the 2 m bin (i.e.
at -1.5 m) through mean PAR in the 1 m bin (i.e. at -0.5 m) to -0 m. Then m2 was
calculated as the ratio of the value of PAR[z = −0] calculated from the linear regression,
to I0−. As might be expected in the case of an instrument lowered over the side of the
ship that might itself be casting a shadow, there was much variation in estimates of m2.
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Correcting the average value, 0.44 (s.e. = 0.05) for surface reflection losses (assuming
an albedo of 0.1), gives m2 = 0.40, close to the range of 0.34 to 0.39 in Tett (1990).

The coefficient m3 was estimated from I−5/I0−. The average value was 0.73 (s.e.
= 0.03). This coefficient is needed for calculation of submarine PAR from historic or
climatological values of surface PAR.
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Figure 13. Estimation of minimum attenuation coefficient for sta-
tions on the transect from LY1 (9) to C5 (1). ‘Station 0’ is the ‘made-up’
sill station. A linear regression ln(Iz) = ln(I0−,min)+kD,min ·z was fitted
to downcast PAR for depth bins 5 through 10 (mean PAR sensor depths
of -4.5 m to -9.5 m). ‘kdmin’ is the slope of this regression. ‘kdmean’ is
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I0−,min/I0−. m3 is I−0.5/I0−. Plotted by OptoProd.

.
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Appendix D. Measurement of extracted chlorophyll and pheopigment

Extraction and Measurement. Chlorophyll a concentrations was measured by flu-
orometry (Jeffrey & Humphrey 1975).12 On board ship, sub-samples of 500 mL were
filtered in duplicate on a 47 mm glass fibre filter (GF/F Whatman) and stored frozen at
20◦C in centrifuge tubes. Prior to analysis filters were thawed in 15 mL centrifuge tubes
and pigments were extracted overnight in the dark at 4◦C with 8 mL of 90 % acetone
(VWR). Filters were sonicated for 1 minute and after subsequent centrifugation (3000
rpm for 5 min) chlorophyll a was measured with a Turner TD-700 fluorometer (Turner
Designs, Sunnyvale, CA, USA). During use, the Turner fluorometer was then calibrated
using a series of standards from 1 to 5 µg/L of stock chl a standard. Blanks were
measured with 90% acetone only and solid standard (SST) measurements were taken to
account for drift. The Solid Secondary Standard provides a very stable fluorescent signal
from which readings are taken during calibration. It was, therefore, used as reference to
correct drifts related to the fluorometer. A series of 10 samples were measured including
a 90% acetone blank and a SST at the beginning and end of these 10 samples.

Chl a concentrations in samples were calculated according to:

(4) [chl a] = K · Fm
Fm − 1

· (Fb − Fa) ·
Ve
Vf

where:

K : is the calibration constant,
Fb : is the fluorescence before acidification,
Fa : is the fluorescence after acidification
Fm : is the max acid ratio (Fb/Fa) of pure chl a,
Ve : is the extraction volume
Vf : is the volume filtered.

Similarly to Chl a, pheopigment concentrations were calculated according to:

(5) [pheo] = K · Fm
Fm − 1

· (Fm · Fb − Fa) ·
Ve
Vf

An average value for the 90% acetone blank (before and after 10 samples run) was
subtracted from each value and an incremental drift correction was applied to each
series of 10 samples using SST values. Chl a concentrations were averaged from duplicate
values for each sample.

Calibration of laboratory fluorometer. The chlorophyll a used for calibration had
been extracted from spinach, and was obtained from Sigma with a stock concentration
4.30 mg L−1). The stock concentration was verified using a scanning spectrophotome-
ter.13 Absorbance at 663 nm14 was measured for the original (ao) and acidified15 extract
(aa). Extract chlorophyll concentration was calculated from:

(6) [chl a] = A ·K · (ao − aa)
12 Details of measurement and calibration provided by Sharon McNeill.
13 Nicolet evolution 300, Thermo Electron Corporation, Cambridge, UK.
14 corrected for 750 nm reading.
15 with 50 µL HCL, BDH, AnalaR.
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where:

A : is the inverse coefficient in 90 % acetone (using the value of Jeffrey and
Humphrey, 1975)

K : is the standardised acid factor (R) of the chl a extinction coefficient (87.7
g.cm−1) over pheophytin extinction coefficient (51.2 g.cm−1).

Pheophytin content of samples. The pheophytin content of extracted pigment sam-
ples spanned a smaller range than that of chlorophyll, and there was a good relationship
between pheopigment and chlorophyll (Figure 14).

y = 0.1887ln(x) + 0.5011 
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0.00	  

0.10	  

0.20	  

0.30	  

0.40	  

0.50	  

0.60	  

0.70	  

0.80	  

0.00	   0.50	   1.00	   1.50	   2.00	   2.50	   3.00	  

ph
eo

, µ
g/

L 

chl, µg/L 

All samples, 10 Sep 13 

Figure 14. Percentage pheopigment as a function of chlorophyll concentration
.
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Appendix E. Calibration of CTD fluorescence

Because of problems with the SBE19+ fluorescence at the start of the downcast (Ap-
pendix B) it was decided to base chlorophyll estimation on fluorescence recorded by the
SBE911 fluorometer during the upcast.16 In order to calibrate this fluorometer, values
recorded by the instrument at the time of water-bottle closure (after pausing during the
upcast) were compared with concentrations of chlorophyll extracted from the sampled
water.

Because of the differences in the floristic composition of the phytoplankton between
the Firth of Lorn and loch Creran, the calibration data were divided into two groups
(Figure 15). The regression slopes were similar, but the data from Creran fitted less well
to a linear regression than the data from the Firth of Lorn, and the Creran regression
had a greater intercept (Table 5).

Table 5. Statistics for the calibration of the SBE 911 fluorometer.
Lorn = LY1 and LY3 (all depths), C5 (25 m); Creran = C3 (3, 15 m),
C5 (all depths).

slope: fluor intercept:
(mg chl m−3)−1 fluorescence

data-set value s.e. value s.e. r2

Lorn 0.93 0.03 0.26 0.04 0.99
Creran 0.96 0.11 0.40 0.22 0.89
all 0.99 0.05 0.27 0.08 0.94

Because of the larger residual error in the case of the Creran data set, the two regres-
sions were not significantly different, and so the data sets were combined and used to
compute a single regression, giving the calibration equation:

(7) X = (F − 0.269)/0.991 mg chl m−3

Calculated values of chlorophyll concentration (X) have a mean error of 10%.
The intercept of the all-data regression is significant. It may result from the contribu-

tion of fluorescence from pheopigments, which are form an increasingly important part of
extracted pigments as chlorophyll concentration decreases (Figure 14 in Appendix D. It
is also possible that dissolved ‘yellow-substance’ contributed to background fluorescence.

16 The analysis was performed before Appendix B – which recommends using downcast data
– was completed.
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Figure 15. Calibration of SBE911 fluorometer using ‘bottle’ data –
i.e. that recorded by the fluorometer at the same time as water-bottle
samples were taken (and from which chlorophyll was subsequently ex-
tracted). The data have been divided into two groups: that from Creran
above 20 m, and that from the Firth of Lorn and the deep water at C3.

.
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Appendix F. Plotting longitudinal sections

Longitudinal sections along the axis of stratified water bodies, such as sea-lochs, are
useful for displaying the main features of the distribution of water properties such as
density, or of consequent biological distributions, such as those of phytoplankton chloro-
phyll concentration. Constructing such sections, however, is not easy. Packages such
as ‘Surfer’ make it easy (in my opinion) to over-interpret the data. In contrast, Mat-
lab gridding and contouring routines tend to be conservative, with results shown in the
upper two parts of Figure 16.
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This figure was made by a specially written Matlab script called PlotSection6.17

Four files of data were input (Table 6). The first part of the diagram was plotted from

17 Subsequently modified to PlotSection7.
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Table 6. Input files for section plots. These are plain text files, with
values separated by spaces or tabs, in 2D arrays in which the columns
represent distance and the rows represent depths. The arrays should be
filled with NaN where data are not available.

file name description
– needed for the contoured section

density the variable to be plotted, in this case sigma-t in kg/m3

depth an array of matching dimensions, in which every column
is the same and the rows give depths (increasingly positive
values)

distance an array of matching dimensions, in which every row is the
same, and the columns give station distance (in km) from
an origin in the Greag Isles
– needed for seabed topography

crertop two columns of data, the first giving distances (km) from
the reference point, and the second the corresponding (+ve)
depths of the seabed; the distances do not need to agree
with those in the array distance

the ‘raw’ data for density, using the Matlab function contourf. Before plotting the sec-
ond part, the data were first linearly interpolated (using the Matlab standard function
griddata) onto a 1 km grid. Before plotting the third part, the data were interpo-
lated row-wise onto the same grid, using a specially-written function (HorModFit). The
function fitted a low-order (3rd) polynomial to each row of density values, using dis-
tance as the independent variable, and then used the function to calculate values at each
grid-point. Rows with scant data received special treatment. Finally, another function
(VertSmooth) fitted a running mean (over 3 values) to each column of data, extending
initial and final means to the relevant column limits.

In the most recent version of the script, PlotSection7, the customized gridding is
done by a function called Csect, which in turn calls HorModFit and VertSmooth with
adjustable smoothing parameters. The code of Csect is given below.

function [ nsd, XFLE, YFLE ] = Csect( rsd, distance, hypso, maxph, nv )

% CSECT adjusts raw data for a better longitudinal section of a loch etc

% PT, 7 Dec 13, based on code in PLotSection6

% called from PlotSection7 (and other scripts?)

% calls functions HORMODFIT and VERTSMOOTH

% Input:

% rsd = array of section raw data, cols = distance, rows = depth

% distance = array of section distances (km), repeated down rows

% hypso = for seabed topography, array of two columns:

% hypso(:,1) = distances, km from start
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% hypso(:,2) = (+ve) seabed depths (m) at these distances

% maxph = maximum polynomial power in horizontal interpolation

% nv = number of values to include in running average over depth

% Output

% nsd = array of improved section data, ready to plot

% XFLE = corresponding array of distances (km)

% YFLE = corresponding array of depths (m, -ve)

global hstep % km step for horizontal gridding

%% prepare

% xcolsr = length(rsd(1,:)); % number of columns in raw data

yrowsr = length(rsd(:,1)); % number of rows in raw data

xstartr = min(distance(1,:)); % distance (lm) of first station from refer

xcolsn = 1 + ceil((max(distance(1,:)) - xstartr)/hstep);

FLE = ones(yrowsr, xcolsn); % prepare the new matrix for the variable

nsd = NaN * FLE; % prepare the output matrix for the variable

XFLE = ones(yrowsr,xcolsn); % prepare new distance matrix (km)

YFLE = ones(yrowsr,xcolsn); % prepare a new depth matrix (m)

%% (1) fit a model to each row, working from the raw data

for y = 1:yrowsr, % y is row counter

FLE(yrowsr-y+1,:) = ...

HorModFit(rsd(y,:), distance(y,:), hypso, xcolsn, maxph);

% FLE should have surface row at bottom

XFLE(y,:) = (xstartr:hstep:(xstartr + (xcolsn-1)*hstep));

% Y1mFLE is -ve depth, 1m steps, greatest at top

YFLE(y,:) = (y - yrowsr) * YFLE(y,:);

end

%% (2) smooth in the vertical

for x = 1:xcolsn, % x is column counter

nsd(:,x) = VertSmooth(FLE(:,x), nv);

end

end
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Appendix G. Calculation of Net Microplankton Production

Introduction. Net Microplankton Production (NMP) is the photosynthesis of pelagic
micro-algae less their respiration and that of associated bacteria and protozoa. It was
calculated in two ways, using the Matlab script OptoProd.m. 18

Simple method for a mixed layer. The first method was based on the simple model
of Tett (1990) and assumed a near-surface mixed layer and conversion of photons to
fixed carbon with an efficiency independent of the photon flux:

(8) NMP = h ·X · (α · I − rX) · 24 mg C m−2 d−1

where:

h : layer thickness, m
X : layer average chlorophyll concentration, mg m−3

α : photosynthetic efficiency, the rate of carbon fixation per unit chlorophyll at a
given PAR flux, mg C (mg chl)−1 hr−1 (µE m−2 s−1 )−1

I : layer mean PAR over 24 hours, µE m−2 s−1

rX : chlorophyll related respiration either for phytoplankton alone or for microplank-
ton, mg C (mg chl)−1 hr−1

Layer mean illumination was calculated from:

(9) I = m2 · I0+ ·
1− e−ζ

ζ
where layer optical thickness ζ = h · kD,min

and

I0+ : is 24-hr mean (downwards) PAR at the sea-surface, µE m−2 s−1

m2 : corrects for reflection losses and extra near-surface attenuation
kD,min : the minimum diffuse attenuation coefficient for PAR at the station

See Appendix C for values of m2 and kD,min, and below for the value of I0+.

Integrating over depth and time. The second method calculated production in 1 hr
time steps and 1 m depth steps:

(10) NMP =
d=b∑
d=1

(
X(z) ·

t=24∑
t=0

(p(Iz(t))− rX) ·∆t

)
·∆z mg C m−2 d−1

where the new terms are:

d: index to depth bins; 1 is immediate sub-surface bin, b is bottom bin
z : (adjusted bin-centre) depth in metres, negative downwards: z = aI − d ·∆z
aI : height of SBE19+ PAR sensor above pressure sensor, m
X(z) : chlorophyll concentration at depth z, mg m−3

Iz(t) : PAR at depth z, time t hrs, µE m−2 s−1

∆z : depth step (bin thickness), 1 m
∆t : timestep, 1 hr

18 The student class were required to use the simple method, and some went on to use a
version of the stepwise method, in both cases programming the calculations into a spreadsheet.
See Appendix I for information provided to them about the methods.
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Gross photosynthesis (mg C (mg chl)−1 hr−1), a saturating function of PAR, was given
by one of the two following equations (Lederman & Tett, 1981):

(11) p(I) = pm ·
I

I + Ik
MM: Michaelis-Menten

(12) p(I) = pm ·
I(

I2 + I2k
)0.5 ST: Smith-Talling

where:

pm : maximum (light-saturated) photosynthesis, mg C (mg chl)−1 hr−1

Ik : half-saturation irradiance, µE m−2 s−1 , calculated from pm/αm
αm: maximum photosynthetic efficiency, that at low PAR flux; ≡ α in eq. 8

Eqn. 12 was used for the estimation of production reported in the main text.

PAR as a function of depth. The calculation of PAR as a function of depth is shown
in Figure 17.
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Figure 17. Calculation of PAR as a function of depth z (at the PAR
sensor) and the irradiance I0+ arriving at the sea surface. From z = −0.4
m, the algorithm proceeded by 1 m depth increments until it reached a
depth for which kD values are not available, and thereafter set Iz to 0.

.

The algorithm inverts eqn. 3, calculating in 1 m depth increments from -0.4 m.19

Attenuation close the surface required special treatment, which was supplied by multi-
plying above-surface PAR I0+ by the factors m3 and m4. The latter is the fraction of
PAR that passes through the air-sea interface (i.e. is not reflected). It was taken as 0.9

19 The depths were those of the PAR sensor, 0.58 cm above the pressure sensor. The notional
depth bin from -0.5 to -1.5, centred on -1 m, corresponded to a PAR bin centered on -0.4 m.
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for these coastal waters in September. See Appendix C concerning estimation of m3 and
kD(z).

Sea-surface PAR. We did not measure sea-surface PAR. As the aim of the study was
to estimate typical productivity for this time of year, a value of E0+ = 96 W m−2 was
taken from an irradiance climatology for Dunstaffnage (Portilla & Tett, 2008). PAR was
taken as 0.46 of total irradiance, and the mean energy of PAR photons as 4.15 µE J−1

(Tett, 1990).

Parameter values for photosynthesis and respiration. There were, to hand, two
relevant sets of values for the photosynthetic and respiratory parameters. One set re-
sulted from a study of a sea-flooded quarry on Easdale Island during May through
August, 1984 (Tett et al., 1988). Photosynthetic parameters were obtained using a 14C
label during short (2 - 3 hr) exposures in a light-gradient incubator.20 Respiratory pa-
rameters were measured by oxygen consumption during a 24-hr in situ dark incubation.
A second set of parameter values was derived by Tyler (1983) from oxygen changes in
water taken from loch Creran in 1977 - 1978 exposed in the same light-gradient incuba-
tor or in dark bottles for 20-24 hours.21 Both studies fitted the Smith-Talling equation
(12) to the photosynthetic data, and therefore (Lederman & Tett, 1981) are most appro-
priately used with that equation. In both cases, incubated water was coarsely filtered
to remove mesozooplankton; bacteria and protozoa remained in place, and hence the
respiration rates estimated in these studies are for microplankton.22

Table 7. Photosynthetic and respiratory parameters. Values origi-
nally related to irradiance in PAR W m−2, have been converted at 4.15
µE J−1. In eqn. 11, Ik is the PAR at which photosynthesis is half maxi-
mal. In eqn. 12, it is the PAR at which photosynthesis is pm/

√
2.

parameter value units
Tett et al. Tyler

(1988) (1983)
α photosynthetic efficiency 0.036 0.048 mg C (mg chl)−1 hr−1

(µE m−2 s−1 )−1

pm max. photosynthetic rate 3.2 3.44 mg C (mg chl)−1 hr−1

Ik ≡ pm/α, saturation PAR 89 72 µE m−2 s−1

rX PP respiration rate -0.42 (-0.40) mg C (mg chl)−1 hr−1

MP respiration rate -0.60 -0.58 mg C (mg chl)−1 hr−1

20 Six experiments were carried out, using water returned to the Dunstaffnage laboratory.
21 Tyler carried out 4 experiments July - October 1977 and 5 experiments March - July 1978,

using water taken from 3-4 m at station C5.
22 This was not made explicit by Tyler; the idea of microplankton respiration as distinct from

phytoplankton respiration arose during the analysis of the data from the Quarry study, and was
influenced by the work of Prof. P J. leB Williams.
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It was mainly values from Tyler (1983) that were used in the estimation of NMP
reported in the main text; however, data from the Quarry study was used to interpo-
late phytoplankton (PP) respiration rate from the MP value of Tyler, and additional
simulations were carried out to explore sensitivity to choice of model and parameter
values.

Sensitivity analysis. Column production was sensitive both to P-I model and to pa-
rameter values (Table 8). GPP depended on chlorophyll in the well-illuminated near-
surface layers, but MPR and hence NMP depended on total chlorophyll and the depth
of summation.

Table 8. Column production calculated by the second method.
either with Michaelis-Menten (MM) or Smith-Talling (ST) model of sat-
urating photosynthesis. ST and MM1 used Tyler (1983) parameters from
Table 7. MM2 used the parameter values given in Figure 18 in Appen-
dix I. The integration depth is that to which column chlorophyll and
production have been summed.

station integr- 0-10 m column column (MM1) column (MM2) column (ST)
no name ation X

∑
X GPP NMP GPP NMP GPP NMP

- - depth, m mg/m3 mg/m2 mg/m2.d
9 LY1 -44 1.55 22.1 323 +15 254 -64 413 +105
8 LY2 -50 0.8 19.4 229 -41 181 -98 298 +28
7 LY3 -30 0.61 15.9 141 -81 110 -119 180 -42
6 C1 -30 0.58 15.5 198 -18 156 -68 257 +41
5 C2 -10 0.83 8.3 201 +85 161 +41 266 +150
4 C2/2a -27 1.36 25.1 328 -22 260 -102 427 +77
3 C3 -38 1.4 33.4 348 -117 277 -204 454 -11
2 C4 -17 1.43 19.9 365 +89 293 +7 482 +205
1 C5 -21 1.58 23.1 239 -82 185 -147 294 -27

Discussion. The estimates of NMP depend critically on the parameter values and mod-
els used. The photosynthetic parameters α and pmax likely vary with phytoplankton
physiological state and floristic composition and hence with time of year (which in-
fluences illumination and nutrient availability). Thus, using a mean value for these
parameters is not wholly satisfactory. Further analysis of the historic data may al-
low seasonally-appropriate values to be used. The very simple parameterisation of mi-
croplankton respiration, made proportional to chlorophyll, might be improved by taking
account of phaeopigment: the heterotroph fraction of the microplankton (which influ-
ences rX) is likely to be higher where the ratio of degraded to active photosynthetic
pigments is high. There are further data relating to microplankton respiration in loch
Creran (Wilson, 1994).
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Appendix H. Observations in 1977-78

Introduction. Between 1972 and 1983 the research group of which I was a member
carried out many studies of loch Creran. Amongst these was work aimed at constructing
a carbon budget for Creran (Cronin & Tyler, 1980), which is reported in detail in a PhD
thesis (Tyler, 1983) and an internal report containing hydrographic observations (Tyler
et al. 1983). Some of these studies are drawn on here, to provide a historical comparison
with the observations in 2013.

Hydrography. As described by Tyler et al. (1983), RV ‘Seol Mara’ visited stations
LY1, C2, C3, C5, C6 and C11 (also called CU) at roughly fortnightly intervals from
December 1977 through December 1978. EIL type MC5 T-S bridges, with probe lowered
on a metered wire, were used to obtain profiles of temperature and salinity, which were
calibrated against (i) temperature read by a mercury-in-glass thermometers and (ii)
laboratory salinometer measurements of water samples. It was concluded that MC5
salinities were typically good to about 0.1 p.p.th.23 The hydrographic data was analysed
so as to show the range of conditions typical of each season in the loch. The ‘summer’
season extended from May through October, during which time there were 11 visits. For
each depth, salinity data were ranked and the median and two extremes extracted: the
extremes were the ranked value just above the minimum (called ‘min-1’) and the ranked
value just below the maximum (‘max-1’). Use of these values allowed an envelope of
typical summer salinities to be plotted, shown for LY1 and C5 in Figure 9. At C5, the
salinities in September 2013 were well within the 1978 Summer envelope, but the deeper
water at LY1 was less salty in 2013 than in 1978.

Attenuation. Tyler (1983) used a Lambda Instruments quantum sensor with cosine
collector, connected by a marked cable to a voltmeter, calibrated in air against Kipp
& Zonen readings, then corrected for in-water flux using manufacturer’s factor. He
found a significant regression of kD (estimated between -0 and -12 m) and chlorophyll
concentrations in this layer:

(13) kD = kD,X=0 + ε ·X m−1

where pigment attenuation cross-section ε was 0.0246 m2 mg−1 and the zero-chlorophyll
attenuation kD,X=0 was 0.20 m−1. In 2013, zero-chlorophyll estimation was estimated by
subtracting Tyler’s value for ε from observed kD and kD,min (Table 9). The comparable
(-0 to -12 m) 2013 values for kD,X=0, averaging 0.26 m−1, were greater than Tyler’s.

Production. Tyler (1983) estimated annual production in loch Creran by numerical
simulation similar to the method used here, but extending over a calendar year. He
integrated over the mean depth of the loch (13.3 m) and for chlorophyl concentration
used the average values (based on log-transformation) reported for 1971-1976 by Tett &
Wallis (1978). The simulations were driven by data for incident solar radiation on the
Dunstaffnage Laboratory as measured with a Kipp & Zonen dome solarimeter type CM5
in 1975 and 1978. It was averaged over hour to give W m−2 and totalled over 24 hrs to

23 At that time, prior to the introduction of the Practical Salinity Scale, salinities were reported
in ‘parts per thousand’.
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Table 9. Attenuations (September 2013) recalculated for compari-
son with Tyler (1983).

station -0 to -12 m -5 to -10 m
name kD X kD,X=0 kD,min X kD,min,X=0

m−1 mg m−3 m−1 m−1 mg m−3 m−1

C5 0.28 1.42 0.24 0.31 1.58 0.27
C4 0.33 1.33 0.30 0.31 1.43 0.27
C3 0.32 1.29 0.29 0.3 1.4 0.27
C2 0.3 1.27 0.27 0.27 1.36 0.24
C2 NaN NaN NaN 0.26 0.83 0.24
C1 0.19 0.58 0.18 0.27 0.58 0.26

LY3 0.3 0.6 0.29 0.27 0.61 0.25
LY2 0.27 0.78 0.25 0.26 0.8 0.24
LY1 0.29 1.34 0.26 0.23 1.55 0.19
mean 0.26 0.25

give W-hr m−2. PAR was taken as 0.48 of total energy flux. His methods for estimating
photosynthetic and respiratory parameters have been summarized in Appendix G.24 The
result for NMP was between 150 and 225 g C m−2 yr−1,25 depending on annual irradiance
and on what was assumed for rX(MP ). Tyler did not tabulate daily or monthly values,
but by inspection of his Figure 5.4, mean NMP in September (for mean chlorophyll of
3.9 mg m−3) was about 1 g C m−2 d−1.

24 Expressed in his units, the means over 9 experiments were: α = 0.199 gC (g chl)−1 hr−1 (W
m−2)−1; pm = 3.438 gC (g chl)−1 hr−1 and rX = −0.557 gC (g chl)−1 hr−1. α varied between
0.104 and 0.310, with a median of 0.185 gC (g chl)−1 hr−1 (W m−2)−1.

25 To be checked in Tyler (1983) thesis.
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Appendix I. H3 class procedures for calculation of NMP

The H3 class was provided with theory for the calculation of NMP in a diagram
Figure 18. The parameter values given here differ slightly from those Appendix G.
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Figure 18. The two methods of calculating NMP.
.
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