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1. Introduction 
 
Scotland’s seas are an intrinsic part of its cultural history, identity and economic 
success.  Scottish fishing, aquaculture, tourism, renewable energies, and oil and gas 
industries are all supported by the oceans around Scotland.  Part of the vision of 
Marine Scotland is to protect Scotland’s marine ecosystem while maintaining its 
economic prosperity.  Underpinning this is a need for a comprehensive 
understanding of how the marine ecosystem functions and how it responds to local 
environmental pressures such as anthropogenic nutrient input or global drivers such 
as climate change. 
 
Scotland’s coastal waters play an important role in the Scottish rural economy.  They 
provide fertile fishing grounds for stocks such as Nephrops, lobsters and crabs and 
are also the main areas where the aquaculture and maritime tourism industries are 
located.  This coastal environment is subject to pressures from natural and 
anthropogenic drivers which may impact these industries. 
 
Changes in the ocean circulation offshore, or multi decadal large scale climatic 
cycles can influence ambient temperature and salinity in coastal areas (Edwards et 
al., 2002).  Weather patterns can result in harmful algal blooms being advected into 
areas where shellfish farms are located (Whyte et al., 2014).  Larger scale drivers 
such as climate change and ocean acidification (Hoegh-Guldberg and Bruno 2010) 
can impact the coastal marine ecosystem.  The impacts of these longer term 
changes are unknown and scientists are developing models to try and predict these. 
 
Realising the importance of this situation, Marine Scotland identified ‘understanding 
how the marine ecosystem functions’ and ‘responding to climate change and its 
interaction with the marine environment’ as two of its high priorities in the 2010-2015 
Scottish Marine Science Strategy.  
 
1.1 Supporting Policy 
 
The state of the oceans is recognised as an important concern at an international 
scale.  The vision of ‘Clean & Safe’, ‘Healthy & Biodiverse’, and ‘Productive’ seas is 
a key driver of marine policy at a national, European and North Atlantic level.  The 
OSPAR Commission has a number of assessment criteria which oblige European 
states to ensure their waters are not negatively impacted by anthropogenic 
pressures (OSPAR 2013).  The EU has implemented directives such as the Water 
Framework Directive (WFD) and Marine Strategy Framework Directive (MSFD) 
which require member states to ensure their waters achieve ‘Good Ecological Status’ 
and ‘Good Environmental Status’ respectively.  Thus governments are obliged to 
provide the data to ensure that these assessments can be made. 
 
Coastal ecosystems are very variable with dramatic changes in some parameters 
e.g. plankton biomass, taking place over a time scale of hours or days. Some 
aspects of the coastal ecosystem have been poorly studied.  For example, prior to 
1995 studies of the coastal plankton community in Scotland are limited to a number 
of short term discrete investigations with little description of baseline community 
structure and how this changes from year to year.  Multi-decadal time series of data 
are required if long term changes in Scotland’s coastal ecosystem are to be 
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identified above the pattern of short term variability.  A minimum of three decades of 
data is required to identify these changes with statistical robustness. Time series 
datasets are scarce in UK and European waters and this has been flagged in the 
scientific (Hensen et al., 2014, Boero et al., 2015) and policy based (Edwards et al., 
2010, Owens 2014, McQuattors-Gollop et al., 2015) literature over the last number of 
years. 
 
Marine Scotland Science (MSS) began to address this data gap in 1997 when 
monitoring for temperature began at Fair Isle and Findon.  The first multi-parameter 
ecosystem monitoring site was established in 1997, 5 km offshore from the fishing 
village of Stonehaven in northeast Scotland. The initial focus of this site was to 
understand the ecology of the zooplankter Calanus finmarchicus, however this 
monitoring site has evolved considerably and it is now considered an important 
monitoring site by the national and international scientific community.  It is a key site 
for the implementation of the WFD and MSFD (Devlin et al., 2013, Scherer et al., 
2015) and has been used to describe the status of the zooplankton and 
phytoplankton communities on a North Atlantic scale (O’Brien et al., 2012, O’Brien et 
al., 2013).  It is providing baseline data about carbonate chemistry (Ostle et al., 
2016), climate change (Edwards et al., 2013) and how algal blooms can be 
transported around the Scottish coast (Davidson et al., 2009). 
 
Stonehaven represents the start of the efforts by MSS to monitor Scotland’s coastal 
waters.  Additional sites were introduced into the programme from 1999 and different 
combinations of temperature, salinity, nutrients, pigments, algal toxins and plankton 
were monitored at a further five sites although two are now discontinued.  
Temperature miniloggers are installed at a further five sites. The location of these 
monitoring sites can be seen in Figure 3.1. 
 
1.2 Impact 
 
Since 2000 data from these time series have addressed a number of policy driven 
issues: 
 
(i) Supported a challenge to WFD phytoplankton assessment tools and ensured 
 that tools were appropriate for Scottish waters. 
 
(ii) Provided the data for the assessment of Good Ecological Status for the WFD 
 and Good Environmental Status for the pelagic water column for the MSFD. 
 Under the WFD, data from Loch Ewe are used to assess the status of 28 west 
 coast sea lochs and bays, and data from Stonehaven are used in the 
 assessment of 12 coastal water bodies (from the Ugie Estuary to  Inverbervie). 
 
(iii) Formed part of Scottish Climate Status Report (Hughes 2007), 
 
(iv) Contributed towards the UK assessment of state in Charting Progress 2 
 (UKMMAS 2010), Scotland’s Marine Atlas (Baxter et al., 2011), UK Marine 
 Climate Change Impacts Partnership report cards (Edwards et al., 2013). 
 
(v) Contributed towards the International Council for the Exploration of the Sea 
 (ICES) plankton status reports and the International Group for Marine Time 
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 Series (IGMETS) analysis and synthesis of global marine biological changes 
 as seen through biogeochemical and plankton time series (O’Brien et al., 
 2012, O’Brien et al., 2013). 
 
 
1.3 Underpinning Science 
 
Data from this programme have expanded the state of knowledge about the Scottish 
marine ecosystem with 37 peer review publications, 15 internal and 13 external 
reports produced by MSS using data from this monitoring programme.  Data or 
samples requested from this programme have also contributed to ten further peer 
reviewed manuscripts, reports and theses.  Since its inception this time series has 
supported five Ph.D. students with a further six Ph.D. projects underway, five M.Sc. 
and three B.Sc. students.  This programme is also providing opportunities for future 
scientists with eight secondary school Nuffield students having worked on the time 
series since 2005.  A full list of the outputs of this programme can be found in 
Appendix A in Part 3 of this report. 
 
1.4 The 2016 Baseline Review 
 
As the importance of time series is increasing at an international level (Koslow and 
Couture 2013) this Scottish programme is receiving more attention.  Requests to 
MSS to contribute data from this programme to assessments, provide material for 
diversity investigations and to validate modelling studies are becoming more 
frequent. This dataset is becoming a national resource for policy makers and 
academics in Scotland, the UK and worldwide. 
 
To aid this and to further flag the variety of data available, MSS presents a basic 
description of the seasonality and variability of the main parameters (temperature, 
salinity, nutrients, secchi depth, carbonate chemistry, phytoplankton, chlorophyll ‘a’, 
algal toxins and zooplankton) measured at these coastal monitoring sites.  This 
description takes the form of a MSS report in three parts (Part 1- Executive 
Summary, Part 2 – Description of Scotland’s Coastal Waters, Part 3 – Appendices), 
along with an accompanying dataset. 
 
This report provides baseline descriptions of 135 parameters monitored in this 
programme.  To place these data in a broader context, 68 supporting parameters 
from external sources are also presented describing meteorology, riverine inputs and 
offshore temperatures.  More detailed analysis of the data will appear in the peer 
reviewed scientific literature.  
 
1.5 Accompanying Dataset 
 
The dataset that has been published alongside this report contains all the monthly 
mean values for 135 parameters and 68 supporting parameters.  This dataset has 
been given a doi number 10.7489/1761-1 and can be accessed remotely using the 
MSS web site or by emailing Scobs@gov.scot.  A summary of all parameters in the 
dataset is given in ‘Appendix B in Part 3’ of this report where these data are 
described. 
 

http://dx.doi.org/10.7489/1761-1
mailto:Scobs@gov.scot
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1.6 The Scottish Coastal Observatory 
 
Prior to this baseline review a number of names have been used for this monitoring 
programme.  From this date the programme will be renamed “the Scottish Coastal 
Observatory” (SCObs). 
  



 5 
 

1.7 Summary – Introduction 
 

 This report provides baseline descriptions of 135 parameters derived from 
sampling performed at ten coastal ecosystem monitoring sites which make up the 
Scottish Coastal Observatory. 

 

 The report covers the period from 1997 when monitoring first started to the end of 
2013. 

 

 To place the monitoring into context, 68 supporting parameters are also 
presented describing background meteorology, riverine inputs and offshore 
temperatures. 

 

 Data from the Scottish Coastal Observatory have already had documented policy 
deliverables and impact, and provided the basis for an extensive portfolio of 
published research and supporting studies. 

 

 The aim of the report is to provide a single accessible citation describing the 
Scottish Coastal Observatory which will support future analyses, peer reviewed 
publications, and further promote the use of the data amongst the scientific 
community. 

 

 To accompany the report, a quality controlled summary dataset consisting of 
monthly means of all 203 parameters has also been published (doi 
10.7489/1761-1) 
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2. Report Methodology 
 
This report presents basic descriptive summaries of the seasonal, inter-annual and 
intra-annual variability of the parameters measured in the Scottish Coastal 
Observatory alongside a selection of climatic variables which place the MSS data in 
a broader context.  The report does not attempt to perform robust statistical analyses 
of the different parameters but rather attempts to provide a basic description of the 
monitoring programme and its data, from when it began in 1997 to the end of 2013. 
More in-depth analysis of the data will appear in the peer reviewed scientific 
literature.  
 
Details of all sampling and sample analysis methodologies and quality assurance are 
presented in each specialised parameter chapter.  A standard layout of data analysis 
and plots has been used in this report, which is described here.  Plots 1-4 have been 
produced by different software programmes.  In Chapters 4 and 5 plots were 
produced using MATLAB (MATLAB 2014) and in Chapters 6-12 using R (R core 
team, 2013) and the TTA package within R (Devreker and Lefebvre 2015).  
 
2.1 Sampling Temporal Resolution  
 
Parameters derived from physical samples, including salinity, nutrients and plankton, 
have been collected on a weekly basis (weather/equipment permitting). 
Temperatures recorded using manual thermometers have also been collected on a 
weekly basis, while automatically logged temperatures have been recorded at 
intervals down to 30 minutes.  Supporting data from external sources such as 
meteorology and river flow data was collected on varying time scales, typically hours. 
 
Appendix C, in Part 3 of this report, presents further details about sample numbers 
for each parameter. 
 
2.2 SCObs Dataset 
 
In order to present a coherent dataset, monthly means have been calculated for all 
parameters, and are recorded in the accompanying dataset (doi number 
10.7489/1761-1). 
 
Point to Note: Please be aware that that there can be missing values owing to 
operational reasons.  Please contact Scobs@gov.scot or staff at the Marine 
Laboratory Aberdeen if you require access to raw data. 
 
2.3 Data transformation 
 
Owing to the numeric spread of some parameters (e.g. plankton) these data have 
been transformed prior to the calculation of monthly and annual statistics.  This is 
described in the relevant chapters.  Data in the accompanying dataset have not been 
transformed. 
 
  

http://dx.doi.org/10.7489/1761-1
mailto:Scobs@gov.scot
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2.4 Plot 1 - Seasonal Variability 
 
The seasonal cycle describes the short-term changes in each parameter over the 
time scale of one calendar year.  For most parameters, changes caused by the 
seasonal cycle, can be much greater than the interannual variability.  Box whisker 
plots are used to present the seasonal cycle (Figure 2.1). 
 

 
 
 Figure 2.1 Example of Plot 1 - seasonal variability and the seasonal cycle.  

 
In these plots the box, or rectangle, represents the boundary values where 25 % to 
75 % of the data, collected in that calendar month through the entire observing 
period lie.  The bold horizontal line within the box represents the median value of all 
the weekly data recorded in that calendar month from all years observed.  The 
dashed whiskers represent the maximum and minimum values recorded that 
calendar month, if within 1.5 times the interquartile range (the length of the box).  
Data points (weekly) exceeding these values are considered outliers and are 
represented with a circular symbol. 
 
2.5 Plot 2 – Annual Variability 
 
A box whisker plot presents the variability encountered across the whole observation 
period, and within individual years (Figure 2.2).  
 

 
 

Figure 2.2 Example of Plot 2 – annual variability. 
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In these plots, the box or rectangle represents the boundary values where 25 % to 
75 % of the data of the weekly data, collected that year lie.  The bold horizontal line 
within the box represents the median value of all the weekly data recorded in that 
year.  The dashed whiskers represent the maximum and minimum values recorded 
that year, if within 1.5 times the interquartile range (the length of the box).  Data 
points (weekly) exceeding these values are considered outliers and are represented 
with a circle symbol. 
 
2.6 Plot 3 and 4 Inter and Intraannual Variability 
 
Plot 3 presents annual anomaly values (interannual variability) and Plot 4 presents 
monthly anomaly values (intraannual variability) for each parameter.  Different 
calculation methods were used to suit the individual parameters as described below. 
We describe them here in reverse order. 
 
Anomalies are the differences between an individual measurement and the average 
values (monthly or yearly) of a parameter at each location.  Positive anomalies mean 
higher than average conditions; negative anomalies mean lower than average 
conditions.  In both Plots 3 and 4 positive anomalies are coloured red, and negative 
anomalies coloured blue. 
 
The anomalies have been normalised by dividing the anomaly values by the 
standard deviation (sd) of the data calculated over the base period (sdbase period).  An 
anomaly value of +2 represents data which is two standard deviations higher than 
the base period mean. 
 
Plot 4  
 
In Plot 4, monthly anomalies are presented, i.e. the differences between the means 
calculated over individual calendar months and the average monthly means 
calculated over the base period i.e.; 
 

A M, Y = P M, Y – P M, base period 
 
where A M, Y is the monthly anomaly for month M in year Y, P M, Y is the average of 
parameter P over month M in year Y, and P M, base period is the average of parameter P 
calculated for all data in month M throughout the base period. 
 
The normalised monthly anomaly Anorm M, Y is; 
 

Anorm M, Y = A M, Y / sd M, base period 
 
where sd M, base period is the standard deviation of all data collected in month M 
throughout the base period and A M, Y is the monthly anomaly for month M in year Y. 
 
Hence in Plot 4, the average seasonal cycle over the base period has been removed 
from the monthly averages, leaving the monthly anomalies (Figure 2.3). 
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For Chapters 4-5 the base period is 2001–2010 or the duration of the data record if it 
is less than this.  For Chapters 6-12, the base period is taken as the entire data 
record. 
 

 
 

Figure 2.3 Example of Plot 4 - normalised monthly mean anomalies. 

 
Plot 3  
 
In Plot 3, annual anomalies are presented, i.e. the differences between the means 
calculated over individual calendar years and the mean calculated over a base 
period.  For Chapters 4-5 the annual mean anomalies (AnormY) presented in Plot 3 
are calculated as the average of the monthly anomalies used in Plot 4 i.e.; 
 

AnormY = ( sum(Anorm M,Y)M ) / M 
 
For Chapters 6-12 the annual mean anomalies are calculates using the formula 
below; 
 

AY = PY – Pbase period 
 

AnormY = AY /sdbase period 
 
where AY is the annual anomaly for year Y, PY is the average of parameter P over 
year Y, and Pbase period is the average of parameter P over the base period (Figure 
2.4). 
 

 
 

Figure 2.4 Example of Plot 3 - normalised annual mean anomalies. 
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Time Offset 
 
In Plot 3, vertical bars representing annual means of year Y are centred on the year 
value (Y), with an approximate width of one year.  Thus they appear to sit between Y 
-0.5 and Y +0.5, in terms of decimal year.  In Plot 4, vertical bars representing the 
monthly means of year Y fit between the year marks Y and Y +1. 
 
Missing Values 
 
Missing values are discussed individually in each chapter. 
 
2.7 Quality Control and Quality Flagging 
 
In order to prepare this report, the datasets were all quality controlled.  A summary of 
the QC procedure for each parameter can be found in Chapters 4-12.  
 
For historic temperature, salinity and nutrient data, Quality Flags (QF) have been 
used in order to record the outcome of various QC procedures applied to the data. 
Quality flags were assigned according to the Seadatanet system (SEADATANET 
2010 – see Appendix D, in Part 3 of this report, for list).  Data with a QF value of 3 
and 4 (representing probably bad/bad data) were excluded from the analysis. 
 
In order to assign quality flags to temperature, salinity and nutrient data, a MATLAB 
script was produced to examine their seasonal trends.  Data points, prior to any 
transformation, falling outside +/- 2 standard deviations of the seasonal mean were 
flagged and each individual point was manually checked to see if this was a natural 
event or an analytical error.  The final QF is assigned at the end of each calendar 
year when a seasonal cycle could be examined.  Further details are presented in the 
methods section of the relevant chapters. 
 
Figure 2.5 shows the different data streams contributing to this report and their 
internal location in MSS. 
 

 
Figure 2.5 Summary of the different data streams and internal MSS storage location described in this 

report and presented in the accompanying dataset (doi number 10.7489/1761-1). 

http://dx.doi.org/10.7489/1761-1
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3. Site Descriptions 
 
The first multi-parameter monitoring site in the Scottish Coastal Observatory was 
started at Stonehaven in 1997 where a number of physical, chemical and biological 
parameters were measured to examine the ecology of the copepod Calanus 
finmarchicus.  This programme was expanded from 1999 to include a number of 
locations around the Scottish coast.  The aim is to generate a long term time series 
of data to allow variability and change within the Scottish coastal environment to be 
identified and investigated. 
 
Since 1997 the number of sites has changed, with some new sites started and 
others discontinued.  The parameters measured at each site can differ.  For this 
report, data from the ten coastal stations are presented.  Out of these, four 
measured sea surface temperature only, while a further six measured additional 
parameters (a combination of physics, chemistry and biology).  Samples are 
collected weekly; however, weather or operational issues may mean a sampling 
event is missed.  A summary list of location and exposure of each monitoring site is 
given in Table 3.1 and the parameters measured in Table 3.2.  Fundamental to the 
success of this programme has been the contribution of the voluntary collectors who 
gave up their time to collect samples and maintain sampling equipment.  Without 
their input this observatory could not happen. 
 
The monitoring sites are often in harbours, which by their very design, tend to be the 
most sheltered spots along a particular coastline.  Each harbour has a different 
aspect and can be exposed to wind driven waves and storms from a particular 
direction.  Prevailing winds in the UK are from the south and south-west, therefore 
unsheltered coasts with this aspect would be expected to be the most exposed. 
 
Site Exposure 
 
In order to try and characterise each site in a similar way, the relative exposure of 
the site has been determined from an exposure index dataset prepared during a 
wave exposure study (Burrows et al., 2008).  These data were used to determine the 
average exposure of the sampling site and also the exposure of the surrounding 
area.  The average exposure takes account of the exposure from each of the 16 
wind directions, however, for this analysis no differentiation between these were 
made. Sites which have an average wave exposure index below (above) the median 
for the UK coastlines are described as sheltered (exposed).  Sites with an exposure 
index lower than the 10th percentile compared to the UK wide dataset are described 
as ‘very sheltered’ and conversely above the 90th percentile it is described as ‘very 
exposed’. 
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Figure 3.1 Map of monitoring stations in the Scottish Coastal Observatory. The different 

symbols represent the different combination of parameters measured;  temperature only,  

temperature and phytoplankton,  temperature, salinity, phytoplankton,  temperature, 

salinity, nutrients, algal toxins, phytoplankton,  temperature, salinity, secchi depth, 

nutrients, pigments, algal toxins, phytoplankton, zooplankton,  temperature, salinity, secchi 

depth, nutrients, carbonate chemistry, pigments,  phytoplankton, zooplankton. 
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  Site 
Location 
Name 

 
Position: 

 

Latitude 
(degrees 
minutes) 

Longitude 
(degrees 
minutes) Site Exposure Coastline Exposure 

1 Millport Keppel Pier 
 

55 44.97 004 54.33 sheltered sheltered 

  
 

Fairlie Channel 
 

  55 44.61 004 54.32 sheltered sheltered 

2 Mallaig Fishery Pier 
 

57 00.40 005 49.50 sheltered exposed 

3 Loch Maddy Ferry Pier 
 

57 35.77 007 09.34 very sheltered very sheltered 

  
 

nr Hamarsay 
 

57 03.09 007 08.48 sheltered very sheltered 

4 Loch Ewe Mooring 
 

57 50.14 005 36.61 sheltered sheltered 

  
 

Mouth Loch 
Ewe 

 
57 50.99 005 38.97 exposed sheltered 

5 Scapa Scapa Pier 
 

58 57.42 002 58.37 very sheltered sheltered 

6 Fair Isle 
North Haven 
Pier 

 
59 32.28 001 36.23 very sheltered very exposed 

7 Scalloway Clift Sound 
 

60 07.04 001 16.87 sheltered sheltered 

  
 

Boat Club 
Pontoon 

 
60 08.07 001 16.95 very sheltered sheltered 

8 Cromarty Cromarty Pier 
 

57 40.98 004 02.39 sheltered sheltered 

  9 East coast Findon 
 

57 03.81 002 06.25 exposed very exposed 

  
Cove 

 
57 05.74 002 04.59 exposed very exposed 

    
Stonehaven 
Harbour 

 
56 57.61 002 12.01 exposed very exposed 

10 Stonehaven Offshore  
 

56 57.81 002 06.78 very exposed very exposed 

 
Table 3.1 Position of Scottish Coastal Observatory monitoring sites.  
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Site 

Physics Chemistry Biology 

Temp Sal Sec DIP DSi TOxN Amm TA DIC Phytotox Phyto Altox Chl Zoo 

1  Millport 1997         
2005-
2013 

2005-
2013 

   

2  Mallaig 1999              

3  Loch   Maddy 2003 
2003-
2011 

 
2003-
2011 

2003-
2011 

2003-
2011 

2003-
2011 

  
2003-
2011 

2003-
2011 

   

4  Loch Ewe 1999 2003 2008 2003 2003 2003 2003   1999 2001 
2005-
2016 

2002 2002 

5  Scapa 1999 1999  1999 1999 1999    1997 2000 
2011-
2016 

  

6  Fair Isle 

1997 

2000-  
2003 
missing  

             

7  Scalloway 2000 2000  2000 2000 2000 2000   2000 2001 
2011-
2016 

  

8  Cromarty 2004              

9  East coast 1997              

10 Stonehaven 1997 1997 2002 1997 1997 1997 1997 2008 2008 1997 1997  1997 1999 

 

Table 3.2 Details of parameters measured at the 10 coastal monitoring sites. First data indicate start date of monitoring. Finish date entered where 

appropriate. Parameters are: Temp - temperature; Sal - salinity; Sec - secchi depth; DIP - dissolved inorganic phosphorus; DSi - dissolved inorganic silicate; 

TOxN - total oxidised nitrogen; Amm - ammonia; TA - total alkalinity; DIC - dissolved inorganic carbon; Altox - dissolved algal toxins; Phyto - total diatoms and 

dinoflagellates; Phytotox - toxic phytoplankton; Chl - chlorophyll ‘a’; Zoo – Zooplankton.  
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3.1 Millport  
 
The monitoring station at Millport is situated on the Isle of Cumbrae in the Firth of 
Clyde.  Most of the coastline of Millport is sheltered but its position within the Firth of 
Clyde makes it exposed at the south and south-west only.  A minilogger is deployed 
at Keppel Pier which extends into the north-south oriented Fairlie channel between 
Millport Island and the mainland. The Keppel Pier site is a sheltered location in a 
sheltered coastline.  
 
Data collection at the Millport station was started by the Scottish Marine Biological 
Association in 1953, although records exist from as early as 1909. Sea surface 
temperature measurements were collected at weekly intervals using a bucket 
thermometer.  The contribution of Dr Peter Barnett, originally based at the Millport 
Marine Biological Station, for the initial collections and his continued assistance with 
the minilogger deployments is gratefully acknowledged. 
 
MSS adopted the station and started collecting temperature data in 2003.  From this 
point data collection was automated using temperature miniloggers.  The minilogger 
is deployed on a surface-following buoy, so data are recorded at a fixed depth 
(approximately 15 cm) below sea surface. 
 
Phytoplankton samples were collected between October 2005 and October 2013 
from Fairlie Channel and the sampling site is approximately 35 m in depth.  When 
weather was rough these samples were collected from Keppel Pier.  A 10 m 
integrated tube sampler is used to collect samples for phytoplankton community 
analysis. Samples were collected by staff at the University Marine Biological Station 
Millport between 2005 and 2013 and their input into the success of this programme 
is gratefully acknowledged. 
 

 
 

Figure 3.2 Position of Minilogger at Keppel Pier (55° 44.97' N, 004° 54.33' W), black arrow 

indicates minilogger position, red star indicates sampling position further offshore in Fairlie 

channel. 
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3.2 Mallaig 
 
Mallaig harbour lies on the mainland of Scotland.  Although this is a site on the west 
coast of Scotland and thus relatively exposed to the North Atlantic, the harbour of 
Mallaig lies in the lee of the Island of Skye which is north-west of Mallaig.  The 
smaller offshore islands of Eigg and Rum also afford some protection to this 
coastline. 
 
Mallaig was set up as a temperature monitoring site in 1999. In 2003 after some data 
losses, the minilogger was removed from its original position and a more secure site 
was established close to the fishery pier.  Whilst the minilogger is in a sheltered site 
within the harbour, the coastline outside the harbour is exposed.  The minilogger 
recorder is deployed at a fixed datum point (approximately 0.5 m below chart datum) 
within a metal pipe attached to the pier. 
 

 
 

Figure 3.3 Position of Minilogger at Mallaig harbour (57° 00.40’ N, 005° 49.50’ W), West 

Coast Scotland. 
 
3.3 Loch Maddy 
 
Loch Maddy is located on the Island of North Uist, part of the Western Isles. 
Although the Western Isles are exposed to the North Atlantic, the site of Loch 
Maddy, on the eastern coast is generally very sheltered.  Although named Loch 
Maddy, this site is not defined as a ‘loch’ in the sense of having limited exchange 
with the ocean (Edwards and Sharples, 1986).  It is a unique site with a diverse 
saline lagoon system opening into the main bay area which contains a mix of rocky 
reefs and soft sediment habitats. 
 
This system supports a rich diversity of marine life and as a result it has been 
designated a marine special area of conservation (SAC).  The water sampling site is 
at one of the most exposed positions within the sheltered bay. 
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Loch Maddy was established as a monitoring site in 2003 however salinity, nutrient 
and phytoplankton sampling ceased in 2011.  Samples have been collected by 
Comann na Mara and Loch Duart Salmon and their input into the success of this 
programme is gratefully acknowledged. 
 
Water sampling at this site was performed from a small boat at a site close to the 
island of Hamarsay (Figure 3.4).  The minilogger recorder was suspended on the 
sheltered side of the concrete, at the end of the pier at a depth of around 5 metres 
(0.5 m from the sea bed).  This pier is a very sheltered site and is used by the 
passenger ferry that runs from North Uist to the mainland.  In 2004 the minilogger 
was positioned beneath a buoy closer to the water sampling site, but was lost from 
this location so the position at the end of the pier was resumed.  
 
Conditions in Loch Maddy can be expected to reflect those in the bays and channels 
of the inshore side of the Hebrides archipelago. 
 

 
 

Figure 3.4 Position of Minilogger at Loch Maddy, West Coast Scotland. The lowermost arrow 

indicates the minilogger position (57° 35.77’ N, 007° 09.34’ W) at the Pier and the uppermost 

arrow indicates the water/phytoplankton sampling site (57° 36.09' N, 007° 08.48' W). 

 
3.4 Loch Ewe 
 
Multiple parameters have been measured at Loch Ewe since 2000 however 
temperature measurements have been recorded since 1999.  This site acts as a 
reference site to fulfil the requirements of the EU Water Framework Directive and the 
EU Marine Strategy Framework Directive.  The input of Jane and Willie Grant into 
the success of the monitoring programme is gratefully acknowledged. 
 
Loch Ewe is a sea loch on the west coast of Scotland. The loch has a narrow 
entrance and is sheltered from the worst of Atlantic storms by the Hebrides Island 
chain. The coastline outside of Loch Ewe is exposed in a northward direction to the 
North Atlantic. Loch Ewe has a volume of 945 x 106 m3 making it one of the larger 
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sea lochs in Scotland by volume.  It is relatively shallow for a Scottish sea loch and 
has a round shape, only 11 km long, giving it a low aspect ratio (length to width).  
The loch faces north and has variable exchange with the North Minch, which is 
influenced by influxes of Atlantic water.  There is some riverine influence with 9% of 
the flow in the loch coming from freshwater (Edwards and Sharples, 1986). 
 

The Loch Ewe monitoring site is 40 m in depth and located in the outer basin of the 
loch, which has a maximum depth of 62 m and a sill depth of 33 m.  As the water 
sampling site is close to the northerly opening of the sea loch, this is an exposed 
site.  Since April 2002 temperature, salinity, nutrients, chlorophyll ‘a’, phytoplankton 
and zooplankton have been sampled weekly from a small boat near the mouth of the 
loch, initially operated by MSS staff and latterly by Isle of Ewe Shellfish. 
 
The minilogger is positioned further into the loch at a sheltered site, attached to a 
mooring.  Due to its position in the loch, the minilogger site is likely to be influenced 
more by fresh water flowing into the loch.  During the winter this water is colder than 
the surrounding loch water and during the summer this water is warmer than the 
surrounding loch water.  The SPATT bag for algal toxin analysis is located at this site 
and phytoplankton samples before 2002 were also collected here. 
 

 
 

Figure 3.5 Position of Sampling Station at Loch Ewe, West Coast Scotland. The black arrow 

indicates minilogger position (57° 50.14’N, 005° 36.61’W), the red star indicates the 

water/plankton sampling position (57° 50.99’N, 005° 38.97’W).  . 
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3.5 Scapa Bay 
 
The Orkney Isles are an archipelago of up to 70 islands which lie just over 50 miles 
north of the Scottish mainland.  They are separated from the UK mainland by the 
Pentland Firth, a tidally dynamic area where the waters of the Atlantic meet the 
waters of the North Sea.  Compared to the outer coastline of Orkney Islands, Scapa 
Flow is a very sheltered region in a central position, surrounded by the islands and 
protected from exchange with the open seas by the Churchill barriers.  Scapa Bay in 
the north east of Scapa Flow is a very sheltered site in a sheltered coastline. 
 
Multiple parameters have been measured at the Scapa Bay site in Orkney since 
2001 whilst toxin producing phytoplankton have been sampled since 1997 and 
temperature measurements have been recorded at Scapa Pier since 1999.  The 
minilogger recorder is suspended from the pier at a fixed datum, a depth of 1 m 
below the level of the lowest tide.  Samples are collected by Orkney Islands Council 
Marine Services and their input into the success of this programme is gratefully 
acknowledged. 
 
Prior to 2003 phytoplankton samples were taken from the centre of Scapa Bay. 
Since 2003 these samples have been taken from Scapa pier. 
 

 
 

Figure 3.6 Position of Sampling Station at Scapa Bay (58° 57.42’ N, 2° 58.37’ W), Orkney, 

Scotland. The black arrow indicates the pier from which all samples are taken. 

 
3.6 Fair Isle 
 
Temperature data from the Fair Isle site dates back to 1979, when Dave Wheeler, a 
local resident and meteorologist, collected daily data using a bucket thermometer 
until 2000.  The Fair Isle site was adopted by MSS in 2003 and after this time data 
collection was automated using a minilogger recorder. 
 
Fair Isle is an island lying half-way between the Orkney Islands and Shetland, 
exposed to the influences of the surrounding seas. Atlantic water enters the northern 
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North Sea through the Fair Isle gap and this site is therefore very exposed to the 
influence of saline Atlantic Water.  The minilogger at Fair Isle is deployed from a 
harbour pier.  This pier is in a very sheltered position on the island, but this offers 
only localised protection as the rest of the island is very exposed. 
 

  
 

Figure 3.7 Position of minilogger at North Haven pier, Fair Isle, Scotland. Scapa Bay (59° 

32.25’N, 001° 36.25’W). The black arrow indicates the pier from which the minilogger is 

suspended. 

 
3.7 Scalloway 
 
Scalloway in the Shetland Isles has been part of this monitoring programme since 
2002, although temperature monitoring began prior to this in 1999 and toxic 
phytoplankton monitoring in 2000.  Samples are collected by the North Atlantic 
Fisheries College (http://www.nafc.ac.uk) and their input into the success of this 
programme is gratefully acknowledged. 
 
The Shetland Isles lie over 100 miles north of the UK mainland.  Atlantic water from 
west of the UK enters the North Sea between the Orkney and Shetland Islands and 
around north east of Shetland through the Norwegian trench.  Scalloway is a harbour 
on the south west coast of the Shetland mainland, sheltered from the North Atlantic 
by a number of small islands. 
 
At the start of the measurement period, a minilogger was first deployed in Clift Sound 
at position, 60° 07.04’ N, 001° 16.87’ W, near Scalloway in December 1999.  In 
December 2001 the recorder was moved to a different site in Scalloway which was 
easier to service.  The minilogger recorder is suspended at 2 m below the sea 
surface under a floating pontoon at Scalloway boat club so this is never at risk of 
exposure to the air.  The exact position of the site has changed slightly over the 
years due to a collapse of the original boat club pontoon, which also resulted in a 
gap in the data.  The water samples are taken from the same boat club pontoon, 
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which is at a location with less than 10 m water depth and is a very sheltered 
location on a sheltered part of the coastline. 
 

 
 

Figure 3.8 Position of Minilogger and sampling site in Scalloway Bay (60° 08.07’N, 01° 

17.08’W), Shetland, Scotland. 

 
3.8 Cromarty 
 
Cromarty harbour is located on the north east coast of Scotland, it is situated within 
the narrow entrance that separates the Cromarty Firth with the North Sea.  As it sits 
within the entrance this site is a sheltered spot in a sheltered coastline. 
 
Although the recorder is within the shelter of Cromarty Firth, it is deployed on the 
outside wall of the harbour and subject to strong tidal flows of water.  The minilogger 
recorder is deployed below Cromarty pier fixed at a depth of approximately 1 m 
above the seabed.  Temperature measurements have been recorded at Cromarty 
since 2003. 
 

 
Figure 3.9 Position of Minilogger in the mouth of Cromarty Firth (57° 40.98’N, 004° 02.39’W), 

East Coast Scotland. 
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3.9 East Coast (Findon, Cove Bay, Stonehaven) 
 
On the east coast of Scotland temperature measurements have been made at a 
number of sites relatively close to one another.  Temperature measurements were 
made at a coastal site at Findon (57°03'48.6"N, 2°06'14.8"W) from 1996 to 2009. 
The Findon site was in an exposed location in a small inlet on the east coast of 
Scotland, approximately seven miles south of Aberdeen, subjected to the North Sea 
conditions. 
 
Due to logistical reasons the Findon site was re-located to Cove Bay (57°05'44.5"N, 
002°04'35.2"W), three miles north of Findon, where temperature measurements 
were collected between 2008 and 2015.  However, data suggested that the 
instrument became dry at certain times, so in 2015 the Minilogger recorder was 
relocated to a site at Stonehaven harbour (56°57'36.5"N, 002°12'00.8"W). 
 
Like Stonehaven (see section 3.10), all of these sites are very exposed, particularly 
to the east, with the only shelter occurring from the lee of the coastline. 
 
3.10 Stonehaven 
 
The Stonehaven monitoring site is on the east coast of Scotland (Figure 3.10), 
approximately eight miles to the south of Aberdeen, and has been an active 
monitoring site since 1997.  This site fulfils the monitoring requirements of EU Water 
Framework Directive and EU Marine Strategy Framework Directive.  
 
The Stonehaven monitoring site is 50 m in depth and located 5 km offshore.  The 
coastline in this region is relatively straight and the whole area is very exposed to the 
North Sea.  At the site tidal stirring mixes the water column, but stratification due to 
freshwater run-off and the seasonal heating/cooling cycle can also occur at times.  
 
Since 2000, water column profiles using CTDs were made, in addition to the water 
samples collected from the site, using the RV Temora (Figure 3.11).  In addition, in 
2015 the minilogger from Findon/Cove bay was deployed to a site in Stonehaven 
harbour (See section 3.9 above).  
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Figure 3.10 The Stonehaven ecosystem monitoring site (56°57.8' N 002°06.2' W), east coast 

Scotland (red star). The black arrow indicates the position of the new minilogger site at 

Stonehaven harbour. 
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3.11 Summary - Site Descriptions 
 
 

 Full descriptions of each of the ten monitoring sites which make up the Scottish 
Coastal Observatory are presented. 

 

 These document the location, physical conditions, exposure and sampling history 
of each site. 

 

 A full range of physical, chemical and biological parameters are monitored at two 
of the sites; Stonehaven on the east coast and Loch Ewe on the west coast. 

 

 At the other sites, different combinations of physical, chemical and biological 
parameters are monitored. 

 

 The station with the longest, continuous and most complete dataset is 
Stonehaven, where data collection started in 1997. 

 

 Other start dates vary between 1999 and 2005. 
 

 Some parameters and sites have ceased operation for operational and resource 
reasons. These data continue to offer useful insights into seasonality and 
variability. 
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Figure 3.11 A: The Stella, a small boat used for sampling at Stonehaven between 1997 and 

2003, B: The catamaran Temora tied up in Stonehaven harbour. This vessel has been used 

for sampling at the Stonehaven monitoring site since 2003. 
  

A 

B 
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4. Context Setting - Physical Conditions 
 
Data from external sources were summarised to support the environmental data 
collected as part of the Scottish Coastal Observatory. 
 
4.1 Meteorology 
 
Data Sources 
 
Meteorological data were obtained from the historic climate datasets from eight 
different sites (Figure 4.1, Table 4.1) prepared by the UK Meteorological Office and 
downloaded via their website1.  The data have been collected from long running 
synoptic stations around Scotland and the data have been quality controlled and 
processed by the UK Meteorological Office. 
 
The data provided by the UK Meteorological Office were as follows: monthly 
averages of daily maximum, minimum and mean air temperature recorded over the 
period 0900-0900 UTC (universal time coordinated), days of air frost, total daily 
rainfall and total sunshine duration (sun).  Values for mean temperature were 
calculated from the average of the mean daily maximum and mean daily minimum 
temperature i.e. (tmax+tmin)/2. 
 

 
 

Figure 4.1 Position of eight meteorological data sites from which air temperature, (max and 
min), days of frost, rainfall and sunshine have been recorded. Key: 1) Ballypatrick, 2) 
Dunstaffnage, 3) Tiree, 4) Stornoway, 5) Wick Airport, 6) Lerwick Airport, 7) Nairn, 8) 
Leuchars. 

  

                                            
1
 http://www.metoffice.gov.uk/public/weather/climate-historic 
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Table 4.1  Details of Meteorological Stations 

 
Station 

Name 

Start Date Latitude 

(decimal 

degrees) 

Longitude 

(decimal 

degrees) 

Height 

(amsl) 

Kipp and Zonen
2
 

Ballypatrick  1961 55.181 -6.153 156 m Jun 2009 only 

Dunstaffnage 1971 56.451 -5.439 3 m Jun 2009 only 

Tiree 1928 56.500 -6.880 12 m Sep 2001 onwards 

Stornoway 1873 58.214 -6.318 15 m Sep 2002 onwards 

Lerwick 1930 60.139 -1.183 82 m Jun 2008 onwards 

Wick Airport 1914 58.454 -3.088 36 m - 

Nairn 1931
3
 57.593 -3.821 8m

4
/23 m - 

Leuchars 1957 56.377 -2.861 10 m Sep 2005 onwards 

 
 
Data Quality Control and Processing 
 
Data from all stations were processed and formatted into a standard data format. 
The standard quality flags applied to all internal data (See Appendix D, Part 3 of this 
report) were incorporated into these files.  As the data have already been quality 
controlled by the UK Meteorological Office, all data were given the Quality Flag ‘1’. 
Missing data (when there were more than two days missing in a month) were 
marked as ‘QF 9’.  Where estimated data have been provided, these have been 
marked as ‘QF 8’ in the raw data file, these data have been incorporated into the 
analysis without further consideration. 
 
Sunshine data were mainly recorded by a Campbell-Stokes recorder.  In more recent 
years the automated Kipp and Zonen photosensitive detectors have been used at 
some sites.  Comparison of the two types of sensor has shown the newer automated 
sensors to be an improvement on the Campbell-Stokes recorder (Kerr and Tabony, 
2004; Legg, 2014) which is read manually, often requires subjective analysis to 
remove artefacts in the data and tends to overestimate sunshine hours in summer.  
In this analysis, data from either sensor have been treated in exactly the same way, 
with no distinction or correction in the data analysis.  No allowances have been 
made for small site changes or other changes in instrumentation, although these 
have been noted in Table 4.1 and in the figure legends where appropriate. 
 
Data Analysis 
 
Data have been analysed to examine the typical variability and the long and short 
term trends.  All data have been treated in the same manner using methodology 
from the time series analysis toolbox (TTA) (R core team (2013), Devreker and 
Lefebvre (2015)).  Figures from every parameter and site included in Table 4.1 are 
presented as supplementary figures in Appendix E, in Part 3 of this report. 
 

                                            
2
 Periods in which an automated Kipp and Zonen sunshine recorder was used, all other records are from a 

Campbell-Stokes sunshine recorder. 
3
 Site changed in 1998 and station height increased 

4
 Prior to 1998 
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Long Term Trend 
 
When considering the conditions observed in the measurement period (1997-2013), 
it is important to examine the data in the context of the long term trend.  Time series 
of both global and more local air temperatures demonstrate that the measurement 
period was exceptionally warm.  Examining the global average air temperature 
record up until the end of 2013, for example CRUTEM5 (Jones et al., 2012), the ten 
warmest years in the record (which started in 1850) all occurred during the period 
covered by this dataset.  In descending order these years are 2007, 2010, 2005, 
1998, 1999, 2013, 2003, 2012, 2002, 2009, with the warmest year being 20076. 
 
In the UK the Central England Temperature (CET) (Parker et al., 1992) is the longest 
air temperature time series representing a region of the southern UK between 
Bristol, Lancashire and London.  For this dataset, records began in 1659.  Examining 
the Central England Temperature7 annual mean air temperature time series up to 
and including the year 2013, shows that the warmest year on record was 2006, and 
the years 2011, 1999, 1997 and 2003 all feature in the top ten warmest years on 
record.  As the CET time series extends back as far as 1659, this observation adds 
to the evidence that the observations presented in this report were made at a time of 
unusually warm temperatures. 
 
Trends and Variability 1997-2013 
 
Examining the data from eight meteorological stations (Figure 4.1) around Scotland, 
at all stations there appears to be a similar pattern in the annual mean.  Compared to 
a decadal average (2001-2010), temperatures were cooler than normal in the years 
1998 to 2001, warmer than normal between 2002 and 2007, and then in the period 
2008 to 2013 temperatures once again cooled to below average.  Annual mean air 
temperatures in 2003 were particularly high in the north and east of Scotland, 
specifically Nairn, Wick and Lerwick (Figure 4.2), and this was the warmest year, on 
average, during the measurement period (1997-2013).  Annual mean air 
temperatures were particularly low at all stations in 2010. 
 
Although 2003 was the warmest year overall, the maximum monthly temperature 
anomaly was measured in February 1998 at Ballypatrick, Dunstaffnage, Nairn and 
Leuchars.  Minimum monthly temperature anomalies were observed in December 
2010 at all stations; on the west coast in Dunstaffnage the minimum monthly 
average temperature of 1.05°C was measured, 3.86°C lower than average, and on 
the East coast, Leuchars had a minimum monthly average temperature of -0.9°C, 
4.28°C lower than average. 
 
The conditions observed at these Scottish stations are typical of the pattern 
observed across the UK.  The year 2003 was a very warm year across the UK, 
however northern Scotland was the most extreme of all UK regions, annual mean air 

                                            
5
 http://www.metoffice.gov.uk/hadobs/crutem4/ 

6
 Note that at the time of publication, warmer global air temperatures were observed in 2014 and 2015 

7
 http://www.metoffice.gov.uk/hadobs/hadcet/index.html 
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temperatures for 2003 were 7.99°C, being 0.69°C higher than the long term average 
(1981-2010)8. 
 
The year 2010 was the twelfth-coldest year in the 100-year series and the coldest 
since 1986.  This was a consequence of a sequence of cold winters.  There was cold 
weather in January, February of 2010 and then again at the end of the year in late 
November and December - which was one of the coldest calendar months in the last 
100 years9. 
 
Rainfall is very variable and does not show any strong trend throughout this period 
and there is a high degree of variability between sites as well as between years.  The 
west coast tended to have higher rainfall than the east coast, which is the pattern 
that is expected for Scotland.  There are large areas of western Scotland that can 
experience annual average rainfall of greater than 2000 mm/yr, whereas on the east 
coast of Scotland annual rainfall values are typically less than 1000 mm/yr (Jenkins 
et al, 2008). 
 
During the measurement period (1997-2013), average annual rainfall was at its 
highest during 1999, although in both 1998 and in 2009 every station had higher 
than normal annual average anomalies.  The year 2003, as well as being the 
warmest year, was also the driest year with lowest rainfall anomalies at all stations. 
The maximum monthly average rainfall of 418 mm, was measured at Dunstaffnage 
in December 2011, this value was 276 mm greater than normal.  The most unusual 
rainfall event occurred in April 2000 at Nairn, when the monthly rainfall was 138 mm, 
more than four standard deviations higher than the average for April (35 mm). 
 
Although sunshine and rainfall are not exactly correlated, the driest places can often 
be the sunniest.  The patterns of sunshine across Scotland are, therefore, broadly 
opposite to those of rainfall.  Sites along the east coast of Scotland, can typically 
expect twice as many sunshine hours as those on the west coast10.  Sunshine hours 
also tend to be highest in May at all stations across Scotland11.  Not all of the 
meteorological stations had sunshine recorders in operation during the measurement 
period, so there are more limited data than the other parameters.  Like rainfall, 
sunshine hours are very variable throughout the time period, with no obvious trend 
and with marked differences between stations. 
 
The sunniest year overall though, was 2003, with the station at Stornoway and Nairn 
the sunniest stations.  Higher than average sunshine anomalies were particularly 
apparent between 1997 and 2001.  During the measurement period the station with 
highest monthly sunshine hours was Tiree, with 313 hours recorded in May 2000.  In 
January 2001, Stornoway was unusually sunny, with the monthly sunshine hours of 
78, being almost four standard deviations above normal. 
 
Frost days only occur at the start and the end of the year, there are usually no days 
of frost expected from June to September.  The frostiest year was 2010 across most 

                                            
8
 http://www.metoffice.gov.uk/climate/uk/summaries/2003/annual/regional-values [anomalies have been 

recalculated relative to 1981-2010 values] 
9
 http://www.metoffice.gov.uk/climate/uk/summaries/2010/annual 

10
 http://www.metoffice.gov.uk/public/weather/climate 

11
 http://www.metoffice.gov.uk/climate/uk/regional-climates 
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stations, with the least frost occurring in 2007 and 2011.  The general trend seen in 
air temperatures is also reflected in the frost readings with the period 2002-2007 
having fewer frosty days than the period either before or after.  The maximum 
monthly frost measured was 26 days in December 2010 at Leuchars, 12 days longer 
than the average. 
 
4.2 Summary – Meteorology 
 

 Monthly mean values of air temperature, days of frost, sunshine hours and 

rainfall are presented for eight stations around Scotland. 

 The meteorological datasets cover the full observation period (1997-2013) with 

few gaps, and allow robust seasonal cycles to be described. 

 The period 2003-2006 was a consistently warm period, with cooler air 

temperatures before 2003 and more variable air temperatures after 2006. 

 The year 2003 had the lowest average rainfall across all sites.  This year was 

also particularly sunny in the north and east of Scotland and was, on average, the 

warmest year of the measurement period. 

 The year 2010 was very cold, with highest frost and lowest temperatures of the 

record at all sites. Both the early part of 2010 (January, February) and the latter 

part of the year (November, December) were very cold. 

 The year 2013 also had very low rainfall in north and east of Scotland. 
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4.3 Plots - Meteorology 
 

 
Figure 4.2 Annual anomalies of mean air temperature at eight sites around Scotland. The 
anomalies are normalized with respect to the standard deviation (sd) (e.g. a value of +2 
indicates 2 sd above ‘normal’). Anomalies are with respect to base period 2001-2010. Base 
period Colour intervals 0.25 sd; reds = positive/warm, blues = negative/cool. See Figure 4.1 
for a map showing the locations of the meteorological stations in this figure. 

 

 
Figure 4.3 Annual anomalies of mean number of days of frost at eight sites around Scotland. 
The anomalies are normalized with respect to the standard deviation (sd) (e.g. a value of +2 
indicates 2 sd above normal). Anomalies are with respect to base period 2001-2010. Colour 
intervals 0.25 sd; reds = positive/more days, blues = negative/less days. See Figure 4.1 for a 
map showing the locations of the meteorological stations in this figure. 
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Figure 4.4 Annual anomalies of mean number of sunshine hours at eight sites around 
Scotland. The anomalies are normalized with respect to the standard deviation (sd) (e.g. a 
value of +2 indicates 2 sd above normal). Anomalies are with respect to base period 2001-
2010. Colour intervals 0.25 sd; reds = positive/sunnier, blues = negative/less sunny. White 
boxes indicate no data available for analysis. See Figure 4.1 for a map showing the locations 
of the meteorological stations in this figure. Note Ballypatrick and Wick Airport did not report 
sunshine hours. 

 

 
Figure 4.5 Annual anomalies of average rainfall at eight sites around Scotland. The 
anomalies are normalized with respect to the standard deviation (sd) (e.g. a value of +2 
indicates 2 sd above normal). Anomalies are with respect to base period 2001-2010. Colour 
intervals 0.25 sd; reds = positive/sunnier, blues = negative/less sunny. White boxes indicate 
no data available for analysis. See Figure 4.1 for a map showing the locations of the 
meteorological stations in this figure. 
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4.4 River Flow 
 

 
Figure 4.6 River Data monitoring sites for a) West Coast Flow (10 rivers): 1) Annan, 2) Nith) 
3) Cree, 4) Ayr 5) Clyde, 6) Leven (Loch Lomond), 7) Orchy (Loch Etive), 8) Shiel, 9) Carron, 10) Ewe; 
and b) East Coast Flow (13 rivers): 1) Naver, 2) Conon, 3) Ness, 4) Findhorn, 5) Spey, 6) 
Deveron, 7) Don, 8) Dee, 9) North Esk, 10) South Esk 11) Earn, 12) Tay and 13) Tweed. 

 
Data Source 
 
Variability in river flow was derived by combining data from a number of gauged 
(measured) rivers across Scotland.  The rivers were selected to give reasonable 
spatial coverage and to capture the largest and therefore most representative river 
flows.  The location of these rivers can be seen in Figure 4.6.  The river gauging 
network is maintained by the Scottish Environment Protection Agency (SEPA) and 
the original data files were downloaded from the National River Flow Archive (NRFA) 
via their website12.  Some gauged data on the NRFA is not freely available for public 
download.  Due to the restrictions in obtaining these data, these data have not been 
used and the data from the station is treated as if it had not been gauged.  Gauged 
stations with flows of less than 10 m3 s-1 were ignored in the analysis. 
 
Climatological averages of total river flow across the whole of Scotland for the period 
2007-2010 and 1961-2012 were obtained from a Grid 2 Grid (G2G) modelled dataset 
(Cole et al., 2014).  This model uses data from rainfall across Scotland combined 
with information about shape of river catchments and knowledge of land runoff.  The 
model was developed by Centre for Ecology and Hydrology, and has been tuned 
and tested against the gauged river flows. 

                                            
12 http://www.ceh.ac.uk/data/nrfa/data/search.html 
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The modelled data is used in this report to give estimates of what percentage of the 
total freshwater inflow to Scottish coastal waters is covered by the gauged rivers 
whose data is presented here. 
 
Data Quality Control and Processing 
 
Daily gauged river flow values (m3 s-1) were averaged to calculate monthly mean 
river flow at each river gauging station.  Monthly average data values were only 
calculated if there was gauged flow available for every day in that particular month. 
The total monthly gauged river flow on the east and west coasts of Scotland was 
calculated using the sum of monthly values from each river.  A dividing point on the 
North Coast of Scotland (4°6’ W) was used to divide these two regions.  
 
Gauged river flow provides one estimate of freshwater input into the coastal zone 
however a large proportion of total freshwater flow into Scottish waters is not 
gauged.  This proportion is more significant on the west coast of Scotland than on 
the east coast and is partly due to the remote nature of the region and the 
distribution of the freshwater discharge across a greater number of smaller rivers. 
 
Tables 4.2 and 4.3 summarise the key statistics for river flow on the east and west 
coast.  Each table lists the largest points of freshwater discharge on each coast 
determined using climatological averages from the G2G model for the period 1961-
2012.  Each of these rivers has an average monthly mean flow of greater than 13 m3 

s-1 and these are referred to as the ‘major’ rivers in the following text. 
 
River Network 
 
Although rainfall over Scotland is one of the highest in Europe (Cole et al., 2014) the 
freshwater inputs to the coastal zone tend to be distributed across many small 
discharge points rather than in large single rivers.  Scotland has a network of more 
than 125,000 km of rivers.  The River Tay is Scotland’s largest river and has an 
annual average discharge of ~170 m3 s-1.  In comparison, the Rhine has a discharge 
of 2,900 m3 s-1. 
 
Around 32 (of ~508) rivers on mainland Scotland have a mean flow >15 m3s-1 

(calculated from G2G, period 1961-2012).  Modelled averages of freshwater flow 
from mainland Scotland show that input on the east and west coasts (divided by a 
line at 4°6’W) are very similar.  Total annual flow on west coast (1191 m3s-1) is 
similar to the east coast (1115 m3 s-1

, Cole et al., 2014). 
 
Three of the major rivers on the west coast are entirely ungauged.  A further three 
have gauging stations that cover less than 60% of the catchment, two of the gauged 
stations had mean flow less than 10 m3 s-1 and three of the gauged stations have 
restricted access data.  In total 36% of the runoff from the major rivers are gauged 
and included in the accompanying dataset.  This represents approximately 20% of 
the total estimated runoff in the west coast region (Table 4.2). 
 
On the east coast the gauging of river flow is much more complete.  Of the 17 rivers 
with annual mean flow greater than 13 m3 s-1, data from 12 of these rivers is freely 
available.  These rivers also represent a much higher percentage of the total 
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estimated freshwater inflow, with more than 75% of the largest rivers being 
represented in the gauged data.  The gauged flow still represents only 60% of the 
total runoff to the coastal waters on the east coast (Table 4.3). 
 
It is the gauged river flow (rather than the modelled flow) that is plotted in Figures 4.7 
to 4.10, and included in the accompanying dataset.  However, we expect a high 
correlation between total flows and gauged flows.  In a similar analysis, Marsh et al., 
(2015) showed that, taken over the whole of Scotland, there was a correlation of 
0.993 between gauged and modelled river flow.  All of the index rivers selected in 
their analysis are included here with the exception of the Firth of Forth as it was not 
freely available for download. 
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Table 4.2 Major rivers discharging into coastal waters on the West Coast of Scotland.  
 

River/Discharge  

Point 

Position 

Latitude               Longitude 
(degrees/minutes) (degrees/minutes) 

G2G 
Mean 
Flow 

(m
3
s

-1
) 

Catch
ment 
Area 
(m

3
) 

% Area 
Gauged 

Gauging Station Gauged 
Flow 

(m
3
s

-1
) 

NOTES 

BROOM 57 54.51 N 
 

5 12.00 W 16.84 331 43 95002 - Broom at Inverbroom 7.25 Data not included 

EWE 57 45.76 N 
 

5 36.46 W 27.52 444 100 94001 - Ewe at Poolewe 29.64 
 

LOCH TORRIDON 57 32.68 N 
 

5 41.18 W 15.11 224 0 
 

0.00 Catchment ungauged 

LOCH CARRON 57 21.53 N 
 

5 35.07 W 16.67 247 55 93001 - Carron at New Kelso 10.70 
 

LOCH LONG 57 17.34 N 
 

5 30.68 W 18.20 251 0 
 

0.00 Catchment ungauged 

LOCH SHEIL 56 46.58 N 
 

5 49.41 W 20.22 258 100 92001 - Shiel at Shielfoot 21.07 
 

LOCH EIL      56 47.71 N 
 

5 09.22 W 105.21 1,628 82 91002 - Lochy at Camisky 59.48 Data not available 

LOCH LEVEN 56 41.20 N 
 

5 10.64 W 23.48 329 0 
 

0.00 Catchment ungauged 

 ORCHY  56 27.38 N 
 

5 23.12 W 94.80 1,327 3 89003 - Orchy at Glen Orchy 22.41 
 

LEVEN         55 56.74 N 
 

4 34.30 W 42.68 802 37 85001 - Leven at Linnbrane 45.17 
 

CLYDE 55 55.24 N 
 

4 28.44 W 68.17 2,996 89 84005 - Clyde at Blairston 43.54 
 

IRVNE 55 36.13 N 
 

4 39.62 W 15.24 477 98 83005 - Irvine at Shewalton 7.64 Data not included 

AYR 55 28.07 N 
 

4 38.12 W 12.55 583 83 83006 - Ayr at Mainholm 15.94 
 

CREE 54 54.91 N 
 

4 24.71 W 18.58 468 79 81002 - Cree at Newton Stewart 15.77 
 

DEE (BORDERS) 54 50.46 N 
 

4 02.95 W 41.98 969 83 80002 - Dee at Glenlochar 41.20 Data not available 

NITH 55 00.05 N 
 

3 34.36 W 43.48 1,219 85 79002 - Nith at Friars Carse 27.99 
 

ESK (BORDERS) 54 58.77 N 
 

3 03.37 W 34.43 1,174 70 77001 - Esk at Netherby 26.23 Data not available 

ANNAN 54 58.64 N 
 

3 16.49 W 32.60 957 97 78003 - Annan at Brydekirk 30.60 
 

 
Total Significant River  Mean Flow 647.78 Total Gauged River Mean Flow 233.19 

   % of Significant flow that is gauged 36% 

   % of Total west coast flow that is gauged 20% 
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Table 4.3 Major rivers discharging into coastal waters on the East Coast of Scotland.  
 

River/Discharge 

Point 

Position 

Latitude               Longitude 
(degrees/minutes) (degrees/minutes) 

G2G Mean 
Flow 

(m
3
s

-1
) 

Catchment 

Area (m
3
) 

% Area 
Gauged 

Gauging Station 

Gauge
d Flow 

(m
3
s

-1
) 

NOTES 

NAVER 58 31.34 N  4 13.51 W  16.26 509 92 96002 - Naver at Apigill 15.86 
 

HELMSDALE 58 07.06 N  3 39.40 W 13.46 571 96 2001 - Helmsdale at Kilphedir  13.26 Data not available 

CARRON/SHIN 57 51.90 N 4 18.15 W 68.77 1,634 82 3005 - Shin at Inveran  4.97 Data not available 

CONON 57 35.06 N 4 25.11 W 52.69 1,207 80 4001 - Conon at Moy Bridge 50.07  

BEAULY 57 29.66 N 4 25.76 W 53.48 1,008 79 5001 - Beauly at Erchless 45.63 Data not available 

NESS 57 29.34 N 4 13.72 W 87.16 1,864 99 6007 - Ness at Ness-side 89.90  

FINDHORN 57 37.97 N 3 38.07 W 17.77 786 99 7002 - Findhorn at Forres 19.64  

SPEY 57 39.94 N 3 05.97 W 74.07 2,950 97 8006 - Spey at Boat o Brig 65.63  

DEVERON 57 39.62 N 2 30.77 W 19.09 1,240 78 9002 - Deveron at Muiresk 17.00  

DON 57 10.58 N 2 05.56 W 20.73 1,323 96 11001 - Don at Parkhill 21.15  

DEE 57 08.42 N 2 04.56 W 46.62 2,090 88 12002 - Dee at Park 47.29  

N ESK 56 45.20 N 2 26.10 W 17.55  772 96 13007 - North Esk at Logie Mill 19.94  

S ESK 56 41.96 N 2 27.04 W 12.63 603 81 13008 - South Esk at Brechin 12.72 Data not available 

EARN 56 21.12 N 3 18.25 W 29.93 956 81 16004 - Earn at Forteviot Bridge 29.21  

TAY 56 21.66 N 3 18.27 W 175.88 5,091 94 15006 - Tay at Ballathie 170.88  

FORTH 56 05.13 N 3 46.64 W 63.25 1,632 89 18011 - Forth at Craigforth 46.86 Data not available 

TWEED 55 46.49 N 2 00.57 W 101.49 5,007 98 21009 - Tweed at Norham 81.27  

 
Total Significant River  Mean Flow (m

3
s

-1
) 870.84 Total Gauged River Mean Flow (m

3
s

-1
) 657.59 

   % of significant flow that is gauged 59% 

   % of Total east coast flow that is gauged 76% 
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Seasonal and Spatial Patterns  
 
In Scotland, only a small portion of the precipitation that falls in winter lies as snow. 
As a result the highest freshwater flows occur in the winter months as rain falls and 
runs into the rivers and then into the sea (Figures 4.7 and 4.8).  This is not the case 
for rivers in continental Europe that tend to have maximum freshwater flow after 
spring (May-June) as a result of snow melting in the high mountains. 
 
The largest amount of rainfall falls on the western regions of Scotland and there is a 
strong seasonal pattern with rainfall higher in winter months.  On the west coast, the 
coastline is complex and indented and much of freshwater flow comes via sea lochs. 
Compared to the east coast of Scotland there are many more points where 
freshwater discharges into the coastal waters (more than 290 rivers) and these tend 
to be smaller rivers.  The annual average freshwater flow on the west coast of 
Scotland based on modelled data is 1191 m3 s-1, much higher than the averaged 
gauged flow which is ~233 m3 s-1 (Table 4.2). 
 
The eastern region of Scotland has much lower rainfall and overall there are fewer 
rivers, thus there are fewer points where freshwater discharges into the coastal 
waters.  These rivers tend to be much larger and longer than those on the west coast 
and many east coast rivers actually have their catchment in the west of Scotland.  
The annual average freshwater flow on the east coast of Scotland, based on 
modelled data, is actually very similar to that of the west coast, being 1115 m3s-1. 
This is much higher than the averaged gauged flow which is ~658 m3 s-1 (Table 4.3). 
Compared to the west coast, the coastline is generally much straighter and rivers 
flow into estuarine basins rather than sea lochs.  The largest river, the Tay, has a 
discharge twice as large as any other river. 
 
Long Term Trends 
 
Overall river flow has increased over the period 1971-2013 (Cole et al., 2014). 
Increased freshwater input is likely to lead to a decrease in the salinity of coastal 
waters of the long term.  Over the same period offshore waters have become 
increasingly more saline driven by changes in North Atlantic circulation (see 
Chapter 5).  The pattern of salinity in coastal waters actually reflects the trends in 
oceanic salinity. 
 

Trends and Variability 1997-2013 
 
The total river flows on the east and the west coasts are very similar and show the 
same pattern of falling and rising anomalies throughout the time period.  The year 
2006 is the only year where the flow is lower than normal on the east coast but 
higher than normal on the west. 
 
The highest annual average anomaly in total river flow on the west coast was 
recorded in 2011, with the total river flow 1.0 sd higher than normal.  On the east 
coast, river flow was high in 2011, but the highest annual flow was observed in 2002, 
when the flow was around 0.8 sd higher than normal.  The year 2003 is a particularly 
noticeable year for lower than average river flow at all locations around the Scottish 
coast. Both the west and east coast had lower flow than normal.  The west coast had 
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an annual average total river flow 0.5 sd lower than normal, and on the west coast 
flow was 0.8 sd lower than normal. 
 
In 1997 there was generally lower than average flow at all locations and this was 
followed by a year of higher than normal flow in 1998.  The years 1999 and 2000 
continued to have higher than normal river flows at most locations, although a couple 
of sites had lower than normal flow.  There was variability in flow in 2001 and 2002 
before the lower than normal flow in 2003. 
 
Figures 4.9 and 4.10 allow a comparison of the spatial differences in interannual 
variability between rivers on the east and west coasts.  The gauging station on the 
river Ewe, on the west coast is close to the monitoring site at Loch Ewe.  At 
Stonehaven monitoring site, river flow at the Dee and Don are likely to be indicative 
of the local freshwater flow. 
 
There were also differences between the west and east coast rivers.  Between 2003 
and 2005 and in 2007, the rivers on the east coast generally had higher than 
average river flow, whilst in this same time period on the west coast river flows 
remained closer to the average.  The years 2008 and 2009 had generally higher than 
normal flow in rivers on both the east and west coasts, but the difference from 
normal values are more pronounced in the west coast rivers.  The two exceptions to 
this are the rivers Naver and Spey on the east coast which had lower than normal 
flow in 2009.  In 2010 all rivers on the west coast had lower than normal flow levels, 
whilst on the east coast more than half of the rivers had higher than normal flow. 
Despite this variation within the east coast, total flow remained lower than normal for 
this year on both coasts. 
 
4.5 Summary – River Flow 
 

 Monthly mean river flows at ten gauged rivers on the west coast of Scotland and 

13 gauged rivers on the east coast are presented. 

 Comparison with modelled data suggests that the gauged rivers capture 20% of 

the total runoff on the west coast and 76% of the total runoff on the east coast. 

 The variability in the gauged river flows most likely match those of the total flows. 

 Published model results suggest that total runoff is about the same on the west 

and east coasts, with annual totals of approximate 1,100 m3 s-1. 

 The data were consistent over the observation period (1997-2013) with few gaps, 

allowing clear seasonal cycles in runoff to be described (minimum in June/July, 

maximum in winter on both coasts). 

 Lowest freshwater flows were observed in 2003. 

 Highest freshwater flows occurred in 2002 on the west coast but in 2011 on the 

east coast. 
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4.6 Plots - River Flow 
 

 
Figure 4.7 Sum of river flow on west coast of Scotland calculated from 10 selected gauged 

rivers (see Table 4.2). a) Monthly boxplot of river flow. b) Annual boxplot of river flow. c) 

Annual mean anomaly time series d) Monthly mean anomaly time series. Anomalies are with 

respect to base period 2001-2010. 
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Figure 4.8 Sum of river flow on east coast of Scotland, calculated  from 13 selected gauged 

rivers (see Table 4.3). a) Monthly boxplot of river flow. b) Annual boxplot of river flow. c) 

Annual mean anomaly time series d) Monthly mean anomaly time series. Anomalies are with 

respect to base period 2001-2010. 
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Figure 4.9 Yearly anomalies of river flow on the west coast of Scotland, including the total 

over all ten selected gauged rivers.  The anomalies are normalized with respect to the 

standard deviation (sd) (e.g. a value of +2 indicates  2 sd above normal). Anomalies are with 

respect to base period 2001-2010. Colour intervals 0.25 sd; reds = positive/high flow, blues = 

negative/low flow. See Figure 4.6 for a map showing the locations of rivers in this figure. 

 
Figure 4.10  Yearly anomalies of river flow on the east coast of Scotland, including the total 

over all 13 selected gauged rivers. The anomalies are normalized with respect to the standard 

deviation (sd) (e.g. a value of +2 indicates 2 sd above normal). Anomalies are with respect to 

base period 2001-2010. Colour intervals 0.25 sd; reds = positive/high flow, blues = 

negative/low flow. See Figure 4.6 for a map showing the locations of rivers in this figure.   
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4.7 Offshore Temperature 
 

 
 

Figure 4.11 Scottish Sea Regions described in Scotland’s Marine Atlas (Baxter et al., 2011). 

 

 
Data Source 
 
Figure 4.11 shows the area of each designated Scottish Sea Region.  Sea surface 
temperatures in Scottish waters have been obtained from a combined satellite and in 
situ gridded dataset.  The data are a subset of the Optimum Interpolation SST 
dataset (OISST) produced on a 1° grid and provided by the NOAA–CIRES Climate 
Diagnostics Centre in the USA.  The 1981-2010 climatology was prepared from a 
combination of two datasets13.  This climatology was recently constructed to meet 
the World Meteorological Organization’s standard for climatology to reflect the most 
recent 30-year period14.  The 1981-2000 climatology, which was utilized in past State 
of the Climate reports, is about 0.2°C higher than the 1971-2000 climatology (Xue et 
al., 2003) over much of the tropical oceans and North Atlantic15.  
 
Data Quality Control and Data Processing 
 
Monthly averaged sea surface temperature from the OISST, 1° (latitude and 
longitude) gridded dataset have been combined to make a single spatially averaged 
time series of monthly data for each of 13 Scottish Sea Areas.  Note that because of 
the small size and coastal nature of the Solway and Forth Sea Areas, no data were 
available from this dataset in these areas.  The Scottish Sea Areas have previously 

                                            
13

 http://www.cpc.ncep.noaa.gov/products/people/yxue/sstclim/Note_SST_Climatology_1981-2010.doc 
14

 http://www.wmo.int/pages/prog/wcp/wcdmp/documents/WCDMPNo61.pdf 
15

 see details in http://www.cpc.ncep.noaa.gov/products/people/yxue/sstclim/Note_SST_Climatology_1981-
2010.doc 
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been used to assess data in reports such as the Scottish Marine Atlas (Baxter et al., 
2011) and are subsets of larger sea areas presented in the Charting Progress 2 
report (UKMMAS 2010). 
 
Data Analysis 
 
Sea surface temperature anomalies have been calculated with reference to 
climatology for the period 2001-2010.  For each sea area, a single index has been 
prepared which is calculated as the average temperature across all of the grid cells 
that lie within the region.  
 
Seasonal and Spatial Patterns  
 
Seasonal patterns of sea surface temperature across Scottish Waters reflect the 
latitudinal variability in surface heat flux as well as the effect of heat being stored in 
deeper oceanic waters.  As a result, the lowest temperatures overall are found in the 
northernmost areas (Faroe Shetland Channel) whereas the highest average 
temperatures are found in the southernmost of the offshore regions to the west of 
Scotland.  Here the influence of Atlantic Water keeps average temperatures much 
higher than in coastal regions. 
 
Annual temperatures vary by just over 8 °C in the Forties region, in the North Sea, 
whereas the difference between the maximum and minimum temperatures is only 
4.3 °C in the Bailey and Rockall areas.  Winter temperatures are lowest on the East 
Scotland coast, with the lowest winter temperatures (averaged over the 2001-2010 
period) being only 6.8 °C.  In the Rockall area, the lowest monthly mean temperature 
was 10 °C. 
 
The pattern of annual temperature anomalies shows a relatively strong spatial 
coherence.  The more inshore regions around Scotland’s coast also have a similar 
pattern.  The main differences are observed in the year-to-year pattern in the 
offshore regions to the west of Scotland (Rockall and Bailey) and also the Clyde Sea 
region. 
 
Trends and Variability 1997-2013 
 
The period 2002-2006 was relatively warm compared to the rest of the measurement 
period, and the warmest year across all regions was 2003.  The year 2009 was also 
a warm year, particularly in the offshore regions of Bailey and Rockall (Figure 4.12) 
and the more northern areas which are also influenced by Atlantic waters (West 
Shetland, North Coast, Faroe Shetland Channel). 
 
From 1999 to 2001 and 2010 to 2013 there were Scottish-wide cold periods.  The 
year 2000 was the coldest year overall for these sea areas and temperatures were 
particularly low in the Rockall and Bailey areas.  Although 2010 was a very cold year 
for air temperature, particularly in the winter, there is not such a strong signal 
observed in sea surface temperatures.  The year 2010 was the second coldest year 
in the Clyde and Minches regions as well as the Moray Firth, Forties and East 
Shetland. 
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Between 1997 and 2001 the eastern region sea surface temperatures were cooler 
than normal, 2002 was close to normal but following this, 2003 and 2004 were two 
very warm years. 
 
May 2013 was a very cool month in the Clyde area, with temperature of 8.55 °C 
more than 3 sd below normal (10.12 °C) for that time of year.  In the East Scotland 
coast area, the lowest monthly average temperatures were observed in December 
2010, with average temperatures of 8.09 °C, 1.34 °C lower than average for 
December. 
 
The most unusually warm period occurred at Rockall in May 2008, when 
temperatures of 11.92 °C, almost 1°C higher than normal, were observed.  In many 
areas, October 2006 was the warmest month, with average temperatures 2.5 sd 
higher than average in the West and East Shetland regions.  Higher than average 
October temperatures also occurred in the Clyde, Fladen and the East Scotland 
Coast areas. 
 
4.8 Summary – Offshore Temperature 
 

 Sea surface temperatures for 13 Scottish Sea Areas were calculated from a 

combined satellite and in situ gridded dataset. 

 The data had no gaps over the observation period (1997-2013), and hence 

robust seasonal cycles could be determined. 

 Highest sea surface temperatures were observed in 2003. 

 The year 2009 was also warm but mainly in offshore regions where the Atlantic 

influence is the greatest. 

 Lowest temperatures were observed in 2000 across all sea areas. 

 The very cold winter of 2010 did not have as strong an impact on sea surface 

temperatures as it did on air temperatures, although North Sea and Clyde 

temperatures were relatively low in December 2010. 
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4.10 Plots – Offshore Temperature 
 

 
Figure 4.12 Annual anomalies of sea surface temperature relative to a 2001-2010 base 

period, averaged over 13 Scottish Sea Areas. The anomalies are normalized with respect to 

the standard deviation (sd) (e.g. a value of +2 indicates 2 sd above normal). Colour intervals 

0.25 sd; reds = positive/warm; blues = negative/cool. See Figure 4.11 for a map supplying 

more details about the locations in this figure. No gridded SST data are available in the 

Solway Firth or Firth of Forth Areas. 
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5. Temperature and Salinity 
 
5.1 Introduction 
 
In Chapter 4 observed changes in temperature around the coast of Scotland were 
described along with additional meteorological drivers and river runoff.  In this 
section, the temperature and salinity measured at each of the monitoring sites in the 
Scottish Coastal Observatory are described.  Some of the sites have temperature 
data only. Salinity is measured at five sites; Loch Maddy, Loch Ewe, Scapa, 
Scalloway and Stonehaven (Figure 5.1). 
 

 
Figure 5.1 Location of the Scottish coastal temperature monitoring sites. The different symbols 

represent the different combination of parameters measured. Temperature is a core measurement at 

all sites;  temperature only,  temperature and phytoplankton,  temperature, salinity, 

phytoplankton,  temperature, salinity, nutrients, algal toxins, phytoplankton,   temperature, 

salinity, secchi depth, nutrients, pigments, algal toxins, phytoplankton, zooplankton,  temperature, 

salinity, secchi depth, nutrients, carbonate chemistry, pigments,  phytoplankton, zooplankton. 
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5.2 Methods  
 
Sample/Data Collection and Storage 
 
Sampling methodologies for temperature and salinity vary between sites.  Table 5.1 
summarises the key differences.  Unless specifically mentioned, samples are taken 
at close to the surface of the water column. 
 

Site Name Fixed 
Depth 

Fixed 
Datum 

Minilogger 
Temperature 

Bottle 
Temperature 

Sampling in 
Lower 
layers 

Salinity 

Millport X  X    

Mallaig  X X    

Loch Maddy  X X   X 

Loch Ewe X  X X X X 

Scapa  X X   X 

Fair Isle  X X    

Scalloway X  X   X 

Cromarty  X X    

East Coast  X X    

Stonehaven  X  X X X 

 
Table 5.1 Sampling methods for measuring temperature and salinity at the coastal ecosystem 

monitoring sites. 

 
Temperature Sampling 
 
There are two methods used to record temperature data here.  At most sites, sea 
temperature is measured automatically and continuously using an electronic 
temperature recording device (Vemco Minilogger) installed at the monitoring site. 
These data are generally referred to as minilogger data. Miniloggers are used at 
Loch Maddy, Scapa and Scalloway and is the only method of measuring 
temperature at these sites.  Measurements are only made in the surface layers at 
these sites.  At both Loch Ewe and Stonehaven, where the monitoring programme is 
more intensive, temperature is recorded at the time, position and depth of each 
water sample using an electronic reversing thermometer attached to a reversing 
water bottle, these temperature data are referred to as ‘Bottle’ temperature data. 
 
Temperature Sampling (Bottle) - Reversing Thermometers 
 
Where bottle temperature data were collected these measurements were made 
using reversing water bottles fitted with reversing thermometers, initially mercury and 
laterally digital model RTM 4002X, made by SIS (Sensoren, Instrumente, Systeme) 
in Germany.  The SIS digital reversing thermometer is a precision instrument with an 
accuracy of 0.003 ºC, resolution 0.001 ºC over the measurement range -2 ºC to 40 
ºC. The digital thermometers are regularly sent for factory calibration.  The reversing 
water bottles were used to sample the water for salinity analysis.  At Stonehaven and 
Loch Ewe this method was used to sample two different depths; the upper layer (<10 
m depth) and the bottom layers (approximately 5 m above the sea bed). 
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Temperature Sampling (Logger Temperature) - Vemco Minilogger 
 
Where continuous records of sea surface temperature were made, this was done 
using Vemco Minilogger temperature recorders.  These small instruments were 
deployed in the near surface layer (approximately 5 m deep) and set to record 
usually at 30 minute intervals.  Prior to 2010 most of the Miniloggers were 8-bit, 
model Minilog-T with a measurement range of -4 to 20 ºC, a resolution of 0.1 °C and 
a stated accuracy of 0.2 °C.  From 2011 onwards a programme of upgrade and 
replacement resulted in new instruments, model Minilog-II-T being used, these new 
instruments have a measurement range of -30 to 80 ºC and an improved resolution 
of 0.01 ºC and an accuracy of +/-0.1 ºC. 
 
Vemco Minilogger Deployment Methods 
 
At some sites, the minilogger was deployed at a fixed depth, usually by being 
suspended from a floating platform.  In Millport, temperature is measured using a 
minilogger which is suspended below a floating buoy attached to a pier, maintaining 
records from a constant depth of 0.5 m below sea surface.  Similarly in Loch Ewe, 
the minilogger is deployed from a buoy in a sheltered location at a fish farm, at a 
depth of 3 m below the platform. 
 
At the Scalloway site, the minilogger is suspended at 2 m below the sea surface 
under a floating pontoon at Scalloway boat club.  The exact position of the site has 
changed slightly over the years due to a collapse of the original boat club pontoon, 
which also resulted in a gap in the data. 
 
At other sites, the minilogger is deployed at a fixed position (termed fixed datum), 
and its depth therefore varies with the state of the tide.  At Mallaig, the minilogger is 
fixed inside a pipe and deployed from a pier.  The minilogger at Findon was also 
fixed inside a pipe that afforded it some shelter from storms, and was deployed at a 
depth of 1 m below the level of the lowest tide.  In Loch Maddy the minilogger was 
suspended on the sheltered side of the concrete at the end of the pier at a depth of 
around 5 metres (0.5 m from the sea bed).  In 2004 it was moved to beneath a buoy, 
but was lost from this location so the position at the end of the pier was resumed. 
 
In Scapa Bay the minilogger is also suspended from a pier.  It sits at a depth of 1 m 
below the level of the lowest tide.  Similarly, in Fair Isle the Minilogger sits below 
North Haven pier recording temperature.  The minilogger in Cromarty is close to a 
pier but is deployed using a subsurface buoy and rope system fixing it at 
approximately 1 m above the seabed. 
 
Because of the offshore nature of the Stonehaven site, there is no permanent 
mooring to deploy a minilogger.  A minilogger site was established at Findon in 1997, 
with the minilogger deployed in a pipe at fixed datum.  After the site became unsafe 
and a replacement site at Cove proved to be unsuitable, a new site was eventually 
found at the pier in Stonehaven Harbour in 2015.  
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Salinity Sampling 
 
Salinity samples are collected weekly at the Loch Maddy, Loch Ewe, Scapa, 
Scalloway and Stonehaven sites (Figure 5.1 and Table 5.1).  Throughout the project, 
water samples were collected for salinity at both surface and near bed at 
Stonehaven and Loch Ewe.  However, during periods when additional mid-depth 
samples were taken for nutrients, for example at 5 m and 10 m, coincident samples 
were also taken for salinity. 
 
A subsample of water for salinity analysis is taken from a larger water sampling 
bottle, with the salinity sample bottle being rinsed three times before filling.  The 
sample is stored in a glass bottle, which is dried with a paper towel to prevent salt 
crystals forming around the neck and then sealed tightly using a plastic insert to 
protect against evaporation.  Salinity bottles are stored in protective crates and 
boxes and kept at ambient temperature until they are moved to a temperature 
controlled environment prior to analysis. 
 
Sample Processing, Analysis and Archiving 
 
Salinity Analysis 
 
Salinity analysis is undertaken using a Guildline Portasal Salinometer Model 8410A, 
to determine the salt content of a seawater sample using a measure of the 
conductivity ratio on the Practical Salinity Scale 1978 (UNESCO, 1981).  The 
salinometer is designed to make precision conductivity comparisons between a 
water sample and a reference sample, results are recorded in Practical Salinity Units 
(PSU).  The salinometer is standardised using a known reference material, 
International Association for Physical Sciences of the Ocean (IAPSO) Standard 
Seawater, which is the internationally recognized calibration standard for the 
measurement of Practical Salinity. 
 
The current definition for Practical Salinity states: a seawater sample, at a 
temperature of 15ºC and at atmosphere pressure, of Practical Salinity 35 has a 
conductivity ratio of unity with a potassium chloride (KCl) solution containing a mass 
of 32.4356 grams of KCl per kilogram of solution.  Marine Scotland operate two 
Portasal salinometers on rotation, with a calibration and service schedule that 
ensures that the operational Portasal that has been calibrated within the last twelve 
months. 
 
Using this method, salinity can be determined in the range of 10 to 36 PSU (Guildline 
Instruments Ltd, 2002).  The accuracy of the instrument is better than 0.003 
equivalent Practical Salinity Units. 
 
Data Quality, Handling and Archiving 
 
All data presented here have been quality controlled as described in Chapter 2.  
Data assigned a quality flag of bad and probably bad (QF 3 and QF4) were excluded 
from the assessment, but all other values accepted. 
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Instrument errors are well controlled as the instruments used are very accurate and 
calibrated regularly.  The main source of error in temperature or salinity data is likely 
to be human error in data recording and transcription.  This is a result of either 
surface and bottom samples being mixed up (water depth incorrectly recorded) or 
values from the reversing thermometer and/or salinometer being incorrectly 
transcribed into the data record.  When using temperature data from automated 
loggers another source of error is the inaccuracy of water sampling time and the 
variability in temperature between the depth/position of the water sample and the 
depth/position of the logger. 
 
Gross errors made in this way can be captured, firstly by searching for physically 
impossible values (such as unstable water column) or by values that are outside of 
the expected seasonal range for each parameter.  Minor transcription errors, for 
example those in the second decimal place cannot be identified. 
 
At some sites (e.g. Scapa and Scalloway), temperature measurements were not 
made at the same point as the discrete water sample but were measured 
continuously using an automated temperature sensor located nearby.  In this case, 
water temperatures associated with the water sample are interpolated to the time of 
the discrete sample from hourly averages of the logged water temperature.  It should 
be noted that the sample times are not always recorded with high precision and may 
differ by up to +/- one hour of the actual sample.  In such cases the temperature has 
been recorded with a data Quality Flag of 8, indicating an interpolated sample. 
 
Overall, only a small number of temperature and salinity records were rejected and 
so there is high confidence in these data. 
 
Sampling at these monitoring sites is usually undertaken weekly however there are 
gaps in the record resulting from adverse weather preventing the boat reaching the 
sampling site safely or kit failures.  Each monthly average is thus calculated from 
between one and five samples in that month.  Missed sampling is more likely in 
winter months, particularly at Stonehaven as its offshore location and boat based 
sampling is more vulnerable to weather disruption.  Over the 17 years of 
measurement at Stonehaven there were an average of three samples per month in 
December, January and February and an average of four samples per month 
throughout the rest of the year.  Owing to its position close to shore, interruption in 
sampling is not an issue at Loch Ewe. 
 
For the annual and monthly analysis, months with less than two samples were not 
included and years with less than nine months of data were not included in the yearly 
anomaly calculations.  For years with between 9 and 11 months of data, missing 
months were replaced with climatological average values when calculating annual 
mean values for each parameter.  This ensures that annual mean temperatures are 
not unduly skewed by missing years, and makes it likely that estimates of anomalies 
in missing years will be underestimates of the actual value.  The number of samples 
collected in each month is given in Appendix C in Part 3 of this report. 
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5.3 Results 
 
Long Term Trends 
 
When considering trends in the observed time series, it is important to bear in mind 
the long term trends that have been observed in the coastal data as well as in other 
long term datasets.  Using evidence from the Millport coastal temperature time 
series, for example (Figure 5.2), we know that in the period 1997-2013, average 
coastal sea temperatures were above the long term mean as a result of a long term 
trend in rising temperatures.  Figures 5.2 and 5.3 illustrate the difference in 
comparing conditions during the measurement period to a 30-year baseline (1981-
2010) or a 10-year baseline (2001-2010). 
 
The temperature trends observed over the 15 year period of this monitoring 
programme are important in as much as they are likely to be significant drivers of the 
observed ecosystem variability, but they are not indicators of the long term climate 
trends. 
 
Temperature data from the Millport monitoring site represent one of the longest 
coastal temperature time-series in Scotland.  Continuous and regular monitoring 
mean that the seasonal cycle is well described and the long term mean has been 
established. To allow comparison between the measurement period (1997-2013) 
discussed here and the long term record, data from 1997-2013 are presented but 
also data from 1971-2013. 
 
It is clear from the long term record that conditions between 1997 and 2013 can 
mostly be characterised as warm with the exception of 2013, when the annual 
temperature was actually colder than the long term average (Figure 5.2).  Therefore, 
in the context of long term climate change, the measurement period should be 
considered as unusually warm.  The high temperatures observed at this site in 2002 
were the highest observed in 30 years and actually represent the highest 
temperatures in the measured record, which extends back to the early 1900s.  The 
long term trend in coastal temperature at Millport is also consistent with evidence 
from average UK coastal temperatures (MCCIP, 2013).  The period 1997-2013 was 
warmer than any other period observed since 1875. 
 
Seasonal and Spatial Patterns 
 
The seasonal patterns of temperature in Scottish waters are well described in 
Hughes (2007) and Berx (2009), and the data presented here show the expected 
variability between east and west coast with the season.  On the west coast of 
Scotland, winter temperatures tended to remain higher than in the North Sea, 
average winter (Jan-Mar) temperatures at Loch Maddy, at 8.2 ºC were 1.8 ºC higher 
than average winter temperatures at Stonehaven (6.5 ºC).  
 
The coastal waters of Scotland are fresher than those offshore as a consequence of 
freshwater runoff.  The annual average salinity at the surface was higher in locations 
such as Scapa (34.70) and Scalloway (34.93), than in the sea lochs of the west 
coast (Loch Ewe 33.77 and Loch Maddy 34.43).  The annual average salinity at 
Stonehaven was 34.52, higher than in the West Coast sea loch environment but 
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lower than the North Atlantic influenced island regions of Orkney and Shetland.  At 
both Loch Ewe and Stonehaven, average salinity increased with water depth, which 
was to be expected as any local surface runoff will tend to remain in the upper 
layers. 
 
The seasonal pattern of salinity at each site also conformed to the expected broad 
scale patterns.  At all sites on the west and north coasts of Scotland, maximum 
salinity occured in the summer months (June-July) and lower salinities were 
observed in autumn/winter months (November, December, January, February).  This 
correlated to the seasonal pattern of rainfall and river flow and suggested that on 
seasonal timescales, the coastal freshwater content was locally influenced.  At 
Stonehaven, however, the seasonal pattern of salinity was quite different.  Minimum 
salinity was observed in spring (March) and maximum salinity was observed in 
September. Salinities remained high during the autumn and early winter when there 
was high Atlantic inflow and then begin to decrease in January-February.  Rather 
than simply reflecting the patterns of precipitation and runoff, the seasonal pattern of 
salinity at Stonehaven was similar to that across the whole of the northern North Sea 
and was a consequence of varying Atlantic Water influence (Hughes et al., 2011) 
balanced with the freshwater inputs to the North Sea. 
 
At sites where there were both surface and near bed salinity records, it was clear 
that variability in salinity was greater in the surface layers responding probably to 
local freshwater events.  Salinity at the near bed level was a more stable indicator of 
the coastal water freshwater content and was taken to be more representative of the 
broader scale changes in coastal waters. 
 
Near surface temperature showed a typical seasonal pattern, similar to that of air 
temperature with maximum temperature occurring in late summer August/September 
and minimum temperatures at the end of winter February/March time.  Near bottom 
temperature can show a different pattern, as during the stratified period, the near-
bed water masses are isolated from the surface and tend to warm much more slowly 
than the waters of the upper layers.  In well stratified waters, a sharp increase in 
temperature may be seen at the end of summer, when mixing of the water column 
breaks down the water column and distributes the heat of the upper layers rapidly 
down through the water column.  This mixing can sometimes trigger an autumn 
bloom in phytoplankton growth as a result of nutrient resuspension into the surface 
waters.  However, at these shallow coastal sites, stratification was not strong enough 
to isolate the lower layers, which demonstrated a marked seasonal cycle, but with a 
slightly reduced range compared to the upper layers. 
 
A comparison of the annual variability in coastal sea surface temperatures 
demonstrates a similar pattern to that observed across the Scottish Sea Areas 
(Figure 4.12).  Maximum temperatures were observed in 2003 at most of the sites, 
with cooler periods prior to 2003 and a notably colder period from 2009-2013. 
 
Variability and Trends 
 
Millport 
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It should be noted that the warmest year observed at Millport was 2002, whereas it 
was 2003 at all of the other coastal measurement sites.  It is possible that this 
reflects true spatial variability in the maximum temperature but evidence from other 
temperature records (see Figure 4.15) suggests that because there were data 
missing from January-February at this site in 2003, the anomaly for that year is 
biased downwards. 
 
Loch Maddy 
 
Temperature and salinity were measured in surface waters at Loch Maddy between 
2003 and 2013.  The variability in salinity changed markedly in the latter part of the 
measurement period.  Prior to this time surface salinity was in the range 30-35, 
whereas after 2010 surface salinities of less than 30 were regularly observed in 
winter and spring.  This may have been due to the sampling site moving position. 
With a relatively short and sparse dataset it is difficult to determine any significant 
trends in temperature data at this site. 
 
Loch Ewe 
 
Temperature and salinity have been measured in Loch Ewe surface and bottom 
waters since 2003.  In both surface and bottom waters the later years of the 
observation period were cooler than the earlier years.  The year 2003 was the 
warmest year in the observations, with an annual mean temperature anomaly of 0.35 
and 0.43 sd above average at upper and lower levels. 
 
Following a pattern seen at most of the measurement sites, 2010 and 2013 were the 
coldest years of this record at Loch Ewe.  In both of these years temperatures in all 
months and at all levels were below average.  A similar trend can be seen in the 
salinity record at Loch Ewe, with salinity in the latter part of the time series being 
lower than at the start. It is notable that 2013 was both cool and fresh, whereas 2010 
was cool but of average salinity for the time period. 
 
Scapa 
 
Temperature and salinity have been measured in surface waters at Scapa, Orkney 
since October 1999.  There were some gaps in the temperature record due to lost 
miniloggers in 2006 and 2008, but apart from this the record is almost complete.  
The lowest annual average salinity was observed in 2013, with values of 0.98 sd 
lower than average.  The years 2001 and 2007 also had low salinity.  The warmest 
year in the measurement period was 2003, with higher than average temperatures in 
all months throughout the year and an average temperature of 0.79 sd above 
average. 
 
Scalloway 
 
Temperature and salinity have been measured in surface waters since October 
2000.  The temperature record at Scalloway was not particularly consistent with 
large gaps in 2005 and 2007, when there were only eight months of data in each 
year.  Data from these years are not, therefore, included in the monthly analysis.  
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The salinity record was slightly more complete.  However, there were still data 
missing in 2002, 2004 and 2008. 
 
Comparison with the closest nearby sites of Scapa and Scalloway suggests that 
there is a common pattern to the temperature and salinity.  At both sites 2003 stands 
out as the warmest year of observation with cooler conditions from 2009 onwards. 
Also consistent with Scapa, 2001 and 2013 were years with fresher than average for 
the measurement period. 
 
Stonehaven  
 
At Stonehaven, the minilogger was sited at a coastal site (East Coast), 5.4 km away 
from the sampling site.  Correlation analysis between weekly surface (bottle) 
temperatures at the sampling site and the weekly subsampled data at the coast was 
(p<0.01), showing that the coastal site captures the same variability as the 
Stonehaven monitoring site further offshore (Figure 5.4).  In this section bottle 
temperature data are presented. 
 
Of all the long-term monitoring sites, Stonehaven is the longest and most complete, 
with data collection starting in 1997.  These data clearly show that temperatures 
were higher in the period 2003-2009 than at the start or at the end of the 
measurements period.  The warmest year of the record was 2003, with annual mean 
temperatures at 0.71 sd above the average value for the period in both upper and 
lower layers.  The coldest year was 2013 at both upper and lower levels, with annual 
temperatures of 0.76 and 1.34 sd below the average for the measurement period 
respectively. 
 
Overall there was no significant trend in the 17 year measurement period, although it 
must be remembered that evidence from longer datasets in coastal waters and the 
northern North Sea (MCCIP, 2013) show that in this period, sea temperatures were 
always above the long term mean (1971-2000). 
 
The year 2001 stands out as significantly anomalous when the annual mean salinity 
at both upper and lower levels was much lower than average.  There was a period of 
higher salinity between 2003 and 2006 and then 2007 was again a year of low 
salinity.  In contrast to other sites on the west coast, at Stonehaven 2013 was not 
particularly fresh. 
 
Discussion 
 
When placed in the context of longer term trends the measurement period 1997-
2013 should be considered warmer than normal, however, there was no overall 
warming trend.  The warmest years occurred around 2003 and the latter part of the 
measurement period was characterised by more variable and often cooler 
conditions, with a series of very cold winters in 2010 and 2011.  Patterns of 
atmospheric and ocean temperatures follow similar patterns but the cold winter air 
temperatures in 2010 had the most influence on conditions in the shallower coastal 
areas such as the Clyde and the North Sea while areas influenced by the North 
Atlantic remained warm. 
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The year 2003 was a very warm year at inshore and offshore sites.  Air temperatures 
across Scotland were also higher than normal during this year and it was very sunny 
and dry.  This year was also characterised by lower than normal river flow across all 
regions. In offshore regions, the year was on average very warm across all areas. 
Data from offshore monitoring sites indicate that 2003 was a record year of warm 
and salty conditions in the North Atlantic (Hughes et al., 2011).  The year 2010 
stands out as a cold year, with higher than normal river flow on the east of Scotland 
(although not such a strong pattern on the west coast).  It is important to note that 
the cold conditions in 2010 were skewed by a particularly cold winter and this is 
shown in the much lower than average air temperatures and higher than average 
days of frost.  In contrast to 2003, these conditions were not reflected particularly 
strongly in offshore areas showing that the main driver of this cold year was 
atmospheric conditions rather than broader patterns in oceanic circulation. 
 
The highest freshwater flows occurred in 2002 on the west coast but in 2011 on the 
east coast.  There is little evidence in the data that local freshwater flows influence 
salinity in the coastal areas.  The lowest salinities observed at Stonehaven occurred 
in 2001 and again in 2007.  The interannual variability in salinity appears more 
closely related to the salinity of oceanic waters. 
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5.4 Summary – Temperature and Salinity 
 

 Temperatures at nine sites around Scotland, measured using electronic 

automatic data recorders are presented. 

 Temperature recorded at Millport is presented from 1971 in order to examine 

base period selection and its effect on anomalies. 

 Salinity and temperature recorded manually at five sites (Stonehaven, Loch Ewe, 

Scalloway, Scapa and Loch Maddy) is presented. 

 Temperature, as expected, had a strong seasonal cycle at all stations, with 

maxima in August/September. 

 Salinity had a much weaker seasonal cycle, although most pronounced at 

Stonehaven, with maxima in July to September. 

 The measurement period 1997-2013 was likely to be the warmest 17 year period 

for coastal sea temperature on record. 

 2001 was a very fresh year at all sites. 

 2003 was the warmest year at all sites (where data existed for 2003). 

 Highest salinities were observed in 2004. 

 2010 was cold, linked to cold atmospheric conditions. 

 2013 was very cold and also fresh at Loch Ewe, Scapa and Scalloway. 
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5.6 Plots – Temperature and Salinity – Context Setting 
 

 
Figure 5.2 Long term variability in sea surface temperature data between 1971 and 2013 at 

Millport.  a) Monthly boxplot of sea surface temperature data. b) Annual boxplot of sea 

surface temperature data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Anomalies calculated relative to 1981-2010 base period. 
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Figure 5.3 Sea surface temperature data from long term monitoring site at Millport (1997 – 

2013). a) Monthly boxplot of sea surface temperature data. b) Annual boxplot of sea surface 

temperature data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. 

Anomalies calculated relative to 2001-2010 base period. 
  



 

63 
 

 
 

Figure 5.4 Annual anomalies of sea surface temperature relative to 2001-2010 base period. 
Data comes from minilogger data from nine coastal monitoring sites around the Scottish coast 
and additional monitoring stations at Ardtoe, Tiree and Stonehaven. Data from the additional 
stations (marked with *) are included for comparison although these are not minilogger 
records. The anomalies are normalized with respect to the standard deviation (sd) (e.g. a 
value of +2 indicates 2 sd above normal). Colour intervals 0.25 sd; reds = positive/warm; 
blues = negative/cool. See Figure 4.13 for a map supplying more details about the locations 
in this figure. 

 

  

Figure 5.4 Seasonal statistic of a) 

temperature and b) salinity at the 

coastal monitoring sites. What does 

this mean? 
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5.7 Plots - Temperature and Salinity at the Coastal Monitoring Sites 

 
Figure 5.5 Sea surface temperature data from long term monitoring site at Loch Maddy. Data 

are interpolated to the sample time from hourly temperature records a) Monthly boxplot of sea 

surface temperature data. b) Annual boxplot of sea surface temperature data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Data was only available from 

2003 to 2013. Only 8 months of data were available in 2005, and 5 months in 2009. In 2010-

2011 instrument losses resulted in a large gap in the temperature record. There are also 

missing data at the end of 2012 and the start of 2013. Anomalies calculated relative to 

average of all data.  
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Figure 5.6 Sea surface salinity data from long term monitoring site at Loch Maddy. Data are 
calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) Annual boxplot of 
salinity data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. Data were 
only available from March 2003 to 2013. Sampling at this site was very irregular with missing months 
in all years except 2004, 2007 and 2012. Anomalies calculated relative to average of all data. 
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Figure 5.7 Upper layer temperature data (0-10 m) from long term monitoring site at Loch Ewe 

collected using a digital thermometer a) Monthly boxplot of sea surface temperature data. b) 

Annual boxplot of sea surface temperature data. c) Annual mean anomaly time series d) 

Monthly mean anomaly time series. Data were only available from 2003 to 2013. Anomalies 

calculated relative to average of all data.   
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Figure 5.8 Upper layer salinity data (0-10 m) from long term monitoring site at Loch Ewe. 

Data are calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) 

Annual boxplot of salinity data. c) Annual mean anomaly time series d) Monthly mean 

anomaly time series. Data were only available from 2003 to 2013. Anomalies calculated 

relative to average of all data.  
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Figure 5.9 Lower layer temperature data (>30m) from long term monitoring site at Loch Ewe 

collected using a digital thermometer; a) Monthly boxplot of sea surface temperature data. b) 

Annual boxplot of sea surface temperature data. c) Annual mean anomaly time series d) 

Monthly mean anomaly time series. Data were only available from 2003 to 2013. Anomalies 

calculated relative to average of all data. 
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Figure 5.10 Lower layer salinity data (>30m) from long term monitoring site at Loch Ewe. 

Data are calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) 

Annual boxplot of salinity data. c) Annual mean anomaly time series d) Monthly mean 

anomaly time series.  Data were only available from 2003 to 2013. Anomalies calculated 

relative to average of all data. 
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Figure 5.11 Sea surface temperature data from long term monitoring site at Scapa. Data are 

calculated from discrete weekly samples of temperature at the times that match the other in-

situ sampling a) Monthly boxplot of sea surface temperature data. b) Annual boxplot of sea 

surface temperature data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. The data collection started in November 1999 and only one month of temperature 

data are available in this year. Records for 2006 and 2008 are incomplete (only 4 months of 

data in 2006 and 8 months in 2008). Anomalies calculated relative to 2001-2010 base period. 
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Figure 5.12 Sea surface salinity data from long term monitoring site at Scapa. Data are 

calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) Annual boxplot 

of salinity data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. 

The data collection started in October 1999 and only two months of salinity data are available 

in this year. Records for 2001 are incomplete with only 10 months of data. Anomalies 

calculated relative to 2001-2010 base period. 
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Figure 5.13 Sea surface temperature data from long term monitoring site at Scalloway. Data 

are calculated from discrete weekly samples of temperature at the times that match the other 

in-situ sampling a) Monthly boxplot of sea surface temperature data. b) Annual boxplot of sea 

surface temperature data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. The data collection started in June 2000 and only seven months of salinity data. 

Anomalies calculated relative to 2001-2010 base period. Records for 2004, 2005 and 2007, 

2008 are incomplete (only 8 months of data in 2004 and 2005, 7 months of data in 2007 and 

1 month in 2008). Anomalies calculated relative to 2001-2010 base period. 
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Figure 5.14 Sea surface salinity data from long term monitoring site at Scalloway. Data are 

calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) Annual boxplot 

of salinity data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. 

The data collection started in June 2000 and only seven months of salinity data are available 

in this year. Records for 2002, 2005, 2007 and 2008 are incomplete. Anomalies calculated 

relative to 2001-2010 base period. 
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Figure 5.15 Upper layer temperature data (0-10 m) from long term monitoring site at 

Stonehaven collected using a digital thermometer a) Monthly boxplot of sea surface 

temperature data. b) Annual boxplot of sea surface temperature data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Anomalies calculated relative to 

2001-2010 base period.  
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Figure 5.16 Upper layer salinity data (0-10 m) from long term monitoring site at Stonehaven. 

Data are collected using a digital thermometer samples a) Monthly boxplot of salinity data. b) 

Annual boxplot of salinity data. c) Annual mean anomaly time series d) Monthly mean 

anomaly time series. Anomalies calculated relative to 2001-2010 base period.  
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Figure 5.17 Lower layer temperature data (>30m) from long term monitoring site at 

Stonehaven. Data are collected using a digital thermometer a) Monthly boxplot of sea surface 

temperature data. b) Annual boxplot of sea surface temperature data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Anomalies calculated relative to 

2001-2010 base period.  
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Figure 5.18 Lower layer salinity data (>30m) from long term monitoring site at Stonehaven. 

Data are calculated from discrete weekly samples a) Monthly boxplot of salinity data. b) 

Annual boxplot of salinity data. c) Annual mean anomaly time series d) Monthly mean 

anomaly time series. Anomalies calculated relative to 2001-2010 base period. 
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6. Secchi Depth 
 
6.1 Introduction 
 
Light availability is one of the primary drivers of primary production in the marine 
environment.  Light availability can be impacted by turbidity in the water column, 
which can result from sediment resuspended from the sea floor or the biomass of 
plankton growing in the water column.  A simple measure of turbidity in the water 
column is measured with a secchi disk (Secchi 1866).  A secchi disk is a black and 
white disk that is lowered into the water.  The depth at which the disk disappears 
from view is known as the secchi depth and is indicative of the turbidity in the water 
column.  Suspended sediment, coloured dissolved organic matter or bulk plankton 
biomass can increase turbidity and reduce secchi depth measurements (Fleming-
Lehtinen and Laamanen 2012).  Secchi depth measurements are now being used in 
a worldwide citizen science project to estimate phytoplankton abundance in the 
world’s oceans (http://www.secchidisk.org/). 
 
6.2 Methods 
 
The disk is lowered over the side of the boat facing away from direct sunlight.  The 
depth at which the secchi disk disappears from view is recorded.  Secchi depth 
measurements began in 2002 at Stonehaven and 2008 at Loch Ewe. 
 
Data Handling and Quality Control 
 
Secchi depth data is stored in an access database and all values are checked 
against paper records to ensure there are no transcription or typographic errors. 
 
6.3 Results 
 
Loch Ewe 
 
The secchi depth at Loch Ewe ranged from 3.5 m – 12.5 m.  It was at its shortest 
during the spring bloom period in April when chlorophyll ‘a’ concentration in the water 
column was at its maximum. 
 
Stonehaven 
 
Secchi depth at Stonehaven ranged from 2.0 m – 14.0 m.  It was at its shortest 
during the winter months.  As chlorophyll ‘a’ concentrations were low during this time 
this suggests that resuspended sediment was present in the water column.  Secchi 
depth increased during the summer months. 
 
Discussion 
 
A comparison of the median spring time secchi depth at both sites showed that it is 
approximately 1 m greater at Loch Ewe than at Stonehaven.  This suggests that 
turbidity was less in Loch Ewe.  This reduced turbidity increases the amount of light 
available for phytoplankton cells to utilize and is thought to influence the earlier 
development of the spring diatom bloom at the Loch Ewe site (Bresnan et al., 2015). 
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Resuspended sediment during storms may reduce the light available for utilisation by 
phytoplankton at the Stonehaven monitoring site particularly during the end of winter.  
 
 
 
 
6.4 Summary – Secchi Depth 
 

 Secchi disk data is presented from Stonehaven (12 years) and Loch Ewe (6 

years). 

 Monthly means varied between 3.5 m – 12.5 m at Loch Ewe and 2.0 m – 14.0 m 

at Stonehaven.  

 Minimum secchi depths were observed in April, May and June in Loch Ewe 

suggesting light transmission may be most influenced by phytoplankton biomass.  

 At Stonehaven minimum secchi depths were recorded in December, January and 

February suggesting that suspended sediment influences light transmission in the 

water column at this site.  
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6.6 Plots – Secchi Depth 

 
Figure 6.1 Secchi depth (m) from the long term monitoring site at Loch Ewe. a) Monthly 

boxplot of secchi depth. b) Annual boxplot of secchi depth. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for secchi depth began in 2007. 

Anomalies calculated relative to average of all data.  
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Figure 6.2.  Secchi depth (m) from the long term monitoring site at Stonehaven. a) Monthly 

boxplot of secchi depth. b) Annual boxplot of secchi depth. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for secchi depth  began in 2002. 

Sampling for secchi depth began in 2007. Anomalies calculated relative to average of all data.  
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7. Inorganic Nutrients 
 
7.1 Introduction 
 
A limiting factor for the growth of phytoplankton in the marine environment is the 
availability of inorganic nutrients.  Dissolved inorganic nitrogen (DIN), dissolved 
inorganic phosphorus (DIP) and dissolved silicate (DSi) are the three most 
commonly limiting nutrients.  Anthropogenic sources of nitrogen and phosphorous, 
including agricultural run-off and domestic and industrial waste disposal can result in 
elevated nutrient concentrations, particularly in coastal waters.  In Scotland, highest 
inputs of nitrate are on the east coast from agricultural run-off and inputs of 
phosphate and ammonia are highest from urban areas in the east and west (Baxter 
et al., 2011).  The main source of silicate in the marine environment is from the 
weathering of rocks; therefore local geology will influence silicate concentrations. 
Nutrient enrichment may result in eutrophication where waters have low dissolved 
oxygen and can be of poor quality. 
 
The Marine Strategy Framework Directive (MSFD) sets out eleven qualitative 
descriptors against which Good Environmental status (GES) should be assessed. 
Descriptor 5 (Eutrophication) states that ‘Human-induced eutrophication is 
minimised, especially adverse effects thereof, such as losses in biodiversity, 
ecosystem degradation, harmful algal blooms and oxygen deficiency in bottom 
waters’.  One of the common indicators for the MSFD Descriptor 5 is ‘Winter nutrient 
concentrations’.  In the UK, a two-tiered approach will be used for Descriptor 5 
targets and indicators.  In areas designated non-problem areas under the OSPAR 
Common Procedure (OSPAR, 2013) there should be ‘no increase in the assessed 
DIN or DIP concentration resulting from anthropogenic nutrient input’.  In OSPAR 
problem areas the UK MSFD target is ‘for a downward trend in DIN and DIP resulting 
from decreasing anthropogenic nutrient input over a ten year period’.  Progress 
towards these targets is to be assessed using data from periodic surveys (at least 
once per MSFD reporting cycle of 6 years). 
 
An assessment of the eutrophication status of the OSPAR area was undertaken in 
2008, as required for the OSPAR Joint Assessment and Monitoring Programme 
(JAMP) (OSPAR, 2008).  All Scottish open coastlines were classed as non-problem 
areas and, therefore, there should be no increasing trends for DIN and DIP if is GES 
is to be achieved for Descriptor 5. 
 
OSPAR Ecological Quality Objectives (EcoQOs) for nutrient enrichment in the UK 
have been developed for dissolved inorganic nitrogen (DIN; the sum of the 
concentration of Total Oxidised Nitrogen (TOxN) and ammonia) in coastal waters 
(defined as having salinities between 30.0 and 34.5) and offshore waters (salinities 
greater than 34.5 - Table 7.1).  The elevated concentrations are defined as 50% 
above the background concentration for DIN (OSPAR, 2013; Cefas, 2008).  The 
coastal criteria require DIN concentrations to be normalised to a salinity of 32.0 by 
assuming conservative mixing along a constant gradient with a zero salinity endpoint 
of 42 µM (Devlin et al., 2007).  This freshwater value was determined in the river 
Leven in Cumbria, UK, and was assumed to be representative of a relatively 
unpolluted rural river system.  The offshore criteria are for non-normalised DIN 
concentrations. Smith et al., (2014) proposed new background concentrations for 
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TOxN in Scottish coastal and offshore waters, taking into account that Scottish shelf 
sea waters are depleted in TOxN relative to oceanic waters (Table 7.1).  The 
ammonia contribution to the DIN concentration in offshore water was considered 
negligible (Smith et al., 2014) and therefore there should be little difference between 
DIN and TOxN concentrations. 
 
 

Table 7.1 Proposed (Smith et al., 2014) and current background (OSPAR, 2013) and 

elevated TOxN/DIN concentrations derived using Minches and Malin Sea data. 

 
Area Proposed (TOxN) (µM) Current (DIN) (µM) 

Background Elevated Background Elevated 

Offshore 7.5 10.5 10 15 

Coastal 9.5 14.25 12 18 

 
 
 
7.2 Methods 
 
Collection and Storage of Sea Water Samples 
 
Water samples for nutrients at four depths (1 m, 5 m, 10 m and 45 m at Stonehaven 
and 1 m, 5 m, 10 m and 35 m at Loch Ewe) were collected using a Niskin Sampling 
bottle, which was also fitted with a digital reversing thermometer.  At all other sites 
surface water samples only were collected. 
 
Samples for nitrate and phosphate were stored in glass bottles at -20 oC and allowed 
to thaw for 24 hours before analysis.  Samples for silicate analysis were stored in 
plastic bottles and either stored in a refrigerator maintained between 0 and 8 oC 
(1997 - 2010) or at -20 oC (2011 onwards).  Refrigerated samples were allowed to 
come to room temperature before analysis while frozen samples were thawed in the 
dark for 48 hours to allow for depolymerisation. 
 
Determination of TOxN, PO4 and DSi 
 
Water samples were analysed for DIP, TOxN and DSi by colorimetry using a 
continuous flow analysis (CFA) system based on the techniques of Armstrong et al., 
(1967) for oxidised nitrogen (nitrate plus nitrite), Murphy and Riley (1962) for PO4 
and Koroleff (1971) for DSi.  Samples collected prior to 2002 were analysed using a 
Skalar system.  From 2002-2006 a Bran and Luebbe Analyser (AA3) and from 2006 
a Bran and Luebbe QuAAtro (SEAL Analytical, UK) was used.  Aliquots of each 
sample (5 ml) were aspirated using an auto-sampler and transmitted through the 
complete system by a peristaltic pump.  The sample stream was split with a pump 
continuously adding the reagents required to each sample stream using tubes of a 
specific internal diameter.  Air bubbles are evenly pumped through each stream to 
reduce inter-sample dispersion and improve sample throughput.  Once the chemical 
reaction to allow detection was complete each stream flowed through a specific 
detector.  Concentrations were determined with the wavelengths set at 520 nm for 
TOxN and at 880 nm and 820 nm for PO4 and DSi, respectively.  Dual-beam 
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operation with same-wavelength compensation gives low drift, even at very high 
sensitivities.  Data were collected as an analogue voltage that was fed through a 
digitising interface to a computer and analysed using either the Bran & Luebbe data 
processing package Versions 5.31 – 6.02 or with the Skalar data processing 
package Version 6.  Further details of the methodology can be found in Webster et 
al., (2007), Rose et al., (2009) and Smith et al., (2014). 
 
Determination of Ammonia 
 
Samples were analysed for ammonia using a manual method.  Buffer solution was 
added to the samples to prevent the precipitation of calcium and magnesium 
hydroxides, followed by the phenol catalyst and an oxidising agent (dichloro-s-2,4,6-
trione).  Samples were then incubated and exposed to UV light for at least 40 
minutes.  In the presence of the phenol catalyst and excess chlorine, ammonia 
reacts with phenol to form indophenol blue, which was determined calorimetrically at 
630 nm using a spectrophotometer.  Further details of the methodology can be found 
in Webster et al., (2007) and Rose et al., (2009). 
 
Data Handling 
 
Since 2012 all nutrient data and the sample information from the Oceanography 
Environmental Record sheets is held on LIMS.  Prior to 2012 nutrient data was 
saved by analytical Batch number on a shared folder on the internal computer 
system and in-house developed data base (Chemdat).  Nutrient data was sent to the 
MSS Oceanography Group who would add the nutrient data on to their own 
databases along with the sample information. 
 
Quality Control 
 
A system suitability standard (highest calibration standard) was analysed each day 
using the CFA.  Calibration standards covering the range 0.2-19.3 μM for TOxN, 0.2-
13.3 μM for DSi, 0.05 - 5 μM for PO4 were analysed at the start and the highest 
concentration analysed at the end of each batch, to account for drift.  In both cases 
correlation coefficients of at least 0.999 were achieved for all nutrients.  The limits of 
detection were dependent on the instrument used and were based on 4.65 times the 
standard deviation of the mean value from repeat analysis of ten low standards and 
can be found in Webster et al., (2007), Rose et al., (2009) and Smith et al., (2014). 
 
Calibration standards, covering the range 0.2 to 10.00 μM for ammonia, were 
prepared in low nutrient sea water (LNSW) and analysed with each batch.  The 
absorbance readings were used to compute the calibration curve.  Correlation 
figures of at least 0.995 were achieved.  The limit of detection (LoD), based on 4.65 
times the standard deviation of the mean value from repeat analysis of ten low 
standards was 0.19 μM. 
 
Prior to 2010, QUASIMEME sea water samples were used as reference materials, 
whilst from 2010 onwards reference standards were prepared from standards 
procured from OSIL (Havant, Hampshire, UK).  The data obtained from the reference 
samples were plotted on Shewhart charts with warning and action limits drawn at ± 2 
x and ± 3 x the standard deviation of the mean.  Further quality control was assured 
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through successful participation in the nutrient programme of QUASIMEME (Quality 
Assurance of Information for Marine Environmental Monitoring in Europe).  All 
methods are accredited by the United Kingdom Accreditation Service (UKAS). 
Data assigned a Quality Flag of 3 or 4 (“probably bad” and “bad” – see Section 2.8) 
were excluded from the assessment.  Phosphate data from water samples collected 
from Stonehaven and Loch Ewe in 2004, 2005 and 2006, from Scapa and Loch 
Maddy in 2006, and from Scalloway in 2003 and 2006 were not included in the data 
assessment as these data were assigned a Quality Flag of 4.  In these years 
phosphate concentrations tended to be higher than expected for the seasonal cycle.  
However, there was no obvious explanation for this; the analytical quality control 
(internal QC and external proficiency testing QC) was acceptable during this time 
period. Ammonia data from samples collected between 2006 and 2009 inclusive 
were also assigned a Quality Flag of 4.  The analysis during this period was 
undertaken on the Bran & Luebbe QuAAtro analyser with detection with a digital 
colorimeter, although the internal analytical quality control was acceptable external 
proficiency QC indicated a potential problem with the technique.  The data from this 
period were therefore excluded from the data assessment. 
 
 
 
7.3 Results 
 
Loch Maddy 
 
Total oxidised nitrogen (TOxN), dissolved inorganic phosphorus (DIP) and dissolved 
silicate (DSi) were measured in surface waters at Loch Maddy between 2003 and 
March 2010. TOxN, DIP and DSi concentrations are shown as monthly and yearly 
boxplots (Figures 7.1-7.3).  The monthly boxplots for DIP, TOxN and DSi show 
seasonal trends in both the surface and bottom waters.  Concentrations are lowest, 
often below detection limits for all three nutrients, in the summer months (May to 
August) and highest in winter (November to February).  Low light intensities and high 
turbulence ensure that phytoplankton numbers are minimal during the winter so 
nutrients tend to accumulate, reaching a maximum prior to the start of the growing 
season.  DIP concentrations rarely exceeded 0.60 µM and winter (November to 
February) annual averages ranged from 0.33 µM to 0.50 µM.  TOxN winter annual 
means ranged from 4.95 µM to 6.41 µM and DSi from 3.70 µM to 5.31 µM.  Winter 
DSi concentrations at Loch Maddy were similar to Loch Ewe, Stonehaven, Scapa 
and Scalloway.  TOxN and DIP concentrations were similar to Loch Ewe, but 
significantly lower than Scalloway, Scapa and Stonehaven (ANOVA with Tukey’s 
pair-wise comparisons, p<0.005).  Nutrient concentrations have previously been 
shown to be low in the Minches and Malin Sea as it is shielded by the Outer 
Hebrides against the inflow of Atlantic water from the west and local inputs of 
freshwater do not appear to be an important source of nutrients (Smith et al., 2014). 
 
The Loch Maddy site is in a non-problem area and therefore there should be no 
increasing trends in DIN or DIP concentrations.  Yearly boxplots showed no 
significant temporal trend for any of the nutrients.  Concentrations were highest in 
2009 and 2010 as only winter nutrients were included in the boxplots, in 2009 only 
January and February data was used, all other months had a Quality Flag of 4, and 
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in 2010 only samples collected between January and March were analysed for 
nutrients. 
 
Ammonia was not measured at Loch Maddy and therefore TOxN (normalised) 
concentrations were compared to the DIN assessment criteria.  The highest TOxN 
(normalised) concentration at Loch Maddy was 10.99 µM, well below the current UK 
coastal elevated and background concentrations.  Only one sample exceeded the 
proposed Scottish coastal background concentration for TOxN of 9.5 µM. 
 
Loch Ewe 
 
Total oxidised nitrogen (TOxN), dissolved inorganic phosphorus (DIP), dissolved 
silicate (DSi) and ammonia have been measured in Loch Ewe surface waters since 
2003 and in bottom waters since 2008.  Concentrations are shown as monthly and 
yearly boxplots (Figures 7.4-7.11) for both upper and lower waters.  The monthly 
boxplots for DIP, TOxN and DSi clearly show seasonal trends, with concentrations 
lowest in the summer months (May to August) and highest in winter.  Concentrations 
for TOxN, DIP and DSi are most variable in March or April, around the start of the 
spring bloom.  Low light intensities and high turbulence ensure that phytoplankton 
numbers are minimal during the winter so nutrients tend to accumulate, reaching a 
maximum prior to the spring bloom.  Loch Ewe winter DSi concentrations (November 
to February) were similar to those observed at Stonehaven, Scapa and Scalloway, 
with average winter annual average concentrations ranging from 3.99 µM to 6.11 
µM.  Winter TOxN and DIP concentrations were similar to Loch Maddy but 
significantly lower compared to Stonehaven, Scapa and Scalloway (ANOVA with 
Tukey’s pair-wise comparisons, p<0.005).  As discussed above, nutrient 
concentrations are generally low in the Minches and Malin Sea (Smith et al., 2014). 
DIP concentrations rarely exceeded 0.7 µM and winter annual averages ranged from 
0.38 µM to 0.53 µM, whilst winter mean TOxN concentrations ranged from 4.01 µM 
to 6.95 µM. 
 
Similar to Stonehaven, Loch Ewe monthly boxplots for ammonia did not show a 
seasonal trend in either the surface or bottom water.  Concentrations were often 
below detection limits (12% of samples) and only occasionally exceeded 2 µM. 
 
The Loch Ewe site is in a non-problem area and, therefore, there should be no 
increasing trends in DIN or DIP concentrations.  Yearly boxplots showed no 
significant temporal trend for any of the nutrients.  Both the anomaly and annual 
boxplot showed that DIP, TOxN and DIP concentrations were lower in 2003. 
However, this is a result of there being no data for some of the winter months; 
samples were collected for nutrients from April 2003. 
 
All winter Loch Ewe water samples (upper and lower) gave DIN (normalised) 
concentrations below the current UK coastal elevated concentration of 18 µM as well 
as the proposed Scottish elevated coastal TOxN concentration of 14.25 µM (Smith et 
al., 2014).  In addition all concentrations were below both the current UK coastal DIN 
background concentration of 12 µM and the proposed Scottish coastal TOxN 
background of 9.5 µM. 
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Scapa 
 
Total oxidised nitrogen (TOxN), dissolved inorganic phosphorus (DIP) and dissolved 
silicate (DSi) have been measured in the surface waters at Scapa since October 
1999.  Ammonia was been measured in 2013 only. TOxN, DIP and DSi 
concentrations are shown as monthly and yearly boxplots (Figures 7.12-7.14).  The 
monthly boxplots for DIP, TOxN and DSi show seasonal trends.  Concentrations are 
lowest, often below detection limits for all 3 nutrients, in the summer months (May to 
August) and highest in winter (November to February).  Low light intensities and high 
turbulence ensure that phytoplankton numbers are minimal during the winter so 
nutrients tend to accumulate, reaching a maximum prior to the growing season.  DIP 
concentrations rarely exceeded 0.8 µM and winter (November to February) annual 
averages ranged from 0.47 µM to 0.59 µM. TOxN winter annual means ranged from 
5.66 µM to 7.76 µM and DSi from 4.62 µM to 6.11 µM.  Winter DSi concentrations at 
Scapa were similar to Loch Ewe, Stonehaven and Scalloway.  TOxN and DIP 
concentrations were similar to Stonehaven but significantly lower than Scalloway and 
significantly higher than Loch Ewe and Loch Maddy (ANOVA with Tukey’s pair-wise 
comparisons, p<0.005).  Ammonia concentrations (not shown here), were only 
measured in 2013 did not show a seasonal pattern and rarely exceeded 3 µM. 
 
The Scapa site is in a non-problem area and, therefore, there should be no 
increasing trends in DIN or DIP concentrations.  Yearly boxplots showed no 
significant temporal trend for any of the nutrients.  Sampling began at Scapa in 
October 1999 and, therefore, the 1999 annual mean is higher than the subsequent 
years as there are only winter nutrient for this year.  Ammonia was only measured in 
2013 and, therefore, winter (November to February) TOxN (normalised) 
concentrations were compared to the proposed Scottish coastal assessment criteria 
(Smith et al., 2014).  Only two out of 147 samples exceeded the proposed elevated 
TOxN concentration of 14.25 µM and 75% of samples were below the proposed 
Scottish coastal TOxN background concentration of 9.5 µM. 
 
Scalloway 
 
Total oxidised nitrogen (TOxN), dissolved inorganic phosphorus (DIP), dissolved 
silicate (DSi) and ammonia have been measured in surface waters at Scalloway 
since 2000.  TOxN, DIP, DSi and ammonia concentrations are shown as monthly 
and yearly boxplots (Figures 7.15-7.18).  The monthly boxplots for DIP, TOxN and 
DSi showed seasonal trends in both the surface and bottom waters.  Concentrations 
were lowest, often below detection limits for all three nutrients, in the summer 
months (May to August) and highest in winter (November to February).  Low light 
intensities and high turbulence ensure that phytoplankton numbers are minimal 
during the winter so nutrients tend to accumulate, reaching a maximum prior to the 
growing season.  DIP concentrations rarely exceeded 0.8 µM and winter (November 
to February) annual averages ranged from 0.50 µM to 0.72 µM.  TOxN winter annual 
averages ranged from 5.81 µM to 9.52 µM and DSi from 3.91 µM to 6.33 µM.  Winter 
DSi concentrations at Scalloway were similar to Loch Ewe and Stonehaven, 
however, winter TOxN and DIP concentrations were significantly higher than the 
other four sites (ANOVA with Tukey’s pair-wise comparisons, p<0.005).  The higher 
TOxN and DIP concentrations at Scalloway reflect the greater proportion of Atlantic 
water in this area.  Scalloway had the highest annual average salinity (34.93) and in 
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most cases when nutrient concentrations were high the salinity was also high, which 
suggests the high concentrations were not due to freshwater inputs. 
 
The monthly boxplot for ammonia did not show the typical nutrient seasonal pattern. 
Ammonia concentrations exceeded the detection limit more frequently at Scalloway 
than at the other sites, and concentrations were significantly higher than all other 
sites.  Highest ammonia concentrations were found in October, November and 
December.  The Scalloway sampling site is located close to a harbour and therefore 
anthropogenic inputs may have resulted in higher ammonia concentrations. 
 
The Scalloway site is in a non-problem area and, therefore, there should be no 
increasing trends in DIN or DIP concentrations.  Yearly boxplots showed no 
significant temporal trend for any of the nutrients.  Both the anomaly and annual 
boxplot showed that DIP, TOxN and DIP concentrations were lower in 2005; this is a 
result of there being no data for the winter months in this year.  For ammonia there 
were more positive anomalies between 2010 and 2013. 
 
All winter Scalloway water samples gave DIN (normalised) concentrations below the 
current UK coastal elevated concentration of 18 µM and only five out of 126 winter 
samples exceeded the proposed elevated TOxN concentration of 14.25 µM (Smith et 
al., 2014).  The majority (65%) of samples also gave concentrations below the 
current UK coastal DIN background concentration of 12 µM and 72% of samples 
were below the proposed Scottish TOxN background concentration of 9.5 µM. 
 
Stonehaven 
 
Total oxidised nitrogen (TOxN), dissolved inorganic phosphorus (DIP), dissolved 
silicate (DSi) and ammonia have been measured in upper and lower waters at the 
Stonehaven site since 1997.  TOxN, DIP, DSi and ammonia concentrations are 
shown as monthly and yearly boxplots (Figures 7.19-7.26) for both surface and 
bottom waters.  The monthly boxplots for DIP, TOxN and DSi showed seasonal 
trends at both depths.  Concentrations were lowest, often below detection limits for 
all three nutrients, in the summer months (May to August) and highest in winter 
(November to February).  Concentrations for TOxN, DIP and DSi were most variable 
in March or April, around the start of the phytoplankton growing season.  Low light 
intensities and high turbulence ensure that phytoplankton numbers are minimal 
during the winter so nutrients tend to accumulate, reaching a maximum prior to the 
growing season.  DIP concentrations rarely exceeded 0.8 µM and winter (November 
to February) annual averages ranged from 0.45 µM to 0.61 µM.  TOxN winter annual 
averages ranged from 6.40 µM to 8.43 µM and DSi from 3.53 µM to 6.08 µM.  Winter 
TOxN and DIP concentrations were similar to Scapa but significantly higher 
compared to Loch Ewe and Loch Maddy (see below), possibly due to greater riverine 
inputs at this site, but significantly lower compared to Scalloway (ANOVA with 
Tukey’s pair-wise comparisons, p<0.005). 
 
Ammonia did not follow the same seasonal pattern as TOxN.  Ammonia sampling 
and analysis is more prone to contamination, which may mask any seasonal 
changes.  Possible sources of ammonia contamination include sampling equipment, 
the atmosphere and the analyst (Kirkwood, 1996).  Ammonia concentrations were 
often below the detection limit in all months, including winter, and rarely exceeded 3 
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µM.  The highest monthly mean ammonia concentration in both the surface and 
bottom waters was found in October, although concentrations were also the most 
variable in this month. 
 
Yearly boxplots show no significant temporal trend for any of the nutrients.  However, 
the monthly and yearly anomaly plots for DSi, TOxN and DIP showed more positive 
anomalies (coloured red in the plots) prior to 2003 (Figures 7.19-7.24).  This change 
does not correspond to the change in instrument as samples collected from 2002 to 
2006 were analysed using the same instrument.  Between 2001 and 2005 
phytoplankton numbers at Stonehaven were lower, which may partly explain the 
higher nutrient anomalies prior to 2003. 
 
The Stonehaven site is in a non-problem area and, therefore, there should be no 
increasing trends in DIN or DIP concentrations.  There was no evidence of any 
increasing trends in either DIN or DIP concentrations at Stonehaven.  All winter 
Stonehaven water samples (surface and bottom) gave DIN (normalised to salinity) 
concentrations below the current UK coastal elevated concentrations of 18 µM and 
the majority (98%) of samples also gave concentrations below the current UK 
coastal DIN background concentration of 12 µM.  Only one out of 638 winter 
samples exceeded the proposed coastal elevated TOxN concentration of 14.25 µM 
(Smith et al., 2014) and 63% of samples were below the proposed Scottish coastal 
TOxN background concentration of 9.5 µM. 
 
 
 
 
7.4 Summary– Inorganic Nutrients 
 

 Inorganic nutrients (Total oxidised nitrogen (TOxN), dissolved inorganic 

phosphorus (DIP) and dissolved silicate (DSi)) are presented from five coastal 

stations (Stonehaven, Loch Ewe, Scapa, Scalloway and Loch Maddy). 

Ammonia is presented from 3 stations (Stonehaven, Loch Ewe and 

Scalloway).  

 Concentrations of DIP, TOxN and DSi exhibited a seasonal cycle at all 

stations, driven by the uptake of nutrients by phytoplankton during the spring, 

an event known as the spring bloom.  Nutrient concentrations were lowest, 

often below detection limits, during the summer months (May to August) and 

begin to increase during September.  

 Nutrient concentrations were highest in winter (November to February), when 

phytoplankton growth is reduced.  The timing of inorganic nutrient uptake by 

the spring bloom varied by station and year.  

 Ammonia concentrations were often below detection limits and did not show a 

seasonal trend.  Ammonia sampling and analysis is more prone to 

contamination, which may mask any seasonal changes. 

 Nutrient enrichment can be assessed using OSPAR Ecological Quality 

Objectives (EcoQOs).  However, the UK Dissolved Inorganic Nitrogen (DIN; 
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the sum of the concentration of TOxN and ammonia) background and 

elevated concentrations (50% above background) have been shown to be too 

high for Scottish waters so new estimates of TOxN background values were 

proposed by Smith et al., (2014). 

 DIN and TOxN (normalised) concentrations were below the current UK and 

proposed Scottish elevated concentrations, consistent with the relatively low 

population densities and industrial activities in Scotland.  The majority of 

samples were also below the UK background concentrations. 

 Spatial differences were observed in winter nutrient concentrations.  In the 

winter, the highest monthly average TOxN (5.81-9.52 µM) and DIP (0.50-0.72 

µM) concentrations were found at Scalloway, suggesting a greater proportion 

of Atlantic water in this area, as evidenced by the highest average annual 

salinity. 

 Lower TOxN (Loch Maddy 4.95-6.41 µM; Loch Ewe 4.01-6.95) and DIP (Loch 

Maddy 0.33-0.50 µM; Loch Ewe 0.38-0.53) concentrations were in the west 

coast sea lochs of Loch Maddy and Loch Ewe.  Nutrient concentrations have 

previously been shown to be low in the Minches and Malin Sea as it is 

shielded by the Outer Hebrides against the inflow of Atlantic water from the 

west and local inputs of freshwater do not appear to be an important source of 

nutrients (Smith et al., 2014). 

 All sites were within non-problem areas as defined by the Water Framework 

Directive (WFD), and, therefore, there should be no increasing trends in DIN 

or DIP concentration.  Yearly boxplots showed high interannual variability and 

no obvious temporal trend for any of the nutrients at any station. 
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7.6 Plots – Inorganic Nutrients 
 

 
Figure 7.1 Dissolved inorganic phosphorus (DIP, µM) data from long term monitoring site at 

Loch Maddy. a) Monthly boxplot DIP data. b) Annual boxplot of DIP data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Data was only available from 

2003 to March 2010, inclusive. in 2009 only January and February data was used, all other 

months had a Quality Flag of 4, and in 2010 only samples collected between January and 

March were analysed for nutrients. The full dataset was used as the base period for the 

anomaly calculations. 
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Figure 7.2 Dissolved silicate (DSi, µM) data from long term monitoring site at Loch Maddy. a) 

Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. Data was only available from 2003 to March 2010, 

inclusive. in 2009 only January and February data was used, all other months had a Quality 

Flag of 4, and in 2010 only samples collected between January and March were analysed for 

nutrients. The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.3 Total oxidised nitrogen (TOxN, µM) data from long term monitoring site at Loch 

Maddy. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. In 2009 only January and 

February data was used, all other months had a Quality Flag of 4, and in 2010 only samples 

collected between January and March were analysed for nutrients. The full dataset was used 

as the base period for the anomaly calculations. 
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Figure 7.4 Upper layer (0 -10 m) dissolved inorganic phosphorus (DIP, µM) data from long 

term monitoring site at Loch Ewe. a) Monthly boxplot DIP data. b) Annual boxplot of DIP data. 

c) Annual mean anomaly time series d) Monthly mean anomaly time series. There were no 

data available prior to 2003. DIP data for samples collected in 2004, 2005 and 2006 were 

assigned a Quality Flag of 4 and therefore excluded from the data assessment. The full 

dataset was used as the base period for the anomaly calculations. 
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Figure 7.5 Lower layer (>30m) dissolved inorganic phosphorus (DIP, µM) data from long term 

monitoring site at Loch Ewe. a) Monthly boxplot DIP data. b) Annual boxplot of DIP data. c) 

Annual mean anomaly time series d) Monthly mean anomaly time series. There were no data 

available prior to 2008. The full dataset was used as the base period for the anomaly 

calculations. 
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Figure 7.6 Upper layer (0 -10 m) dissolved silicate (DSi, µM) data from long term monitoring 

site at Loch Ewe. a) Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. There were no data available prior 

to 2003. The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.7 Lower layer (>30m) dissolved silicate (DSi, µM) data from long term monitoring 

site at Loch Ewe. a) Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. There were no data available prior 

to 2008. The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.8 Upper layer (0 -10 m) total oxidised nitrogen (TOxN, µM) data from long term 

monitoring site at Loch Ewe. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN data. 

c) Annual mean anomaly time series d) Monthly mean anomaly time series. There were no 

data available prior to 2003. The full dataset was used as the base period for the anomaly 

calculations. 
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Figure 7.9 Lower layer (>30m) total oxidised nitrogen (TOxN, µM) data from long term 

monitoring site at Loch Ewe. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN data. 

c) Annual mean anomaly time series d) Monthly mean anomaly time series. There were no 

data available prior to 2008. The full dataset was used as the base period for the anomaly 

calculations. 
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Figure 7.10 Upper layer (0 -10 m) ammonia (µM) data from long term monitoring site at Loch 

Ewe. a) Monthly boxplot ammonia data. b) Annual boxplot of ammonia data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Ammonia data from samples 

collected between 2006 and 2009 inclusive were also assigned a Quality Flag of 4 and were 

therefore excluded. There were no data available prior to 2003. The full dataset was used as 

the base period for the anomaly calculations.  
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Figure 7.11 Lower layer (>30m) ammonia (µM) data from long term monitoring site at Loch 

Ewe. a) Monthly boxplot ammonia data. b) Annual boxplot of ammonia data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. There were no data available prior 

to 2008, and data from 2008 and 2009 was assigned a Quality Flag of 4 and therefore 

excluded. The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.12 Dissolved inorganic phosphorus (DIP, µM) data from long term monitoring site at 

Scapa. a) Monthly boxplot DIP data. b) Annual boxplot of DIP data. c) Annual mean anomaly 

time series d) Monthly mean anomaly time series. There were no data available prior to 

October 1999. All DIP data was assigned a Quality Flag of 4 in 2006 and was therefore 

excluded from the data assessment. The full dataset was used as the base period for the 

anomaly calculations. 
  



 

104 
 

 
 

Figure 7.13 Dissolved silicate (DSi, µM) data from long term monitoring site at Scapa. a) 

Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. There were no data available prior to October 1999. 

The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.14 Total oxidised nitrogen (TOxN, µM) data from long term monitoring site at Scapa. 

a) Monthly boxplot DSi data. b) Annual boxplot of DIP data. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. There were no data available prior to October 

1999. The full dataset was used as the base period for the anomaly calculations. 
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Figure 7.15 Dissolved inorganic phosphorus (DIP, µM) data from long term monitoring site at 

Scalloway. a) Monthly boxplot DIP data. b) Annual boxplot of DIP data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. There were no data available prior 

to 2000. In 2005 data is only available from April – August. All DIP data was assigned a 

Quality Flag of 4 in 2003 and 2006 and therefore was excluded. The full dataset was used as 

the base period for the anomaly calculations. 
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Figure 7.16 Dissolved silicate (DSi, µM) data from long term monitoring site at Scalloway. a) 

Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. There were no data available prior to 2000. In 2005 

data is only available from April – August. The full dataset was used as the base period for 

the anomaly calculations. 
  



 

108 
 

 
 

Figure 7.17 Total oxidised nitrogen (TOxN, µM) data from long term monitoring site at 

Scalloway. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. There were no data available prior 

to 2000. In 2005 data is only available from April – August. The full dataset was used as the 

base period for the anomaly calculations. 
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Figure 7.18 Ammonia (µM) data from long term monitoring site at Scalloway. a) Monthly 

boxplot ammonia data. b) Annual boxplot of ammonia data. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. There were no data available prior to 2000. In 

2005 data is only available from April – August. The full dataset was used as the base period 

for the anomaly calculations. 
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Figure 7.19 Upper layer (0 -10 m) dissolved inorganic phosphorus (DIP, µM) data from long 

term monitoring site at Stonehaven. a) Monthly boxplot DIP data. b) Annual boxplot of DIP 

data. c) Annual mean anomaly timeseries d) Monthly mean anomaly timeseries. DIP data for 

samples collected in 2004, 2005 and 2006 were assigned a Quality Flag of 4 and were 

therefore excluded from the data assessment. The full dataset was used as the base period 

for the anomaly calculations. 
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Figure 7.20 Lower layer (>30m) dissolved inorganic phosphorus (DIP, µM) data from long 

term monitoring site at Stonehaven. a) Monthly boxplot DIP data. b) Annual boxplot of DIP 

data. c) Annual mean anomaly timeseries d) Monthly mean anomaly timeseries. DIP data for 

samples collected in 2004, 2005 and 2006 were assigned a Quality Flag of 4 and were 

therefore excluded from the data assessment. The full dataset was used as the base period 

for the anomaly calculations. 
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Figure 7.21 Upper layer (0 -10 m) dissolved silicate (DSi, µM) data from long term monitoring 

site at Stonehaven. a) Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. The full dataset was used 

as the base period for the anomaly calculations. 
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Figure 7.22 Lower layer (>30m) dissolved silicate (DSi, µM) data from long term monitoring 

site at Stonehaven. a) Monthly boxplot DSi data. b) Annual boxplot of DSi data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. The full dataset was used 

as the base period for the anomaly calculations. 
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Figure 7.23 Upper layer (0 -10 m) total oxidised nitrogen (TOxN, µM) data from long term 

monitoring site at Stonehaven. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN 

data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. The full 

dataset was used as the base period for the anomaly calculations.  
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Figure 7.24 Lower layer (>30m) total oxidised nitrogen (TOxN, µM) data from long term 

monitoring site at Stonehaven. a) Monthly boxplot TOxN data. b) Annual boxplot of TOxN 

data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. The full 

dataset was used as the base period for the anomaly calculations. 
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Figure 7.25 Upper layer (0 -10 m) ammonia (µM) data from long term monitoring site at 

Stonehaven. a) Monthly boxplot ammonia data. b) Annual boxplot of ammonia data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. Ammonia data from 

samples collected between 2006 and 2009 inclusive were assigned a Quality Flag of 4 and 

were therefore excluded from the data assessment. The full dataset was used as the base 

period for the anomaly calculations. 
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Figure 7.26 Lower layer (>30m) ammonia (µM) data from long term monitoring site at 

Stonehaven. a) Monthly boxplot ammonia data. b) Annual boxplot of ammonia data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. Ammonia data from 

samples collected between 2006 and 2009 inclusive were also assigned a Quality Flag of 4 

and were therefore excluded from the data assessment. The full dataset was used as the 

base period for the anomaly calculations. 
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8. Ocean Acidification – Carbonate Chemistry Parameters 
 

8.1 Introduction 
 
Ocean acidification is the decrease in the pH of the earth’s oceans as a result of 
uptake of anthropogenic carbon dioxide (CO2) from the atmosphere (Caldeira and 
Wickett, 2003).  It has been reported that a third of the anthropogenic CO2 (from 
activities such as fossil fuel burning) produced over the past 200 years has been 
absorbed by the oceans, resulting in a decrease in pH of 0.1 units (Sabine et al., 
2004).  By 2100 the pH is predicted to decrease by up to 0.4 units (Gattuso et al., 
2014).  Although the input of CO2 from the atmosphere has only small spatial 
variation, some marine regions will be more rapidly affected; the susceptibility of 
water chemistry to change is dependent on the chemical composition and 
temperature of the water. 
 
The limited data available worldwide shows that acidification does not occur 
uniformly.  Spatial, seasonal and annual variations have been reported (Bates and 
Peters, 2007; Dore et al., 2009; OSPAR, 2010a), with variability naturally highest in 
coastal regions.  It is, therefore, important to identify these natural variations by 
routine monitoring before changes due to anthropogenic inputs can be assessed. 
Ocean acidification and climate change share a common cause, increasing carbon 
dioxide (CO2) in the atmosphere.  However, ocean acidification must be 
distinguished from climate change as it is not a climate process but rather an 
alteration to the chemistry of seawater. 
 
There has been a great deal of interest in ocean acidification in recent years 
because of its potential effects on marine biogeochemistry and ecosystems. 
Atmospheric CO2 is in equilibrium with CO2 in the aqueous phase.  As 
concentrations of CO2 increase in the atmosphere, dissolved inorganic carbon (DIC) 
will increase resulting in an alteration to the carbonate system such that HCO-3 and 
CO2 will increase while CO3

-2 and pH will decrease.  CaCO3 saturation decreases 
with water depth, therefore, any reduction of CO3

-2 will potentially result in lowered 
saturation levels with increased dissolution and reduced saturation depths of marine 
carbonates such as aragonite, calcite and magnesian calcites (Rost et al., 2008; 
Feely et al., 2004). 
 
The effects of the decrease in seawater pH and changes to the saturation states of 
carbonates may be corrosive to the shells and skeletons of marine organisms, while 
the decrease in carbonate ions may affect organisms’ abilities to build skeletons and 
shells, particularly among calcifying organisms (Feely, 2004).  In planktonic and 
benthic communities many may require more energy to obtain and produce the 
calcium carbonate required for skeletal or shell production.  This may impact on 
other energy using functions such as fertilisation, development and growth.  Studies 
have shown a decreased calcification when pH is decreased, with early life stages 
being particularly sensitive to acidification.  CO2 effects will impact the metabolism 
and physiology of organisms in many ways, since factors such as acid - base status 
and oxygen transport in cells and body fluids are affected by their pH. 
 
Ocean acidification may also have socio-economic implications for the UK economy 
as a potential consequence of marine species loss or shift.  Estimating the impact of 
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ocean acidification to the economy, however, is difficult because the ability of marine 
species to adapt is unknown.  Any impact on fertilisation, development and growth of 
marine species, as a result of ocean acidification, may impact fisheries as a food 
resource.  It is estimated that 20% of the world’s protein intake is from marine 
sources (United Nations, 2007).  In 2010, 606,295 tonnes fish and 245,856 tonnes 
shellfish were landed in the UK and Ireland.  It is estimated that 30,000 people in the 
UK alone are dependent on fishing for their livelihoods (MCCIP, 2012). 
 
The Marine Climate Change Impacts Partnership (MCCIP) 2013 science review 
(Williamson et al., 2013) predicted that ocean acidification (assuming a doubling of 
atmospheric CO2 and a 10-25% reduction in growth calcification) would result in a 
10-25% loss in shellfish landings, equating to a loss of £100-500 million per year by 
2080 from the UK economy.  Coastal areas are also an important part of the UK 
leisure and recreation industry supporting employment and small businesses for 
activities such as diving, kayaking, sea angling, and marine mammal observations. 
Any change in coastal marine biodiversity as a result of ocean acidification may 
impact potential revenue.  The effects of ocean acidification may, therefore, impact 
those involved in the fisheries and aquaculture industry, retailers, consumers and 
coastal communities. 
 
In September 2010 the UK signed up to the OSPAR Bergen Statement, to which 
effect ministers have agreed to respond to new challenges and priorities including 
ocean acidification.  Following on from the Bergen statement the OSPAR 
Coordination Group (CoG) met and agreed that ocean acidification will be a 
requirement of the Joint Assessment and Monitoring Programme (JAMP) 2010- 2014 
(OSPAR, 2010b).  The UK also has a commitment to fulfill Marine Strategy 
Framework Directive (MSFD) requirements.  Annex 3 of the Directive includes pH, 
pCO2 (partial pressure of CO2) profiles or equivalent information used to measure 
marine acidification as a characteristic under physical and chemical features.  The 
OSPAR Quality Status Report, published in September 2010 (OSPAR, 2010a), 
identified ocean acidification as an emerging concern for ecosystems and indicated 
that ecosystem wide effects would be observed in the next 50 years. 
 
ICES highlighted the lack of data on seasonal and inter-annual variability, and 
advised that measurements should cover a range of waters (Hydes et al., 2013). 
Charting Progress 2 also highlighted the lack of baseline measurements of pH 
against which changes can be judged and indicated that there was an upward trend 
in ocean acidification which could pose a threat to marine species and ecosystems. 
Both the OSPAR/ICES Study Group on Ocean Acidification (SGOA; ICES, 2014) 
and the Global Ocean Acidification Observing Network (GOA-ON; Newton et al., 
2015) have identified particular gaps in data for coastal and inshore waters.  This 
time series begins to address this knowledge gap. 
 
8.2 Methods 
 
Collection and Storage of Sea Water Samples 
 
Between 2009 and 2013 water samples were collected from two depths (1 m and 45 
m) on a weekly basis (weather permitting) at the Stonehaven monitoring site with the 
aim of providing a baseline for a coastal region in Scottish waters.  Water samples 
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were collected between January 2009 and February 2011 and analysed, by the 
National Oceanography Centre Southampton (NOC), as part of the Defra PH project 
and UK Ocean Acidification (UKOA) project.  Since August 2011, water samples 
have been collected at the Stonehaven monitoring site as part of a Scottish 
Government funded research project.  Samples were collected using a Niskin 
sampling bottle, which was also fitted with a digital reversing thermometer.  Discrete 
water samples were collected for the determination of Dissolve Inorganic Carbon 
(DIC) and Total Alkalinity (TA) into 250 ml glass bottles (Schott Duran) and poisoned 
with 50 μl saturated HgCl2 solution to prevent biological alteration during storage.  A 
head-space of 2.5 mL was left to allow for water expansion and the bottles were 
sealed using a greased ground glass stoppers to ensure they remained gas-tight. 
 
Samples were shipped to the National Oceanography Centre Southampton (NOC) 
for analysis at the Natural Environment Research Council (NERC) laboratory. 
 
Determination of Total Alkalinity (TA) and Dissolved Inorganic Carbon (DIC) 
 
Analysis was performed using colorimetric and potentiometric open titration cell 
techniques.  Samples were analysed using the Versatile Instrument for Analysis of 
Titration Alkalinity (VINDTA 3C, Marianda, Germany) on the two NERC Ocean 
Biogeochemistry and Ecosystems group carbonate facility (VINDTA units 11 and 
24).  All the samples were heated to 25 ºC using a water bath (F12, Julabo, 
Germany) immediately before analysis.  Standard guidelines were followed for 
analysis (Mintrop, 2005 and Hartman et al., 2011). DIC and TA were analysed in 
batches of between 9 and 24 samples.  Duplicate samples were, where possible, 
analysed on different NOC Vindta instruments. 
 
Dissolved Inorganic Carbon (DIC) 
 
DIC was measured by a coulometric titration (coulometer 5011, UIC, USA) following 
the extraction of CO2 from a ~20 ml sub-sample.  The DIC section of the VINDTA 3C 
consists of two main parts where reactions take place.  In the first, the sample is 
acidified with phosphoric acid (H3PO4, 10%) and bubbled through with the inert 
carrier gas (nitrogen), thereby reducing the pH and converting the carbon species 
into CO2 gas.  The CO2 gas is then transferred into the second part by the inert 
carrier gas being cooled to remove water vapour en route into the coulometer cell, 
where it is titrated colorimetrically. 
 
The coulometer cell consists of two chambers separated by a sintered glass frit, the 
cathode and the anode chamber, with a platinum and silver electrode, respectively, 
and connected to the coulometer to produce a current.  The cathode cell is filled with 
a dimethylsulfoxide solution containing monoethanolamine (HOCH2CH2 NH2,) and 
the pH indicator thymol blue.  The produced CO2 reacts with the monoethanolamine 
to form hydroxyethyl carbamic acid (HOCH2CH2NHCOOH) causing the indicator to 
turn colourless, increasing the transmittance.  The current is activated and the 
electrons titrate the hydroxethyl carbamic acid returning the pH to the value before 
the CO2 addition, returning the indicator to blue and the transmittance to 29.6 %.  At 
the beginning of each session, a blank measurement was undertaken adding only 
H3PO4, generating an amount of counts (ideally below 100), which then are 
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subtracted from the end count as well as used to determine the titration endpoint. 
Analysis concluded after four end-points had been achieved. 
 
Total Alkalinity 
 
Total alkalinity (TA) was determined by a potentiometric open-cell titration on a ~100 
ml sub-sample using a pH half-cell electrode (Orion, Ross, USA) and Ag/AgCl 
reference electrode (Metrohm, Switzerland).  The sample was titrated against 
hydrochloric acid (HCl, 0.1 M) prepared in sodium chloride solution (NaCl, 0.7 M). 
HCl was added via a Metrohm titrator (0.15 ml additions) until the carbonic acid 
equivalence point was reached.  The pH of the titration was monitored by the pair of 
electrodes which measured the difference in electromotive force (emf) caused by the 
change in pH.  The emf and the amount of acid added allows the calculation of total 
alkalinity by a curve fitting method based on a Gran plot approach (Dickson et al., 
2007) by the VINDTA software. 
 
Quality Control 
 
Precision 
 
Repeat measurements on previously analysed samples were undertaken before 
sample analysis each day (n>3).  Instrument precision was better than ± 1.5 μM/kg 
for DIC and TA.  The standard deviation for DIC and TA was calculated for each day 
of analysis. 
 
Instrument Calibration and Monitoring Analytical Performance 
 
Reference Materials (RM) from Dr Andrew Dickson (Scripps Institution of 
Oceanography) were used for calibration to assure the accuracy of the 
measurements.  RMs were analysed at the beginning, middle and end of the 
sessions.  The result of the first RM analysis was used in the final calculation to 
avoid bias in DIC due to gas exchange providing a correction factor (k) for each 
analysis session. 
 
K= RM measured/ RM certificate 
 
RMs were monitored on control charts for each individual instrument. 
 
Data Handling  - Correction for Salinity 
 
The VINDTA software assigns a default salinity of 35 PSU.  However, if the sample 
salinity was known at the time of analysis the TA was corrected for this within the 
instrument software.  The DIC was corrected for salinity post analysis (Friis et al., 
2003). 
 
Data Handling  - CO2SYS Routine 
 
The marine carbonate system can be characterised from any two of the four 
parameters: DIC, TA, pCO2 and pH. The Excel program “CO2SYS” can be used to 
calculate the partial pressure of CO2 (pCO2), pH, calcite and aragonite saturation 
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states, Revelle factor, carbonate and bicarbonate ion concentrations (Periott et al., 
2006).  The combination of input parameters DIC, TA, DIP and DSi concentrations 
and laboratory pressure and temperature (0 dbar, 25 ºC) and output conditions (real 
temperature and pressure when the sample was taken) were used to calculate the 
two other carbonate chemistry parameters pCO2 and pH. 
 
The dissociation constants of carbonic acid (pK1 and pK2) determined in real 
seawater (Millero et al., 2006) were used as constants in the CO2SYS calculation. 
The pCO2 calculation comes from the inaccuracies of the thermodynamic 
dissociation constants (mainly pK1 and pK2) and the experimental measurements of 
the variables used for calculation and can be in the order of ± 7 μatm (Millero et al., 
2006). 
 
8.3 Results 
 
There are four parameters of the marine carbonate system which can be measured 

directly; TA, pH, CO2 and DIC.  Measurements of any two components allow the 
concentration of the other two to be calculated.  TA and DIC have been measured in 
surface and bottom waters at the Stonehaven long term monitoring site since 2009. 
TA and DIC concentrations are shown as monthly and year box plots (Figures 8.1-
8.4) for both surface and bottom waters. 
 
The monthly box plot showed a seasonal trend for TA in bottom waters with 
maximum concentrations in the summer months coinciding with the phytoplankton 
growing season.  This is a consequence of nitrate uptake by phytoplankton cells 
during the growing season which reduces nitrate concentrations in the water which 
impacts TA. There was a slight increase in TA concentrations in surface waters 
during the summer months but the trend was not as pronounced as bottom waters 
possibly as a consequence of surface mixing at the site. DIC concentrations 
increased over the winter months to a maximum in March before decreasing to a 
minimum around June in surface and bottom waters.  This annual cycle was 
strongest in surface waters. 
 
The winter DIC maximum could potentially be attributed to calcite dissolution in the 
area and lack of uptake by phytoplankton due to low growth.  The pH and calcite 
saturation were derived using CO2SYS.  Monthly box plots of both surface and 
bottom pH showed pH was highest during April and May and corresponded with the 
phytoplankton growing season.  Derived calcite saturation, of surface and bottom 
waters, was lowest during the winter months increasing to a maximum around June 
and July (Figures 8.5-8.8). 
 
Ocean acidification is a long term process requiring decadal scale monitoring and it 
is therefore difficult to determine trends over the short timescale of this work (2008 to 
2013).  It should be noted that sampling only began in November 2008 and the 
boxplot for this year is based on two months of data. 
 
Yearly boxplots of TA concentrations in both surface and bottom waters appeared to 
show a drop in the alkalinity at the site in 2013.  This corresponds to a negative 
anomaly on the anomaly plots for both the surface and bottom waters in 2013.  DIC 
concentrations of both surface and bottom waters appeared to have increased 
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during the period of the analysis and this corresponded to a positive anomaly plot 
from 2011 onwards. 
 
Yearly box plots of both the derived pH and calcite saturation appeared to show a 
downward trend at the site.  The pH anomaly plots at both depths were negative in 
2012 and 2013 while the calcite saturation anomaly plots were negative at both 
depths in 2011 and 2013.  If these data are reviewed in isolation it would appear 
there is a downward trend.  However, this does not account for any changes in 
salinity during the period.  In late 2012 the salinity at the site increased to almost 35 
PSU possibly as a consequence of offshore waters entering the site followed by very 
cold spring water temperatures.  The downward trend in pH is not unique to 
Stonehaven, a recent publication by Ostle (2016) observed decreasing pH during the 
same period at the Western Channel Obervataory (Western English Channel) and 
the CEFAS Smartbuoy sites located in the Southern North Sea and Liverpool Bay.  
The Ostle publication did not consider changes to salinity or temperature and its 
impact on carbonate chemistry. 
 
It is not currently possible to assess the data collected against assessment criteria 
as there are none available for carbonate chemistry parameters in relation to OA. 
The joint OSPAR/ICES Ocean Acidification Study Group (SGOA) noted that the 
existing concept of OSPAR assessment criteria is not readily transferrable to OA due 
to the long-term and global nature of the issue.  SGOA concluded that the primary 
focus should be on temporal trend assessments.  However, the calcite saturation at 
the site remains >1 indicating the waters at Stonehaven are supersaturated and 
organisms should be able to calicify.  The long-term monitoring at Stonehaven 
highlights the requirement for a robust dataset to distinguish changes as a 
consequence of anthropogenic inputs from that of the natural seasonal and inter-
annual variability. 
 
8.4 Summary – Ocean Acidification 
 

 Ocean acidification driven by anthropogenic inputs is a long term process 

requiring high frequency decadal scale monitoring to identify established 

changes in carbonate chemistry.  

 The carbonate chemistry parameters TA and DIC, pH and calcite saturation 

are presented from the Stonehaven coastal station.  TA and DIC were 

measured directly from duplicate samples in surface (1 m) and bottom waters 

(45 m) between 2009 and 2013.  Calcite saturation and pH values were 

derived. 

 This dataset represents the only high frequency coastal carbonate chemistry 

time series in Scottish waters and provide a unique insight into the 

seasonality, short-term and interannual variability. 

 The data revealed considerable variability on a weekly time scale at the 

Stonehaven monitoring site.  On a seasonal scale it showed a relationship 

with the phytoplankton growing season as DIC is lowest and pH and TA 

highest when phytoplankton numbers were elevated.  
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 Both the derived pH and calcite saturation state decreased at the Stonehaven 

site during 2012 - 2013. This is consistent with other observations around UK 

waters over the same period.  At Stonehaven, this event coincided with 

unusually high salinity water in the autumn 2012, followed by very low 

temperatures in spring 2013, both of which can be indicative of factors that 

affect carbonate chemistry.   

 There are currently no assessment criteria available for carbonate chemistry 

parameters in relation to OA. Changes in the saturation states of the 

carbonates can give an indication of an organism’s ability to calcify. Waters 

must be supersaturated (saturation > 1) to maintain calcification.  The derived 

calcite saturation at Stonehaven remains >1, indicating the waters at 

Stonehaven are supersaturated and organisms should be able to calcify. 

 The monitoring at Stonehaven highlights the requirement for a robust dataset 

to distinguish changes as a consequence of anthropogenic inputs from that of 

the natural seasonal and inter-annual variability.  Therefore, it is important that 

time series are maintained and supported, particularly in the coastal and 

inshore waters which have been identified as data gaps internationally. 
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8.6 Plots – Carbonate Chemistry Parameters 
 

 

 
Figure 8.1 Upper layer (0-10 m) Total Alkalinity (TA) data from the long term monitoring site 

at Stonehaven. a) monthly boxplot of TA data, b) annual boxplot of TA data, c) annual TA 

anomaly time series data and d) monthly TA anomaly timeseries data. There were no data 

available prior to November 2008. The full dataset was used as the base period for the 

anomaly calculations.   
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Figure 8.2 Lower layer (> 30 m) Total Alkalinity (TA) data from the long term monitoring site 

at Stonehaven. a) monthly boxplot of TA data, b) annual boxplot of TA data, c) annual mean 

TA anomaly timeseries data and d) monthly mean TA anomaly timeseries data. There were 

no data available prior to November 2008. The full dataset was used as the base period for 

the anomaly calculations.  



 

128 
 

 
Figure 8.3 Upper layer (0-10 m) Dissolved Inorganic Carbon (DIC) data from the long term 

monitoring site at Stonehaven. a) monthly boxplot of DIC data, b) annual boxplot of DIC data, 

c) annual mean DIC anomaly timeseries data and d) monthly mean DIC anomaly timeseries 

data. There were no data available prior to November 2008. The full dataset was used as the 

base period for the anomaly calculations.   
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Figure 8.4 Lower layer (> 30 m) Dissolved Inorganic Carbon (DIC) data from the long term 

monitoring site at Stonehaven. a) monthly boxplot of DIC data, b) annual boxplot of DIC data, 

c) annual mean DIC anomaly timeseries data and d) monthly mean DIC anomaly timeseries 

data. There were no data available prior to November 2008. The full dataset was used as the 

base period for the anomaly calculations.  
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Figure 8.5 Upper layer (0-10 m) Derived pH (CO2SYS derived pH, Total Scale) data from the 

long term monitoring site at Stonehaven. a) monthly boxplot of pH data, b) annual boxplot of 

pH data, c) annual mean pH anomaly timeseries data and d) monthly mean pH anomaly 

timeseries data. There were no data available prior to November 2008. The full dataset was 

used as the base period for the anomaly calculations.  



 

131 
 

 
 

Figure 8.6  Lower layer (> 30 m) Derived pH (CO2SYS derived pH, Total Scale) data from 

the long term monitoring site at Stonehaven. a) monthly boxplot of pH data, b) annual boxplot 

of pH data, c) annual mean pH anomaly timeseries data and d) monthly mean pH anomaly 

timeseries data. There were no data available prior to November 2008. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 8.7 Upper layer (0-10 m) derived calcite saturation (CO2SYS derived) data from the 

long term monitoring site at Stonehaven. a) monthly boxplot of calcite saturation data, b) 

annual boxplot of calcite saturation data, c) annual mean calcite saturation anomaly 

timeseries data and d) monthly mean calcite anomaly timeseries data. There were no data 

available prior to November 2008. The full dataset was used as the base period for the 

anomaly calculations.  
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Figure 8.8 Lower layer (>30 m) derived calcite saturation (CO2SYS derived) data from the 

long term monitoring site at Stonehaven. a) monthly boxplot calcite of saturation data, b) 

annual boxplot of calcite saturation data, c) annual mean calcite saturation anomaly 

timeseries data and d) monthly mean calcite anomaly timeseries data. There were no data 

available prior to November 2008. The full dataset was used as the base period for the 

anomaly calculations.  
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9. Phytoplankton 
 
9.1 Introduction 
 
Phytoplankton are microscopic unicellular organisms which inhabit the water column. 
They occupy the base of the food chain and harvest light energy from the sun which 
they use to convert H2O and CO2 to carbohydrate and O2 via the process called 
photosynthesis.  This energy is passed up through the food web via grazing and 
predation and thus changes to the phytoplankton community have the potential to 
impact higher levels in the food web (Chavez et al., 2011).  Under certain 
environmental conditions phytoplankton cell numbers can increase and form what is 
termed an ‘algal bloom’.  The formation of algal blooms is a natural part of the 
seasonal cycle in the oceans with a spring and autumn bloom commonly observed in 
marine ecosystems at temperate latitudes (Cushing 1989). 
 
Some phytoplankton blooms can have a negative impact on the marine ecosystem 
and the goods and services it supports.  Blooms of these species are referred to as 
‘harmful algal blooms’ or HABs.  It should be noted that this is a societal term and 
there are few biological similarities between the species that are included in this 
grouping (Gowen et al., 2012).  HABs have a diverse range of negative impacts on 
the environment.  Impacts recorded in Scottish waters include benthic mortalities 
from high biomass blooms, mortalities of farmed fish from high densities of the 
dinoflagellate Karenia mikimotoi (Davidson et al., 2009) and enforced closures of 
shellfish harvesting areas as a result of high concentrations of the toxins responsible 
for paralytic, lipophilic and amnesic shellfish poisoning (Davidson and Bresnan 
2009). 
 
There is a pressing requirement to understand the dynamics of the phytoplankton 
community in Scottish waters.  Environmental drivers such as climate change, ocean 
acidification and eutrophication all have the potential to impact the phytoplankton 
community which can affect all levels of the marine food web.  The Scottish 
Government is currently promoting a 50 % increase in the production of farmed fish 
and 100 % increase in the shellfish aquaculture industry between 2010 and 2020. 
 
The EU Water Framework Directive (WFD) and EU Marine Strategy Framework 
Directive (MSFD) require member states to achieve ‘Good Ecological Status’ and 
‘Good Environmental Status’ respectively in their marine waters. For the WFD, the 
phytoplankton community is included as a biological element used to assess water 
quality (Devlin et al., 2007).  For the MSFD, ‘Good Environmental Status’ is 
assessed under eleven different descriptors with phytoplankton included as part of 
the Biodiversity, Food Webs and Eutrophication descriptors (DEFRA, 2010).  The 
Stonehaven and Loch Ewe monitoring sites currently act as monitoring sites for both 
the WFD and MSFD with Scapa and Scalloway being included in the proposed UK 
MSFD monitoring plan.  The phytoplankton data already collected as part of this 
MSS monitoring programme have contributed towards tool development to meet 
these directives (Devlin et al., 2013, Scherer et al., 2015). 
 
Data from offshore phytoplankton populations collected by the Continuous Plankton 
Recorder (CPR) reveal a number of episodic events which have altered the 
phytoplankton community in the North East Atlantic over the last six decades.  These 
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include a ‘cold boreal’ anomaly which was identified in the late 1970s, associated 
with low temperature and salinity and resulted in a reduction of the intensity of the 
spring diatom bloom (Edwards et al., 2002).  A ‘warm temperate’ event identified at 
the end of the 1980s as a regime shift was associated with marked synchronous 
changes in plankton in the CPR and other time series from the North Sea and Baltic 
areas (Edwards et al., 2002, Edwards et al., 2006, Wiltshire et al., 2008).  A shift in 
the spatial distribution of some HAB genera has been recorded in the North Sea over 
the last five decades.  High cell densities of the lipophilic shellfish toxin producer 
Dinophysis along the north east coast of England in the 1970s are no longer 
observed and higher densities are now recorded in the northwest North Sea 
(Edwards et al., 2006).  More recently, Alvarez-Fernandez et al., (2012) and 
Beaugrand et al., (2014) have reported another shift in the North Sea plankton 
community in 1998. This shift has been associated with a reduction in dinoflagellates 
and neritic copepods. 
 
Data from coastal waters is much more sparse.  Sporadic studies have been 
performed along the west coast in the 1970s and 80s (Gamble et al., 1977, Tett and 
Wallis 1978, Gowen et al., 1983, Jones et al., 1984, Morris 1984, Joint et al., 1987, 
Savidge and Lennon 1987) with more recent descriptions of the phytoplankton 
community on the east and west coast emerging in the last ten years (Bresnan et al., 
2009, Whyte 2012, Tett 2013, Bresnan et al., 2015a, Siemering et al., 2016).  There 
have been two published descriptions of the phytoplankton community from the ‘Ellet 
line’ which is monitored on an annual basis between Oban on the west coast of 
Scotland and Rockall (Savidge and Lennon 1987, Fehling et al., 2012).  Since the 
1990s most phytoplankton studies in Scotland have focused on harmful species 
owing to their negative impacts on the aquaculture industry (Fehling et al., 2004, 
2005, 2006, Hart et al., 2007, Bresnan et al., 2008, Brown and Bresnan, 2008, 
Collins et al., 2009a, Davidson et al., 2009, Brown et al., 2011, Gowen et al., 2012, 
Whyte et al., 2014, Bresnan et al., 2015b). 
 
Full Community Phytoplankton Analysis 
 
Marine Scotland Science commenced routine phytoplankton community monitoring 
in 1997 at the Stonehaven site.  This analysis was introduced at Loch Ewe, Scapa 
and Scalloway from 2000, Loch Maddy from 2003-2011 and Millport from October 
2005 to October 2013.  
 
Diatoms and dinoflagellates were identified to species level when possible.  The use 
of Lugol’s iodine as a preservative, the limitations of using light microscopy and 
cryptic speciation mean that in many cases a species (or at times genus) level 
identification is not possible.  Molecular, electron and fluorescent microscopy 
microscopy methods have been used to identify phytoplankton cells to species level 
for target groups and genera such as coccolithophores, Alexandrium and Pseudo-
nitzschia.  These data are not presented here.  For this report the diatom and 
dinoflagellate cells identified and enumerated in each sample were summed to 
produce a total diatom and total dinoflagellate cell count and these values were used 
to generate the plots.  Three algal toxin producing genera (Alexandrium, Dinophysis 
and Pseudo-nitzschia) are presented.  Their seasonality and interannual variation in 
abundance is described and any regional differences flagged. 
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The Marine Plants Task Team for the WFD generated a phytoplankton species list to 
compile data from the UK for WFD assessment.  This list is given in Appendix F in 
Part 3 of this report. 
 
9.2 Methods 
 
Sample Collection and Storage 
 
Phytoplankton samples are collected using a 10 m integrated tube sampler.  The 
tube is slowly lowered into the water from a boat or pier and the upper valve closed 
to ensure the water remains in the tube when it is extracted.  The water from the 
tube is emptied into a bucket where it is mixed.  A 1 L subsample is poured into a 1 L 
Nalgene bottle and 5 mL of acidic Lugol’s iodine solution is added (Throndsen 1978). 
The bottle is labelled with site name, date, time, depth placed in a box and posted to 
the Phytoplankton Lab at the Marine Laboratory in Aberdeen.  The mean time in 
transit is approximately 2-3 days.  A full methodology can be found in Kelly and 
Fraser (1999). 
 
Sample Processing, Analysis and Archiving 
 
Phytoplankton samples are transferred to labelled amber glass jars immediately on 
receipt in the phytoplankton laboratory.  Phytoplankton samples are analysed using 
a modified Utermöhl technique (Utermöhl 1958).  Between 1997 and 1998, 10 mL of 
water sample was settled for four hours for analysis.  In 1998 the volume settled was 
increased to 50 mL with a minimum settling time of 40 hours. 
 
Phytoplankton samples were analysed using an inverted Zeiss axiovert microscope 
(model numbers 10, 20S, 100, 200).  A number of target species were counted in the 
entire base plate and the presence/absence of all species in the sample were noted 
from 2001 from Stonehaven and 2005 for all other sites.  Full community densities 
were estimated by counting the first 400 cells at X400 magnification from 1997 to 
1999.  From 2000, fields of view across a transect were also counted at X200 
magnification. 
 
Phytoplankton species data was held in a combination of Excel spreadsheets and a 
Paradox database.  In 2016 a web based data island was developed to hold this 
data.   
 
Data Quality, Handling and Archiving 
 
All analysts undergo approximately 12 months of internal training and participate on 
the Intergovernmental Oceanographic Commission’s course in advanced harmful 
algal bloom taxonomy before they are signed off as competent to perform full 
community phytoplankton analysis.  The length of time it takes for an analyst to be 
signed off depends on the individual and their prior taxonomic identification 
experience.  Interanalyst ring trials are performed on an annual basis within MSS to 
examine interanalyst variability.  Analysts participate on the BEQUALM international 
phytoplankton ring trial on an annual basis.  They are also encouraged to participate 
on external training courses when funding is available. 
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Since 2005 the identification and enumeration of toxin producing phytoplankton cells 
has been accredited to the ISO 17025 standard.  Sample log in, processing and data 
QC is also covered by this method (PHY01).  This method also includes protocols for 
training and checking for procedural errors.  Data from the phytoplankton database 
are checked for typographic errors after entry.  At the end of the year the seasonal 
cycle is examined for extreme outliers.  Should sample data look suspicious the 
sample is reanalysed from the 100 ml aliquot although this has happened 
infrequently during the time series.  All data is assigned a QF0 (not QCed) until the 
data has been signed off at the end of the year.  A final plot of the annual cycle is 
reviewed before the the relevant QF is assigned. 
 
Data was square root transformed (SQRT) prior to plotting to reduce the impact of 
extreme values. 
 
9.3 Results - Diatoms 
 
Diatoms are small unicellular phytoplankton cells which have a silicon frustule. 
Morphological features of this silica frustule alongside size and shape are used to 
identify diatoms cells to genus and species level.  In some instances the resolution of 
light microscopy and the preservation using Lugol’s iodine is insufficient to allow a 
species identification and a genus level or broad grouping e.g. ‘centric diatom’ is 
used to record the cells.  Cryptic speciation where two different species can not be 
distinguished using morphological criteria alone can occur in diatoms (e.g. Pseudo-
nitzschia delicatissima and Pseudo-nitzschia arayensis).  In this instance molecular 
methods are required to make a true assessment of the diversity present. 
 
Diatoms play an important role in the marine food web.  At northern latitudes light 
levels are low and the water column is turbulent over the winter months.  At this time 
phytoplankton populations are sparse and as a result nutrients accumulate in the 
water column (see Chapter 7).  As spring arrives, light levels begin to increase and 
the water column begins to stabilise.  During most years there is a rapid burst of 
phytoplankton growth at this time, which is mostly dominated by smaller, rapidly 
growing diatoms.  This group is favoured owing to their short generation times and 
ability to withstand agitation in the water column.  This rapid increase in diatom 
numbers is referred to as the ‘spring bloom’.  This natural event plays an important 
role in the marine ecosystem as it represents the major food resource for 
zooplankton copepods and post winter egg production (Bresnan et al., 2015a). 
 
Once the spring bloom has depleted the nutrients in the water column, diatom levels 
decline.  Dinoflagellates begin to increase and at times the small colonial forming 
flagellate Phaeocystis can become more abundant.  Dinoflagellates tend to be most 
abundant over the summer months (Cushing, 1989).  This group prefer calm, 
stratified water and thus their abundance is strongly influenced by the prevailing 
weather conditions from year to year.  In the autumn months dinoflagellates decline 
as the water column gets more agitated and nutrients in the water column increase. 
At this time there can be another bloom of diatoms known as the ‘autumn bloom’. 
Once these diatom cell densities decline, diatoms are present in very low 
concentrations in the water column over the winter.  Long term studies have shown 
that diatom cell densities are increasing during the summer months in the northeast 
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Atlantic area and have related the increase to increasing wind intensity during the 
summer months (Hinder et al., 2012). 
 
One group of phytoplankton that are poorly studied are the microflagellates (< 20 µm 
in diameter).  These are flagellated cells whose small size and lack of distinguishing 
features in Lugol’s iodine preserved samples make them difficult to identify and 
enumerate in a routine monitoring context.  A ‘relative’ count of microflagellates is 
perfomed but not presented here.  Since 2014 flow cytometric analysis of the nano 
(2-20 µm diameter) and pico (<2 µm diameter) from   the Stonehaven monitoring site 
has been performed. 
 
Diatoms: Millport 
 
The diatom community in Millport followed a distinct seasonal cycle.  Diatoms 
increased sharply during March, forming an intense spring bloom.  This spring time 
community was dominated by the diatom Skeletonema marinoi.  Diatom cell 
densities decreased over the summer months and the ‘autumn diatom bloom’ was 
largely absent at this site.  The time series is too short to allow robust examination of 
trends over time but an increased abundance of diatoms was recorded from 2008 
compared to the earlier years of the time series. 
 
Diatoms: Loch Maddy 
 
The spring bloom occured during April/May in Loch Maddy.  The population during 
this time was dominated by Skeletonema marinoi and Thalassiosira spp.  There was 
a slight increase in cell numbers during the autumn.  This population was dominated 
by Pseudo-nitzschia spp. and Leptocylindrus spp. cells.  Infrequent sampling 
between 2008 and 2011 made interpretation of the results from Loch Maddy during 
these years difficult. 
 
Diatoms: Loch Ewe  
 
Loch Ewe exhibited a seasonal cycle typical of temperate waters with a spring 
diatom bloom dominated by Pseudo-nitzschia ‘delicatissima type’ cells, Skeletonema 
marinoi, Thalassiosira and Chaetoceros spp.  Diatom numbers during the summer 
months were generally low with an autumn bloom comprising of Pseudo-nitzschia 
‘seriata type’ cells and Rhizosolenia species observed between August and 
September. Interannual variation was seen in the abundance of diatom cells 
observed throughout the year at this site with higher diatom abundances recorded 
during 2005-2009. 
 
Diatoms: Scapa 
 
A typical diatom cycle was seen in Scapa with an increase in diatoms in spring and 
again in late summer/early autumn.  The spring community was dominated by P. 
‘delicatissima type’ cells, Skeletonema marinoi, Guinardia delicatula, Chaetoceros 
and Thalassiosira spp.  The autumn community was dominated by Pseudo-nitzschia 
‘seriata type’ cells and Rhizosolenia spp.  Considerable interannual variability was 
seen at this site during the time series with 2006-2009 showing positive anomalies in 
the abundance of diatoms observed. 
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Diatoms: Scalloway 
 
Some differences were observed between the seasonal diatom cycle at Scalloway 
and sites on the west coast of Scotland.  Diatom cell densities began to increase 
during the spring months but reached their maximum abundance during the summer 
in June and July.  These summer populations were comprised of Chaetoceros spp., 
Guinardia delicatula, Pseudo-nitzschia spp. and Thalassiosira spp.  An increase in 
diatom abundance was observed from 2005.  
 
Diatoms: Stonehaven 
 
The diatom community at Stonehaven followed a seasonal cycle with cell numbers 
increasing in spring.  This increase was generally observed approximately a month 
later than at sites on the west coast.  The spring bloom diatom community was 
dominated by Pseudo-nitzschia ‘delicatissima type’ cells and Chaetoceros spp.  
From 2005 Skeletonema marinoi became a dominant member of this community 
during some years.  In contrast to sites along the west coast and in Orkney, the 
autumn bloom was much less pronounced at this site and was not observed every 
year.  If it occurs, it is comprised of P. ‘seriata type’ cells and Rhizosolenia spp. 
Considerable interannual variation was observed with a decrease in diatom 
abundance observed between 2001 and 2004.  The spring bloom was particularly 
reduced during this period. 
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9.4 Plots – Diatoms 

 
 

Figure 9.1 Diatom abundance (cells L
-1

) from the long term monitoring site at Millport. SQRT 

transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in October 2005 and finished in October 2013. The full dataset 

was used as the base period for the anomaly calculations.  
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Figure 9.2 Diatom abundance (cells L

-1
) from the long term monitoring site at Loch Maddy. 

SQRT transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in 2003 and sampling was infrequent during the latter part of the 

time series. The full dataset was used as the base period for the anomaly calculations.  
  



 

142 
 

 
 

Figure 9.3 Diatom abundance (cells L
-1

) from the long term monitoring site at Loch Ewe. 

SQRT transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in 2001 with the position of the site changing in 2002. The full 

dataset was used as the base period for the anomaly calculations.  
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Figure 9.4 Diatom abundance (cells L
-1

) from the long term monitoring site at Scapa. SQRT 

transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in 2001. The full dataset was used as the base period for the 

anomaly calculations.  
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Figure 9.5 Diatom abundance (cells L
-1

) from the long term monitoring site at Scalloway. 

SQRT transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in 2001. The full dataset was used as the base period for the 

anomaly calculations.  
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Figure 9.6 Diatom abundance (cells L
-1

) from the long term monitoring site at Stonehaven. 

SQRT transformed data has been plotted. a) Monthly boxplot of diatom abundance. b) Annual 

boxplot of diatom abundance. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in 1997. The full dataset was used as the base period for the 

anomaly calculations.  

 
  



 

146 
 

9.5 Results - Dinoflagellates 
 
Dinoflagellates are important members of the summer phytoplankton community in 
Scottish waters.  Dinoflagellates have two hair like flagella that they use to move 
about in the water column.  They favour conditions when the water column is stable, 
usually during the summer when the water column is thermally stratified.  During 
these periods dinoflagellates swim to the thermocline to utilise the nutrients there 
(Cushing 1989). 
 
Dinoflagellates have many different modes of nutrition.  As well as being autotrophs 
(using nutrients in the water column to produce sugars via the process of 
photosynthesis) some are heterotrophs and feed only on bacteria or other 
phytoplankton cells.  Members of the Protoperidinium genus employ this feeding 
trait.  Some dinoflagellates are mixotrophs and can alternate which mode they use. 
This range of feeding mechanisms increases the diversity of habitats they can 
inhabit (Gomez 2012). 
 
A decrease in dinoflagellate abundances has been observed in the northeast Atlantic 
over the last number of decades (Edwards et al., 2002, 2006).  The common 
summer dinoflagellates genus Tripos (reclassified from Ceratium) has shown a 
decrease in cell densities as a result of increasing and changing wind speeds 
(Hinder et al., 2012) although recent data from MSS would suggest this genera is 
becoming more abundant. 
 
Some dinoflagellates can cause negative impacts through the production of shellfish 
toxins e.g. Alexandrium and Dinophysis resulting in enforced closures of shellfish 
harvesting areas (Bresnan et al., 2008, Davidson and Bresnan 2009) while Karenia 
mikimotoi can result in mortalities of the benthos and farmed fish (Davidson et al., 
2009). 
 
Dinoflagellates: Millport 
 
The dinoflagellate community followed a typical seasonal cycle for temperate 
latitudes with cell densities dominating during the summer months.  The 
dinoflagellate population was dominated by the genera Tripos, Gymnodinium and 
Dinophysis. Interannual variation was observed at this site with maximum cells 
observed in 2009 and 2011. 
 
Dinoflagellates: Loch Maddy 
 
The dinoflagellate community at this site followed a typical seasonal cycle for 
temperate latitudes.  The population was dominated by Protoperidinium and 
Prorocentrum. A bloom of Karenia mikimotoi was observed at this site in 2006. 
 
Dinoflagellates: Loch Ewe 
 
The dinoflagellates at this site followed a typical seasonality for temperate latitudes. 
The dinoflagellate population was dominated by Tripos and Dinophysis.  Cell 
densities of Tripos observed a decline between 2003 and 2010.  Blooms of Karenia 
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mikimotoi also impacted this site with mortalities of the benthos observed during 
2006. 
 
Dinoflagellates: Scapa 
 
The seasonality of the dinoflagellate community at this site was similar to that of 
temperate latitudes with Tripos and Dinophysis dominant during the summer months. 
Cell densities of Tripos observed a decline between 2003 and 2010.  This site also 
experienced concentrated Karenia mikimotoi blooms during 2001, 2003, 2006 and 
2009.  Mortalities of benthic animals such as lug worms were observed at this site 
during the 2003 and 2006 blooms. 
 
Dinoflagellates: Scalloway 
 
Dinoflagellates dominated during the summer months at this site although peak 
numbers were observed in May and June.  In contrast to other sites Tripos was not 
routinely observed at this site and the summer community was dominated by 
gonyaulacoid dinoflagellates such as Alexandrium and Gonyaulax.  This site was 
impacted by blooms of Karenia mikimotoi which caused mass mortalities of farmed 
fish in Shetland in 2003.  Interannual variation was observed at this site with an 
increase in dinoflagellates observed since 2005. 
 
Dinoflagellates: Stonehaven 
 
Dinoflagellates dominated during the summer months at Stonehaven.  The 
dinoflagellate community can be dominated by Dinophysis and Tripos.  In addition a 
number of short lived blooms of Prorocentrum cf. cordatum were observed during 
the early summer at this site.  Interannual variation was observed at this site since 
the monitoring began with an increase in the number of positive anomalies being 
observed in dinoflagellate abundance since 2005. 
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9.6 Plots – Dinoflagellates 

 
Figure 9.7 Dinoflagellate abundance (cells L

-1
) from the long term monitoring site at Millport. 

SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate abundance. b) 

Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in October 2005. The full dataset was used as 

the base period for the anomaly calculations.  
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Figure 9.8 Dinoflagellate abundance (cells L

-1
) from the long term monitoring site at Loch 

Maddy. SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate 

abundance. b) Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. The full dataset was used as the base period for 

the anomaly calculations.  
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Figure 9.9 Dinoflagellate abundance (cells L
-1

) from the long term monitoring site at Loch 

Ewe. SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate 

abundance. b) Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling began in 2001. The full dataset was 

used as the base period for the anomaly calculations.  



 

151 
 

 

Figure 9.10 Dinoflagellate abundance (cells L
-1

) from the long term monitoring site at Scapa. 

SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate abundance. b) 

Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in 2001. The full dataset was used as the base 

period for the anomaly calculations.  
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Figure 9.11 Dinoflagellate abundance (cells L
-1

) from the long term monitoring site at 

Scalloway. SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate 

abundance. b) Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling began in 2001. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.12 Dinoflagellate abundance (cells L
-1

) from the long term monitoring site at 

Stonehaven. SQRT transformed data has been plotted. a) Monthly boxplot of dinoflagellate 

abundance. b) Annual boxplot of dinoflagellate abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling began in 1997. The full dataset was 

used as the base period for the anomaly calculations.  
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9.7 Results – Alexandrium 
 
Species within the dinoflagellate genus Alexandrium are confirmed producers of the 
toxins responsible for paralytic shellfish poisoning (PSP) in Scottish waters.  Shellfish 
accumulate the PSP toxins in their flesh through filter feeding the Alexandrium cells 
where they can pose a serious risk to human health if consumed.  Monitoring for 
PSP toxins began in 1968 in the region from the Firth of Forth to the Humber (Ayres 
and Cullum 1968).  Routine monitoring was extended around the Scottish coast and 
into Northern Ireland in the early 1990s in response to an extensive bloom of 
Gonyaulax tamarense var excavata (now considered part of the Alexandrium 
fundyense/tamarense/catenella complex).  During the 1990s the east coast of 
Scotland along with the Orkney Islands were considered a hot spot for the 
Alexandrium genus and shellfish in this region were observed to contain high 
concentrations of PSP toxins. 
 
The taxonomy of the Alexandrium fundyense/tamarense/catenella complex is not 
straightforward and at the time of press is currently under revision (John et al., 2014, 
Fraga et al., 2015).  Alexandrium cells cannot be identified to species level using 
routine light microscopy with a Lugol’s iodine fixative.  Cells are identified to genus 
level only.  Members of the A. fundyense/tamarense/catenella complex are 
morphologically similar.  Using the taxonomic nomenclature of Lily et al., (2007), 
early studies during PSP events in Scottish waters revealed the presence of the 
toxin producing A. tamarense Group I strain while the non-toxin producing A. 
tamarense Group III was observed along the south coast of England (Medlin et al., 
1998). 
 
More recent investigations into the diversity of Scottish Alexandrium revealed the 
presence of A. ostenfeldii, A. minutum, A. tamutum, A. tamarense Group I and A. 
tamarense Group III (Collins et al., 2009a, Brown et al., 2011).  In addition A. 
tamarense Group I and Group III cells were observed in the same location in the 
Shetland Islands (Touzet et al., 2010). 
 
PSP toxicity in Scottish shellfish observed a period of less frequent PSP toxicity at 
the beginning of this century (Bresnan et al., 2008).  The relationship between this 
decrease in toxicity and the diversity of Alexandrium populations in Scottish waters is 
currently under investigation. 
 
A molecular quantitative polymerase chain reaction (qPCR) method was developed 
to examine the diversity of the Alexandrium population at the different monitoring 
sites (Collins et al., 2009b).  This revealed the toxin producing A. tamarense Group I 
to be the dominant signal observed at Loch Ewe, Scapa and Stonehaven while the 
non-toxin producing A. tamarense Group III was the dominant signal at Scalloway 
(see Figure 9.19). 
 
Alexandrium: Millport 
 
Alexandrium cells were present in low numbers (< 500 cells L-1) during the spring 
and summer over most of the monitoring period.  Only three samples contained 
more than 1,000 Alexandrium cells L-1 with the highest cell density of 5,760 cells L-1 
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observed in 2011. A slight increase in cell abundance was observed during the latter 
part of this monitoring period. 
 
Alexandrium: Loch Maddy 
 
Alexandrium cells densities were also low (< 500 cells L-1) in Loch Maddy during the 
course of the monitoring programme, occurring in the summer months. The highest 
cell density recorded was 2,600 cells L-1. Infrequent sampling at this site made any 
trends difficult to interpret. 
 
Alexandrium: Loch Ewe 
 
Alexandrium cells were present in low numbers (mostly < 500 cells L-1) at the Loch 
Ewe monitoring site.  Highest cell densities were observed in April and May.  Only 
two samples contained Alexandrium cell densities greater than 1,000 cells L-1.  Both 
of these samples were collected in 2013 with a maximum of 1,640 cells L-1 being 
observed.  An increase was seen in cell densities during the duration of the 
monitoring programme. 
 
Alexandrium: Scapa 
 
Maximum Alexandrium concentrations were observed in April/May at this site with 
Alexandrium cell densities at the start of the monitoring programme exceeding 3,000 
cells L-1.  A high degree of interannual variation was observed with the temporal 
period over which Alexandrium was observed in the water column increasing in later 
years. 
 
Alexandrium: Scalloway 
 
Alexandrium populations reached high cell densities at the Scalloway monitoring site 
with a maximum cell density of 24,000 cells L-1 observed in 2007.  This was the 
highest Alexandrium cell density recorded as part of this monitoring programme.  In 
contrast to other sites, the maximum Alexandrium cell densities were observed later 
in the summer in June and July. 
 
Alexandrium: Stonehaven 
 
Highest Alexandrium cell densities were observed in April and May at Stonehaven. 
The maximum Alexandrium cell density observed was 5,950 cells L-1 in 2012.  Since 
2005 the temporal spread of this genus throughout the summer months has 
increased. 
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9.8 Plots – Alexandrium 

 
Figure 9.13 Alexandrium abundance (cells L

-1
) from the long term monitoring site at Millport. 

SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium abundance. b) 

Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in 2005. The full dataset was used as the base 

period for the anomaly calculations.  
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Figure 9.14 Alexandrium abundance (cells L
-1

) from the long term monitoring site at Loch 

Maddy. SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium 

abundance. b) Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling began in 2003. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.15 Alexandrium abundance (cells L
-1

) from the long term monitoring site at Loch 

Ewe. SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium 

abundance. b) Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 1998. 

The full dataset was used as the base period for the anomaly calculations.  

 

  



 

159 
 

 
 

Figure 9.16 Alexandrium abundance (cells L
-1

) from the long term monitoring site at Scapa. 

SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium abundance. b) 

Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 1997. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.17 Alexandrium abundance (cells L
-1

) from the long term monitoring site at 

Scalloway. SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium 

abundance. b) Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 2000. 

The full dataset was used as the base period for the anomaly calculations.  
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Figure 9.18 Alexandrium abundance (cells L
-1

) from the long term monitoring site at 

Stonehaven. SQRT transformed data has been plotted. a) Monthly boxplot of Alexandrium 

abundance. b) Annual boxplot of Alexandrium abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 1997. 

The full dataset was used as the base period for the anomaly calculations.  
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Figure 9.19 Map showing the diversity of Alexandrium communities at sites in the monitoring 
programme identified using a qPCR method.  



 

163 
 

9.9 Results - Dinophysis 
 
Members of the dinoflagellate genus Dinophysis produce the lipophilic shellfish 
toxins responsible for Diarrhetic Shellfish Poisoning (DSP).  A description of these 
toxins is presented in Chapter 11, Algal toxins. Phytoplankton records from the early 
1900s (Herdman and Riddell 1911, 1912, 1913) have recorded the presence of the 
Dinophysis genus in samples collected from the west coast of Scotland which 
suggest it is an established part of the phytoplankton community in this region. 
 
DSP toxins have been detected in Scottish shellfish since monitoring began in 1992 
and Dinophysis has been identified as a common member of the summer 
phytoplankton community since routine monitoring began in fulfilment of the EU 
Shellfish Hygiene Directive in 1996 (Stern et al., 2014).  A moderate correlation 
between the presence of Dinophysis in the water column and DSP toxins in shellfish 
flesh has been observed (Bresnan et al., 2005). 
 
Dinophysis acuminata and Dinophysis acuta are the dominant Dinophysis species 
recorded in Scottish waters.  Morphological ambiguity in species identification has 
been confirmed by molecular techniques (Hart et al., 2007, Stern et al., 2014) with 
the dominant species identified as D. acuminata. 
 
Multidecadal studies have revealed a shift in the spatial distribution of Dinophysis 
within the North Sea (Edwards et al., 2006). Data from the continuous plankton 
recorder (CPR) reveals that hotspots of Dinophysis along the east coast of England 
recorded in the 1970s appear to have shifted to the western part of the North Sea in 
the 1990s.  Dinophysis is typically found in stratified waters (Raine et al., 2010) and 
can form high density thin layers which can be transported in coastal currents 
(Farrell et al., 2012).  In some areas along the west coast (i.e. Loch Fyne) closures 
of shellfish harvesting areas resulting from high concentrations of DSP toxins can be 
prolonged with closures of over nine weeks recorded (Bresnan et al., 2013).  A 
sudden shift in wind direction has been implicated in a DSP intoxication event in 
2013 caused by mussels from the Shetland Islands (Whyte et al., 2014). 
 
Dinophysis: Millport 
 
Dinophysis cells were observed at the Millport monitoring site during the summer 
months with highest densities recorded between June and August.  D. acuminata 
was the dominant species observed during the monitoring period.  An increase in the 
numbers of Dinophysis was observed over the duration of the time series with 
maximum cell densities reaching 2,520 cells L-1. 
 
Dinophysis: Loch Maddy 
 
Dinophysis cells were observed at the Loch Maddy monitoring site during the 
summer months.  D. acuminata was the dominant species observed in the water 
column.  A decrease in the numbers of Dinophysis was observed over the duration 
of the time series but this may be an artefact of the infrequent sampling during the 
latter part of the time series. 
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Dinophysis: Loch Ewe 
 
Dinophysis was routinely observed in Loch Ewe during the summer.  High cell 
densities during the summer months were observed between 2000-2003 (maximum 
of 5,000 cells L-1) and numbers decreased until 2010.  D. acuminata was the 
dominant species at this site. 
 
Dinophysis: Scapa 
 
Dinophysis was routinely observed at Scapa Bay since monitoring began in 1997.  A 
decrease in the abundance of Dinophysis was observed since monitoring began but 
this may reflect a change in the location of the sampling point in 2003. 
 
Dinophysis: Scalloway 
 
Dinophysis cells were observed during the summer months in Scalloway.  Highest 
cell abundances were observed during 2006 and 2013.  The 2013 event (23,000 
cells L-1) was associated with wind driven advection (Whyte et al., 2014).  The 
dominant species at this site was D. acuminata. 
 
Dinophysis: Stonehaven 
 
Dinophysis cells were observed during the summer months at Stonehaven.  High cell 
densities (3,000 cells L-1) were observed at the start of the time series.  Numbers 
decreased until 2005 and then began to increase with high concentrations of D. 
acuminata once more recorded (6,000 cells L-1). 
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9.10 Plots – Dinophysis 

 
 

Figure 9.20 Dinophysis abundance (cells L
-1

) from the long term monitoring site at Millport. 

SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis abundance. b) 

Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 2005. The full dataset was 

used as the base period for the anomaly calculations.  



 

166 
 

 
 

Figure 9.21 Dinophysis abundance (cells L
-1

) from the long term monitoring site at Loch 

Maddy. SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis 

abundance. b) Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. Sampling for harmful species began in 2005. The full 

dataset was used as the base period for the anomaly calculations.  
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Figure 9.22 Dinophysis abundance (cells L
-1

) from the long term monitoring site at Loch Ewe. 

SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis abundance. b) 

Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 2005. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.23 Dinophysis abundance (cells L
-1

) from the long term monitoring site at Scapa. 

SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis abundance. b) 

Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 1997. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.24 Dinophysis abundance (cells L
-1

) from the long term monitoring site at Scalloway. 

SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis abundance. b) 

Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 2005. The full dataset was 

used as the base period for the anomaly calculations.  
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Figure 9.25 Dinophysis abundance (cells L

-1
) from the long term monitoring site at 

Stonehaven. SQRT transformed data has been plotted. a) Monthly boxplot of Dinophysis 

abundance. b) Annual boxplot of Dinophysis abundance. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. Sampling for harmful species began in 1997. The full 

dataset was used as the base period for the anomaly calculations.  
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9.11 Results - Pseudo-nitzschia 
 
Pseudo-nitzschia is a diatom that is routinely detected in Scottish coastal waters 
throughout the year.  At some sites (Loch Ewe, Scapa, Stonehaven) is in practically 
every phytoplankton sample collected by this programme. Herdman and Riddell 
(1911, 1912, 1913) recorded the presence of Nitzschia seriata and Nitzschia 
delicatissima (now called Pseudo-nitzschia) in samples collected from the west coast 
of Scotland in the early 1900s which suggests it is an established part of the 
phytoplankton community in this region. 
 
Pseudo-nitzschia produces the neurotoxin domoic acid (DA) which is the toxin 
responsible for Amnesic Shellfish Poisoning (ASP).  Closures of shellfish harvesting 
areas as a result of high concentrations of DA in the gonad tissue of King Scallops, 
Pecten maximus, were enforced in Scottish waters from 1998 (Gallacher et al., 
2001) until the EU shellfish hygiene directive for end product testing changed in 
2005.  More recently DA in harbour seals has been flagged as a concern in relation 
to their decreasing numbers in Scottish waters (Hall and Frame 2010, Jensen et al., 
2015). 
 
Pseudo-nitzschia cells cannot be identified to species level using routine light 
microscopy.  They can be separated in two different size categories </> 5 µm 
diameter and termed Pseudo-nitzschia ‘delicatissima type’ and Pseudo-nitzschia 
‘seriata type’ cells respectively.  Electron microscopy or molecular techniques are 
required to identify Pseudo-nitzschia cells to species level.  To date 14 different 
species have been recorded in Scottish waters; P. americana, P. australis, P. 
caciantha, P. cuspidata, P. cf. delicatissima, P. decepiens, P. fraudulenta, P. heimii, 
P. multiseries, P. plurisecta, P. pungens, P. pseudodelicatissima, P. subpacifica, P. 
seriata (Fehling et al., 2005, Bresnan et al., 2005, Brown and Bresnan 2008, 
Bresnan et al., 2015b) of which P. australis and P. seriata have been confirmed as 
producers of domoic acid (DA), the toxin responsible for amnesic shellfish poisoning 
ASP) (Fehling et al., 2005). 
 
Pseudo-nitzschia populations can be diverse and can comprise of up to six species 
at any one time in Scottish waters (Bresnan et al., 2005).  Diversity can vary spatially 
with different species observed on and off the shelf break (Fehling et al., 2012) and 
within the North Sea (Bresnan et al., 2015b).  A recent study of CPR data has shown 
an increase in the abundance of Pseudo-nitzschia in the North East Atlantic area in 
response to changing wind direction and increased intensity (Hinder et al., 2012). 
 
Pseudo-nitzschia: Millport 
 
Pseudo-nitzschia cells were present throughout the year at the Millport monitoring 
site. In contrast to other sites (Loch Ewe, Scapa, Stonehaven) Pseudo-nitzschia did 
not increase during the spring bloom.  Instead the abundance increased during the 
late summer and early autumn.  A high degree of interannual variation was found at 
this site and during most years maximum cell densities observed (~ 200,000 cells L-

1) were less than other sites participating in this monitoring programme. 
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Pseudo-nitzschia: Loch Maddy 
 
Pseudo-nitzschia cell densities were observed throughout the year at this site with 
highest cell densities observed in late summer (~300,000 cells L-1).  As in the 
Millport monitoring site, Pseudo-nitzschia abundance remained low during spring 
time. A decrease in the abundance of Pseudo-nitzschia was observed over the 
duration of the monitoring programme at this site.  The sporadic sampling in the 
latter part of this monitoring programme may have contributed to this. 
 
Pseudo-nitzschia: Loch Ewe 
 
Pseudo-nitzschia cells were found throughout the year at this site.  P. delicatissima 
type cells were dominant during the spring bloom while P. seriata type cells were 
dominant in the late spring and early autumn.  Eight different species of Pseudo-
nitzschia have been identified at this site using electron microscopy since monitoring 
began (Brown and Bresnan 2008, Bresnan et al., 2015b); P. americana, P. australis, 
P. delicatissima, P. fraudulenta, P. pungens, P. cf. pseudodelicatissima and P. cf. 
plurisecta.  Higher cell densities of Pseudo-nitzschia were observed throughout the 
year from 2006-2011 with maximum cell densities exceeding 1,000,000 cells L-1. 
 
Pseudo-nitzschia: Scapa 
 
Pseudo-nitzschia cells increased in abundance during the spring bloom at the Scapa 
monitoring site.  Higher cell densities were observed in the early part of the year and 
in the summer months.  A total of six species have been recorded using electron 
microscopy; P. americana, P. australis, P. fraudulenta, P. pungens and P. cf. 
pseudodelicatissima.  The highest cell densities of Pseudo-nitzschia (1,000,000 cells 
L-1) were observed at this site in 2006 in the aftermath of an extensive Karenia 
mikimotoi bloom.   
 
Pseudo-nitzschia: Scalloway 
 
In contrast to Loch Ewe and Scapa Pseudo-nitzschia did not constitute a major part 
of the spring bloom community at the Scalloway monitoring site.  High cell densities 
(> 1,000,000 cells L-1) observed during the summer months were identified as P. 
subpacifica.  To date, Scalloway harbour is the only site in Scotland where blooms of 
this Pseudo-nitzschia species have been observed.  An increase in Pseudo-nitzschia 
abundance was observed between 2008 and 2012. 
 
Pseudo-nitzschia: Stonehaven 
 
Pseudo-nitzschia comprised a large part of the spring bloom population at this site 
since monitoring began.  This was particularly so in 2007.  To date seven species of 
Pseudo-nitzschia have been observed at this site; P. australis, P cf. delicatissima, P. 
pungens, P. cf. pseudodelicatissima, P. plurisecta, P. subpacifica and P. seriata 
(Bresnan et al., 2015b) with lower cell abundances observed in late summer/early 
autumn compared to other sites.  Higher abundances of Pseudo-nitzschia (>500,000 
cells L-1) throughout the summer months were observed from 2005. 
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9.12 Plots - Pseudo-nitzschia 

 
Figure 9.26 Pseudo-nitzschia abundance (cells L

-1
) from the long term monitoring site at 

Millport. SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-nitzschia 

abundance. b) Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 2005. 

The full dataset was used as the base period for the anomaly calculations.  
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Figure 9.27 Pseudo-nitzschia abundance (cells L
-1

) from the long term monitoring site at Loch 

Maddy. SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-nitzschia 

abundance. b) Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 2003. 

The full dataset was used as the base period for the anomaly calculations.  
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Figure 9.28 Pseudo-nitzschia abundance (cells L
-1

) from the long term monitoring site at Loch Ewe. 

SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-nitzschia abundance. b) 

Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling for harmful species began in 2000. The full dataset was used as 

the base period for the anomaly calculations.  
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Figure 9.29 Pseudo-nitzschia abundance (cells L

-1
) from the long term monitoring site at 

Scapa. SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-nitzschia 

abundance. b) Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 1997. 

The full dataset was used as the base period for the anomaly calculations.   
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Figure 9.30 Pseudo-nitzschia abundance (cells L

-1
) from the long term monitoring site at 

Scalloway. SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-nitzschia 

abundance. b) Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean anomaly time 

series d) Monthly mean anomaly time series. Sampling for harmful species began in 2000. 

The full dataset was used as the base period for the anomaly calculations.   
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Figure 9.31 Pseudo-nitzschia abundance (cells L

-1
) from the long term monitoring site at 

Stonehaven. SQRT transformed data has been plotted. a) Monthly boxplot of Pseudo-

nitzschia abundance. b) Annual boxplot of Pseudo-nitzschia abundance. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Sampling for harmful species 

began in 1997. The full dataset was used as the base period for the anomaly calculations.  
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9.13 Summary – Phytoplankton 
 

 The phytoplankton community in Scottish coastal waters showed a high degree 

of seasonal and interannual variability. 

 Low diatom cell densities were observed from 2000-2004 at most sites.  At the 

Stonehaven site this was coincident with a period of low chlorophyll and positive 

silicate (DSi) anomalies. 

 Alexandrium cell densities showed an increase in abundance at two west coast 

sites. 

 Dinophysis showed considerable regional variability in abundance increasing at 

Millport, decreasing at Scapa and variable at other sites. 

 Pseudo-nitzschia cells were present in almost every sample analysed.  It was 

less abundant in Millport and followed a different seasonal pattern in Scalloway 

where it was not a component of the spring diatom bloom. 
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10. Chlorophyll ‘a’ 
 
10.1 Introduction 
 
Phytoplankton contain a range of pigments in their cells. These pigments have a 
variety of functions.  All photosynthetic phytoplankton have the pigment chlorophyll 
‘a‘ in a structure in their cells called the chloroplast.  This pigment captures light 
energy (electrons) which they use to fuel the photosynthetic reaction which converts 
CO2 and H2O to carbohydrates and O2.  Some pigments (accessory chlorophylls, b, 
c1, c2 etc.) help capture photons during low light conditions while others (such as 
carotenoids) have a photoprotective role during periods of high light intensity (Hall 
and Rao 2011).  Selected pigments can be used to identify different phytoplankton 
groups.  Peridinin can be used to estimate dinoflagellate biomass while gyroxanthin 
is a pigment that is unique to the dinoflagellate genus Karenia (Brand et al., 2012). 
Standard monitoring methods include fluorometry and spectrophotometry to 
measure chlorophyll ‘a’ although this may result in an overestimation due to spectral 
overlap with other pigments. For a more detailed breakdown of the pigment profile of 
the phytoplankton community high performance liquid chromatography (HPLC) 
methodology is used.  
 
Chlorophyll ‘a’ is an important measurement used to assess the state of the 
ecosystem as it can provide a bulk estimate of the biomass that is available in the 
lower parts of the food web (Cloern and Jassby 2010).  As phytoplankton come in a 
variety of shapes and sizes chlorophyll ‘a‘ concentration in the water column is used 
as an estimate of phytoplankton biomass although the chlorophyll ‘a’ content per cell 
can vary depending on the environmental conditions (Kruskopf and Flynn 2006).  It 
has become a standard biological/oceanographic measurement and is used to 
assess the performance of ecosystem models.  Satellites, fixed point sensors as well 
as mobile operated equipment such as gliders can measure fluorescence in the 
water column which can be calibrated against standard chlorophyll ‘a’ measurements 
to give highly resolved temporal and spatial data. 
 
In some instances (Gowen et al., 2012) anthropogenic nutrient enrichment can result 
in increased phytoplankton cell densities with an associated increase in chlorophyll 
‘a’ concentration that can be sustained over a period of time.  As a result, water 
quality objectives such as the OSPAR eutrophication assessment, Water Framework 
Directive and Marine Strategy Framework Directive have threshold concentrations of 
chlorophyll ‘a’ above which ‘surveillance’ of the state of the ecosystem is instigated. 
 
Chlorophyll ‘a’ is has been measured at the Stonehaven monitoring site since 1997 
and the Loch Ewe monitoring site since 2002.  The fluorometric method of Arar and 
Collins (1992)  has been used to estimate the concentration of this pigment in water 
samples. These data  are being used to assess the status of the phytoplankton 
community to fulfil the requirements of the WFD and MSFD.  
 
10.2 Methods 
 
Sample Collection and Storage 
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Samples for pigment analysis are collected from the Stonehaven monitoring sites 
using a 10 m integrated tube sampler. At Loch Ewe water samples for pigment 
analysis were collected using a water bottle only at 5 m depth from April 2003 – Dec 
2007 and 30 m from April 2003 – Dec 2004. From Jan 2008 – Jun 2011 both 5 m 
water bottle and 10 m integrated tube samples were collected and from June 2011 
10 m integrated tube samples only were collected.  Depending on the time of year a 
500 mL to 2 L aliquot is filtered through a GF/F filter, frozen and stored at -80 oC until 
analysis.  Chlorophyll ‘a’ has been analysed using the fluorometric method of Arar 
and Collins (1992) which included an acidification step to ‘correct’ for the presence of 
phaeopigments.  Following a review of analysis procedure (Smith et al., 2007) little 
difference was found between corrected and uncorrected chlorophyll ‘a‘ (r2 = 0.999). 
As a result uncorrected data has been reported since 2007. 
 
Data has been analysed using a Turner AU fluorometer and data is stored in a LIMS 
database system.  This protocol received UKAS accreditation in 2007 and follows 
the associated data quality procedures. The chlorophyll ‘a’ results discussed in this 
report are those generated using this fluorometric technique.  
 
10.3 Results 
 
Chlorophyll ‘a’: Loch Ewe 
 
Chlorophyll ‘a’ concentrations in Loch Ewe followed a typical seasonal pattern 
observed in temperate latitudes.  Concentrations were low during the winter months 
but increased with day length during spring.  Chlorophyll ‘a’ concentrations reached 
a maximum in April.  This was associated with an increase in the growth of diatoms, 
a natural event known as the spring bloom.  Chlorophyll ‘a’ concentrations were 
lower during the summer months; the period when diatom density was less and 
dinoflagellates dominate.  Concentrations peaked again during late summer/early 
autumn when diatoms increased in abundance.  Interannual variation was observed 
in the chlorophyll ‘a’ concentrations at Loch Ewe. 
 
Chlorophyll ‘a’: Stonehaven 
 
The seasonality of chlorophyll ‘a’ at the Stonehaven monitoring site differed from that 
observed in Loch Ewe.  The increase in chlorophyll ‘a’ associated with the spring 
bloom occured up to one month later at Stonehaven and the late summer/early 
autumn increase in chlorophyll ‘a’ was infrequently observed.  One exception to this 
was the period from 2000-2004 when the maximum chlorophyll ‘a’ concentrations 
were at times observed during autumn.  Considerable interannual variation in the 
timing and intensity of the spring bloom was observed at Stonehaven. 
 
10.4 Summary- Chlorophyll ‘a’ 
 

 Chlorophyll ‘a’ concentrations followed a different seasonal pattern in Loch Ewe 

and Stonehaven with chlorophyll ‘a’ increasing in the water about one month 

earlier in Loch Ewe than in Stonehaven. 

 Higher concentrations of chlorophyll ‘a’ were observed in the autumn in Loch Ewe 

than in Stonehaven.  This was associated with higher diatom cell densities. 
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 A period of low chlorophyll concentrations was observed during the spring at 

Stonehaven between 2000-2004.  This coincided with a period of low diatom cell 

densities.  

 During some years in this period highest annual chlorophyll ‘a’ concentrations at 

Stonehaven were observed during the late summer/early autumn.  
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10.6 Plots – Chlorophyll ‘a’ 

 
Figure 10.1. Chlorophyll ‘a’ concentration (µg L

-1
) from the long term monitoring site at Loch Ewe. a) 

Monthly boxplot of chlorophyll ‘a’ concentration. b) Annual boxplot of chlorophyll ‘a’ concentration. c) 

Annual mean anomaly time series d) Monthly mean anomaly time series. Sampling for chlorophyll ‘a’ 

began in 2002. The full dataset was used as the base period for the anomaly calculations. 
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Figure 10.2 Chlorophyll ‘a’ concentration (µg L

-1
) from the long term monitoring site at 

Stonehaven. a) Monthly boxplot of chlorophyll ‘a’ concentration. b) Annual boxplot of 

chlorophyll ‘a’ concentration. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling for chlorophyll ‘a’ began in 1997. The full dataset was used as the base 

period for the anomaly calculations.  
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11. Algal Toxins 
 
11.1 Introduction 
 
Among the thousands of phytoplankton species currently described, a few dozen 
have the ability to produce toxic secondary metabolites (Hallegraeff, 1993); organic 
compounds non-essential for the basic metabolism and growth of the producing 
species (Tubaro and Hungerford, 2007) also known as algal toxins.  When 
favourable environmental conditions are met, the abundance of toxin-producing 
phytoplankton can increase leading to the formation of what is termed a harmful 
algal bloom (HAB).  Bivalve filter-feeding shellfish such as mussels, oysters, scallops 
and clams grazing on these phytoplankton species can accumulate algal toxins in 
their flesh especially in their digestive glands.  Although the true effect of 
accumulated algal toxins on shellfish remains largely unknown, consumption of 
contaminated seafood by humans can result in poisoning, ranging from mild 
gastrointestinal discomfort and neurological issues to life-threatening heart and 
respiratory failures.  Algal toxins can also accumulate in other marine species such 
as fish (anchovies, sardines), crustaceans (crabs, lobsters), birds, marine mammals 
(whales, sea lions) (Scholin et al., 2000).  In Scottish waters, algal toxins have been 
recorded in the faeces and urine of harbour seals (Hall and Frame, 2010, Jensen et 
al., 2015).  Thus, algal toxins can not only present a food safety hazard for seafood 
consumers but can also adversely impact marine wildlife. 
 
In Scottish coastal waters, the most prevalent toxins can be grouped into four 
categories, identified by the human syndrome they may cause. These are: 
 

 Paralytic shellfish poisoning (PSP) caused by saxitoxin (STX) and its 
analogues. 

 Diarrhetic shellfish poisoning (DSP) caused by okadaic acid (OA) and its 
dinophysistoxins analogues (DTX-1, DTX-2 and DTX-3). 

 Amnesic shellfish poisoning (ASP) caused by domoic acid (DA) and its 
analogues. 

 Azaspiracid shellfish poisoning (AZP) caused by toxins from the azaspiracid 
(AZA) group. 

 
Toxins belonging to the pectenotoxin (PTX) and yessotoxin (YTX) groups can also 
be regularly found in shellfish from UK waters however, their oral toxicity to humans 
has yet to be fully confirmed.  Together with the DSP and AZP toxin groups, they 
possess similar chemical properties which led them to be grouped under the 
“lipophilic marine biotoxins” terminology.  The structures of these lipophilic toxins are 
presented in Figure 11.1. 
 
The worldwide development of fin and shellfish aquaculture in coastal waters has led 
to a greater awareness of HABs and marine biotoxins (Hallegraeff, 2010).  In the 
west and north of Scotland, salmon and shellfish aquaculture represent an 
increasingly important industry, helping to sustain economic growth in those rural 
and coastal communities.  There is, therefore, a pressing requirement to monitor the 
plankton community to provide advice on the impacts of climate change, ocean 
acidification and eutrophication on the marine ecosystem and the development of 
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aquaculture, but also to meet the requirements of EU water quality directives 
(Bresnan et al., 2015). 
 
Light microscopy is the current and most widely used technique to identify and 
enumerate phytoplankton in official control biotoxin monitoring (live bivalve molluscs) 
programmes.  However, this technique does not provide information about the toxin 
content of a phytoplankton cell. 
 

 
 

Figure 11.1 Structures of main marine lipophilic biotoxins 

 

 
Extracellular algal toxins can be detected in the water column during blooms of toxin 
producing phytoplankton (Mackenzie et al., 1998).  Monitoring the presence of 
extracellular algal toxins alongside light microscopy phytoplankton enumeration 
provides vital information on the presence (or absence) of toxin-producing algal 
species in the water column. 
 
In 2005, Loch Ewe became the first site where dissolved algal toxins were monitored 
alongside potentially toxic phytoplankton species.  Two more sites, Scapa and 
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Scalloway, were added in 2011.  These three sites were chosen because of the 
history of algal toxin events in these areas. 
 
The monitoring of lipophilic algal toxins carried out at MSS is based on a passive 
sampling technique called SPATT (Solid Phase Adsorption Toxin Tracking) 
developed originally in New Zealand (Mackenzie et al., 2004) which uses the 
capability of a synthetic resin to passively adsorb and retain the dissolved lipophilic 
toxins present in the water column.  Laboratory and field studies of the SPATT 
technique have been carried out at various coastal locations around the world such 
as Ireland (Fux et al., 2009), Norway (Rundberget et al., 2009), Spain (Mallat et al., 
2007), Australia (Takahashi et al., 2007) and Canada (Garnett et al., 2006).  These 
studies have shown that a wide range of algal toxins, mainly lipophilic, could be 
detected by SPATT and demonstrated this technique had the potential to provide 
reliable, sensitive, time-integrated sampling to monitor the occurrence of toxic algal 
bloom events (MacKenzie, 2010). 
 
11.2 Methods 
 
Sample Collection and Storage 
 
The SPATT sampler in use at MSS (Figure 11.2) consists of a 100 µm nylon mesh 
bag (Carbis Filtration, Stockton-On-Tees, UK) of relatively small dimensions (15 x 5 
cm) filled with ca. 12 g of synthetic resin (Sepabeads® SP-700, Mitsubishi Chemical 
Corporation) which demonstrated during method development (Turrell et al., 2007) 
good adsorption capabilities towards diarrhetic shellfish poisoning (DSP) toxins and 
other lipophilic toxins such as yessotoxins (YTXs), pectenotoxins (PTXs) and 
azaspiracids (AZAs). 
 

 
 

Figure 11.2 SPATT bag used by MSS for lipophilic toxins monitoring. 

 
The SPATT bags were tagged for identification and closed half way with a non-
releasable cable tie. A Holdon® Midi clip (Holdon® Systems, Båstad, Sweden) was 
used to seal the top of each bag, serving at the same time as anchor point.  The 
SPATT bags prepared at MSS, along with a sample sheet, were placed into 
individually sealed Ziploc bags to prevent the resin drying, and sent to the sampling 
personnel in a polystyrene box with ice packs, generally on the same day or the day 
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after their preparation.  After arrival at the sampling site, the bags containing the 
SPATT bags were immediately stored in a fridge until deployment. 
 
On sampling day, the SPATT bag which had been in the water attached to the 
mooring line was removed and swapped with a new one.  The retrieved SPATT bag 
was put straight away in an empty Ziploc bag to prevent the resin drying before 
storage back on land in a freezer.  The SPATT bags were sent back to the MSS 
laboratory in a polystyrene box with ice packs and completed sample sheets.  Upon 
reception, the passive samplers were stored in a freezer until processing and 
lipophilic toxins analysis. 
 
The SPATT bags were attached to a mooring line at the different sampling sites, 
generally a few meters below the surface.  At Loch Ewe, the SPATTs were attached 
7 meters below the surface, while at Scapa and Scalloway they were 4 and 1.5 
meters below the surface respectively.  The passive samplers were aimed at being 
deployed on a weekly basis.  However, this was dependent on the weather and on 
the availability of the sampling personnel.  The weekly deployment was rigorously 
adhered to at the Loch Ewe monitoring site where, between April 2005 and 
December 2013, only five SPATT bags corresponding to five weeks of toxin 
monitoring could not be analysed due to losses or damage (lost resin).  More 
recently, passive samplers were also deployed at Scapa and Scalloway monitoring 
sites from May and June 2011 respectively.  The weekly deployment was mostly 
adhered to at these two sites although on a few occasions the SPATT bags were left 
in the water up to two consecutive weeks.  There are gaps in the time series at 
Scalloway where no SPATT bags were deployed.  As a result these data are not 
presented here.  A summary describing the period of the year for which SPATT bags 
have been deployed and analysed is detailed in Table 11.1. 
 
Table 11.1 Summary of SPATT monitoring 

 

Site name SPATT deployment period Number of analysed SPATT 

Loch Ewe 

 

Scapa 

 

Scalloway 

 

04/04/2005 – 30/12/2013 

 

16/05/2011 – 09/12/2013 

 

10/06/2011 - 09/09/2011 

04/05/2012 - 17/08/2012 

07/06/2013 - 31/12/2013 

 

452 

 

131 

 

12 

10 

31 

 

 
SPATT Extraction Processing 
 
Extraction of the lipophilic toxins from the resin-filled SPATT bags was performed 
using a procedure previously described (Turrell et al., 2007) with some small 
modifications.  Frozen SPATT bags (ten to twelve bags per batch) were left to 
defrost on a bench at room temperature for one hour.  The Midi clips were then 
removed from each SPATT bag and the cable ties cut using pliers.  The bags were 
cut open using a pair of scissors and the resin was transferred into 250 mL glass 
Duran® bottles using a funnel.  The resin beads were rinsed from the bags and the 
funnels into Duran® bottles with deionised water.  The final volume of deionised 
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water was made up to 200 mL and the bottles containing the resin were shaken by 
hand for one minute. 
 
For each sample, the resin slurry was poured into a couple of 25 mL polypropylene 
reservoirs (Grace, Carnforth, UK) fitted with 20 µm polyethylene frits (Grace, 
Carnforth, UK) and installed on a solid phase extraction 12-port manifold (Hichrom, 
Theale, UK).  A reservoir containing blank SP700 resin (4.7 ± 0.1 g) was also 
installed on the manifold and was used as method blank.  The resin bed height of the 
method blank was used as a reference during the aliquoting of the samples. 
 
A small volume of deionised water was used to ensure all the resin was transferred 
from the Duran® bottles to the reservoirs.  In the end, the resin from each SPATT 
sample ended up aliquoted into two reservoirs, one containing ca. 4.7 g of resin and 
used for the extraction of lipophilic toxins and a second containing ca. 7 g of resin 
and used as a back-up if necessary.  Both resin fractions were further rinsed with 
deionised water (100 ± 5 mL) in order to remove salts still potentially present at this 
stage of the procedure. 
 
Thereafter, a low vacuum was applied to the manifold to gently remove interstitial 
water from the washed resin.  The second reservoir was capped at both ends using 
Alltech™ inlet and outlet caps (Fisher Scientific, Loughborough, UK) and stored in a 
freezer. 
 
Extraction of the lipophilic toxins was carried out using methanol.  The solvent (10 
mL) was added using a pipette to the reservoir which was then capped.  The 
contents were vortex-mixed for one minute before the reservoir was installed back 
on the manifold where the resin was left to soak for 30 minutes.  A glass Duran® 
bottle (100 mL) was installed in the manifold and the eluent was collected (1 to 2 
drops per sec.). 
 
The resin was further extracted with methanol (90 mL) so that a total extraction 
volume of 100 mL was used to extract the lipophilic toxins.  The Duran® bottle was 
capped and the extract was mixed by inversion several times.  An aliquot (10 mL) 
was then transferred into a borosilicate glass tube (15 mL), evaporated to dryness 
using a Turbovap® LV (Biotage, Hengoed, UK) and re-suspended in 80 % methanol 
(500 µL). 
 
The concentrated sample was filtered by centrifugation (10,000 rpm for three 
minutes) using an Ultrafree-MC GV 0.22 µm PVDF centrifugal concentrator 
(Millipore, Watford, UK) and the cleaned extract was transferred into an amber vial 
with a 350 µL fused insert prior to LC-MS analysis. 
 
SPATT extracts analysis by LC-MS 
 
The resin extracts were analysed for lipophilic toxins by liquid chromatography-mass 
spectrometry (LC-MS) according to a method developed at MSS (Stobo et al., 2005). 
The toxins analysed were: okadaic acid (OA), dinophysistoxins 1 and 2 (DTX-1 and 
DTX-2), pectenotoxins 1 and 2 (PTX-1 & PTX-2), yessotoxin (YTX), 
homoyessotoxin, 45-hydroxy-yessotoxin (45-OH-YTX), 45-hydroxy-homoyessotoxin 
(45-OH-homoYTX) and azaspiracids 1-3 (AZA-1, AZA-2 & AZA-3).  These are the 
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lipophilic toxins included in Decision 2002/225/EC which have to be monitored in 
bivalve molluscs as part of an official control program undertaken by a country’s 
competent authority. 
 
The toxins were separated in an Agilent 1100 series LC system (Agilent 
Technologies, West Lothian, UK) consisting of a G1323B control module, G1354A 
quaternary pump, G1379A degasser, G1313A autosampler, and a G1316A column 
oven.  An Applied Biosystems API 150EX (Warrington, UK) mass spectrometer with 
a TurboIonspray® atmospheric pressure ionization interface was used for the 
detection of the toxins.  A switching valve (Valco, Schenkon, Switzerland) was 
included as part of the system set-up, to divert the post-column flow of mobile phase 
to waste for the initial two minutes of the LC-MS toxin analysis and also after 16 
minutes.  The mass spectrometer was operated in both ionization modes (positive 
and negative) and selected ion monitoring (SIM) acquisition mode.  The ions, 
ionspray voltages, declustering, and focusing potentials are detailed in Stobo et al., 
(2005). 
 
Chromatographic separation of the lipophilic toxins was achieved with a Hypersil 
BDS C8 column (50 x 2.1 mm, 3 µm) attached with a guard column (10 x 2.1 mm, 3 
µm) of the same stationary phase (Thermo Fisher Scientific, Hemel Hampstead, 
UK).  Elution of the toxins from the column was performed using a binary gradient, 
with phase A consisting of water and phase B of 95 % acetonitrile (both containing 5 
mM ammonium acetate, pH 6.8).  The gradient ran from 20% to 100 % B for the first 
12.5 minutes of the analysis, held for five minutes and returned to 20 % B over one 
minute before re-equilibration for 5.5 minutes.  The flow rate, injection volume, and 
column temperature were set at 0.25 mL/min, 5 µL, and 25 ºC respectively. 
 
Analysis of the SPATT extracts followed a two-step process.  During the first 
analysis, the extracts were screened for the presence of lipophilic toxins.  This 
involved analysis of the extracts alongside some standards (low and high 
concentration) and a laboratory reference material (LRM – spiked resin extract) to 
identify the toxins present.  Standard addition was then carried out in a second step 
on extracts which contained quantifiable amount of toxins.  These extracts were 
analysed with an LRM and a full calibration set of standards in what was the final 
quantitative analysis. 
 
SPATT Extracts Archiving 
 
Vials containing the analysed SPATT sample extracts were re-capped after LC-MS 
analysis and were stored in a freezer up to two years.  Additionally, aliquots (ca. 20 
mL) of non-diluted SPATT extracts collected during the toxin extraction process were 
stored in glass sample vials (Wheaton, Millville, NJ, USA) and kept at -20 ºC for five 
years in the eventuality of further required analyses. 
 
Data Quality, Handling and Archiving 
 
All solvents and reagents were of LC grade and were used without further 
purification. 
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Certified solutions of OA, YTX, PTX-2 and AZA-1 in methanol were obtained from 
the Certified Reference Materials Program from the National Research Council 
Canada (Halifax, Nova Scotia, Canada).  These certified solutions were used to 
prepare calibration standard solutions.  DTX-1 was purchased from Wako Chemicals 
(Osaka, Japan) while 45-OH-YTX standard (Norwegian School of Veterinary 
Science, Norway), PTX-1 standard (Tohoku University, Sendai, Japan), semi-purified 
extracts of DTX-2, AZA-2 and AZA-3 (Marine Institute, Ireland), and homoYTX and 
45-OH-homoYTX (Centro Ricerche Marine, Italy) were received as generous gifts 
and used to prepare the laboratory reference material. 
 
Stock standard solutions (400 ng mL-1 for OA, PTX-2, and AZA-1; 1000 ng mL-1 for 
YTX) were prepared gravimetrically in methanol and were stored at -20ºC until use. 
For calibration of the LC-MS and the quantification of lipophilic toxins, a working 
standard solution (100 ng mL-1 for OA, PTX-2, and AZA-1; 250 ng mL-1 for YTX) was 
prepared in 80 % methanol from dilution of the stock standard solution.  The working 
standard solution was then diluted (gravimetrically) to obtain six calibration standards 
ranging from 2.5 to 40 ng mL-1 for OA, PTX-2, and AZA-1 and from 6 to 96 ng mL-1 

for YTX. All standards were stored at –20 °C until required. 
 
All calibration curves were linear for all the toxins (OA, YTX, PTX-2 and AXA-1) with 
a correlation coefficient r2 > 0.99.  Standard additions were carried out on samples 
found in the initial screen analyses to contain toxins as a way of dealing with any 
signal suppression or enhancement.  Equimolar relative response factors where 
toxins have similar structures within a toxin group, i.e., OA and DTXs, YTXs, PTXs, 
and AZAs were used to quantify those toxins without a certified standard. 
 
A methanol blank was injected at least four times at the beginning of a sequence to 
allow the LC column to equilibrate.  This was followed by the injection of a system 
suitability before the first standard to ensure the toxins eluted at the correct retention 
time and to check the signal responses of the toxins were satisfactory. 
 
LC-MS data were processed using the Analyst® software (v1.1 initially then 
upgraded to v1.3, Applied Biosystems, Warrington, UK) and peak integrations were 
checked and corrected manually when necessary.  Final toxins concentrations in the 
resin were calculated taking into account any dilution and enhancement/suppression 
correction factor.  The results were finally entered in LIMS once they had been QC 
checked by the technical manager. 
 
11.3 Results 
 
Loch Ewe 
 
The seasonal distribution of the main lipophilic toxins (OA, DTX-1, DTX-2, PTX-2, 
AZA-1 and YTX) recovered from the SPATT bags at Loch Ewe followed different 
trends as illustrated by the monthly boxplots shown in Figures 11.3a to 11.8a. 
 
For OA, DTX-1, PTX-2 and YTX, the seasonal distribution was characterised by a 
gradual increase in toxin concentration from a minimum in April (March for DTX-1) to 
a maximum toxin concentration around August-September.  The highest recorded 
concentrations of OA, DTX-1, PTX-2 and YTX in SPATT since algal toxin monitoring 
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began in 2005 were 566 ng g-1 of resin (09/09/2013), 96 ng g-1 of resin (25/07/2013), 
535 ng g-1 of resin (01/08/2005) and 71 ng g-1 of resin (29/07/2013) respectively. 
 
The seasonal trend for AZA-1 and DTX-2 was very different from the seasonal 
pattern described for the previous toxins. The seasonal distribution for AZA-1 was 
characterised by higher toxin concentrations during the winter months (November-
February) while the lowest concentration were observed during the summer months 
(minimum in July). The highest recorded concentration of AZA-1 in SPATT was 72 
ng g-1 of resin (04/02/2013). 
 
The monthly DTX-2 boxplot showed an ambiguous seasonal distribution pattern, with 
the highest median DTX-2 concentrations recorded between January and May.  The 
highest recorded concentration of DTX-2 in SPATT was 72 ng g-1 of resin 
(24/10/2011). 
 
The concentration of OA, DTX-1 and PTX-2 was most variable during the period 
May-October when toxin-producing Dinophysis cells are more abundant, while YTX 
concentration was most variable during a shorter summer period (June-September). 
This was very different for AZA-1 with the most variable concentration during the 
period October-February and the least variable concentration during the summer 
(June-July).  The concentration of DTX-2 appeared to be slightly more variable in 
October than the rest of the year. 
 
Yearly boxplots for OA and PTX-2 (Figures 11.3b and 11.4b) were very similar and 
showed a substantial decrease in the concentration of these toxins in the water 
column between 2005 and 2007.  SPATT monitoring only started in April 2005, thus 
positively skewing the data for 2005. Annual anomaly plots of OA and PTX-2 
concentrations (Figures 11.3c and 11.4c) showed gradually decreasing negative 
anomalies from 2007 to 2013.  The anomaly was positive for OA in 2013 and slightly 
negative for PTX-2 for the same year.  This was driven by an increase for these two 
toxins in the number of positive monthly anomalies (Figures 11.3d and 11.4d) since 
2012 and a decrease in the severity of the negative anomalies since 2007 for OA 
and 2009 for PTX-2. 
 
The annual DTX-1 boxplot (Figure 11.5b) did not appear to exhibit any temporal 
trend. The annual anomaly plot for DTX-1 concentration (Figure 11.5c) showed 
slightly positive anomalies for the last three monitoring years (2011-2013).  This 
followed negative DTX-1 concentration anomalies during the period 2006-2010.  The 
monthly concentration anomaly plot for DTX-1 (Figure 11.5d) highlighted the 
absence of DTX-1 in the water during the first three months of the year.  This has 
been regularly observed since 2006, the first complete year of SPATT algal toxin 
monitoring at Loch Ewe. 
 
The yearly YTX boxplot (Figure 11.8b) did not exhibit any key temporal trend.  The 
2007-2008 two year period stood out due to the absence of YTX detected in the 
SPATT bags deployed during that time.  The lack of temporal trend for YTX was also 
shown in both monthly and annually concentration anomalies plots (Figures 11.8c 
and 11.8d) where negative and positive anomalies alternate since 2009. 
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The yearly AZA-1 boxplot (Figure 11.7b) seemed to exhibit a temporal trend between 
2009 and 2013, characterised by gradual yearly higher AZA-1 concentration in 
SPATT culminating in 2013.  This was confirmed by the annual AZA-1 concentration 
anomalies plot (Figure 11.7c) which showed gradually decreasing negative toxin 
concentration anomalies between 2009 and 2013.  The AZA-1 annual concentration 
anomaly became largely positive in 2013 driven by a series of consecutive monthly 
positive AZA-1 concentration anomalies spreading from January through September 
(Figure 11.7d). 
 
The yearly DTX-2 boxplot (Figure 11.6b) showed, following a 5-year period (2006-
2010) where DTX-2 was present at low levels, a sudden increase in the occurrence 
of DTX-2 in 2011 characterised by the highest DTX-2 concentrations recorded in 
SPATT during the 2005-2013 monitoring period.  This was followed by gradual lower 
DTX-2 concentration recovered from SPATT in 2012 and 2013.  The later 
observation was confirmed by the DTX-2 concentration anomalies plot (annual and 
monthly, Figure 11.6c) which showed decreasing anomalies, from positive (2011 and 
2012) to negative (2013).  The DTX-2 annual concentration anomaly became largely 
negative in 2013 driven by monthly negative DTX-2 concentration anomalies 
throughout the whole year (Figure 11.6d). 
 
Scapa 
 
SPATT monitoring at Scapa started in May 2011 and was carried out uninterrupted 
throughout 2012 and 2013.  This 30 month monitoring period is too short to assess 
any trends.  The main lipophilic toxins (OA, DTX-1, DTX-2, PTX-2, AZA-1 and YTX) 
found in SPATT bags deployed at Loch Ewe were also detected in SPATT bags 
deployed at Scapa.  The seasonal distribution of these toxins followed different 
trends as illustrated by the monthly boxplots shown in Figures 11.9a to 11.14a. For 
OA, DTX-1 and PTX-2, the seasonal distribution was characterised by a gradual 
increase in toxin concentration from a minimum in April to a maximum in September.  
The highest recorded concentrations of OA, DTX-1 and PTX-2 in SPATT since algal 
toxin monitoring began at Scapa were 412 ng g-1 of resin (21/08/2013), 49 ng g-1 of 
resin (21/08/2013) and 154 ng g-1 of resin (21/08/2013) respectively. 
 
The monthly YTX boxplot illustrated the infrequent presence of this toxin at Scapa 
between the periods March to September.  The highest recorded concentration of 
YTX in SPATT was 135 ng g-1 of resin (05/08/2013). YTX was been detected in the 
SPATT samplers deployed during the period October to February. 
 
The seasonal trend for AZA-1 and DTX-2 was very different from the seasonality 
pattern described for the previous toxins.  The seasonal distribution for AZA-1 was 
characterised by higher toxin concentrations during the winter months (November-
February) while the lowest concentration were observed during the summer months 
(minimum in July). The highest recorded concentration of AZA-1 in SPATT was 129 
ng g-1 of resin (19/09/2011). 
 
The monthly DTX-2 boxplot showed an ambiguous seasonal distribution pattern, with 
the highest median DTX-2 concentration recorded during the period September-
October.  The highest recorded concentration of DTX-2 in SPATT was 51 ng g-1 of 
resin (12/09/2011).  Overall, DTX-2 accumulated in SPATT bags at Scapa between 
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June and February.  Furthermore, DTX-2 was not detected in SPATT bags deployed 
during the month of April (2012 and 2013). 
 
The concentration of OA, DTX-1 and PTX-2 was most variable in July when toxin-
producing Dinophysis cells are more abundant, while YTX concentration was most 
variable in May and August.  This was very different for AZA-1 for which the most 
variable concentration spans from November-February and April-May.  It was during 
the summer months (June-September) that the AZA-1 concentration was the least 
variable.  The concentration of DTX-2 appeared to be more variable in late autumn 
(October and November). 
 
Yearly boxplots for OA, PTX-2, DTX-1 and to a certain extent YTX (Figures 11.9b, 
11.10b, 11.11b and 11.14b) were very similar and showed that the overall 
concentration of these toxins in the water column at Scapa was higher in 2013 than 
in 2012.  Owing to the start mid-May 2011 of the SPATT monitoring, the 2011 box 
plot was positively skewed, making the assessment of the partial data collected that 
year difficult to interpret.  The annual anomaly plots for these four toxins (Figures 
11.9c, 11.10c, 11.11c and 11.14c) showed large negative anomalies for 2012 
followed by positive anomalies for 2013.  This was driven by a large majority of 
negative monthly anomalies for OA, PTX-2, DTX-1 and YTX (Figures 11.9d, 11.10d, 
11.11d and 11.14d) in 2012 and a large majority of positive monthly anomalies for 
the same toxins in 2013. 
 
The yearly AZA-1 boxplot (Figure 11.13b) showed an increase in the overall 
concentration of this toxin in the water column at Scapa between 2012 and 2013. 
This was confirmed by the annual AZA-1 concentration anomalies plot (Figure 
11.13c) which showed a large negative toxin concentration anomaly in 2012 followed 
by a marginally negative AZA-1 concentration anomaly in 2013.  This evolution 
between 2012 and 2013 was driven by a series of monthly positive AZA-1 
concentration anomalies spreading from January through August 2013 (Figure 
11.13d). 
 
The yearly DTX-2 boxplot (Figure 11.12b) showed a decrease in the overall 
concentration of this toxin in the water column at Scapa between 2012 and 2013. 
This was confirmed by the annual DTX-2 concentration anomalies plot (Figure 
11.12c) which showed a negative toxin concentration anomaly in 2012 followed by a 
larger negative DTX-2 concentration anomaly in 2013.  This evolution between 2012 
and 2013 was driven by a series of consecutive monthly negative DTX-2 
concentration anomalies spreading throughout 2013 (Figure 11.12d). 
 
11.4 Discussion 
 
OA, PTX-2, DTX-1 and DTX-2 are algal toxins known to be produced by some 
species of planktonic marine dinoflagellates belonging to the genus Dinophysis 
(Reguera et al., 2014).  Dinophysis cells were present in the water column at both 
Loch Ewe and Scapa monitoring sites mainly between April and October as shown in 
Figure 9.22a and 9.23a. SPATT results, especially at Loch Ewe, correlated well with 
this observation with increased detection of OA, PTX-2 and DTX-1 in the water 
column from a low in April to a maximum towards the end of the summer season 
(August-September).  The SPATT results at Scapa showed an overall seasonal 
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trend for OA, PTX-2 and DTX-1 similar to Loch Ewe (April low and September high), 
though with more variability between consecutive months, probably the result of a 
much shorter monitoring period (2.5 years at Scapa compared to 8.5 years at Loch 
Ewe).  Further examination of this data highlighted the presence of a slight time lag 
between the emergence of Dinophysis cells in April, and an increase in the detection 
of OA, PTX-2 and DTX-1 concentrations in SPATT deployed in May at both sites. 
 
Another interesting observation was the yearlong persistence of OA and PTX-2 in 
the water column at Loch Ewe and Scapa even during the winter months in the 
absence of Dinophysis cells.  OA was detected at Loch Ewe in all 452 deployed 
SPATT bags while PTX-2 was detected in ca. 96% of the passive samplers.  At 
Scapa, OA and PTX-2 were detected in 97% and 93% respectively of the deployed 
SPATT bags. 
 
DTX-1 and 2 were regularly detected in SPATT bags deployed at Loch Ewe and 
Scapa, albeit in much lower abundance than OA and PTX-2. As previously 
mentioned, DTX-1 followed a similar seasonal distribution to OA and PTX-2.  
However, detection of DTX-1 in SPATT started generally in May at Loch Ewe, a 
month earlier than at Scapa. Accumulation of DTX-1 in SPATT peaked in August at 
Loch Ewe, also a month earlier than at Scapa.  The presence of DTX-2 in SPATT 
reached a maximum slightly later in autumn, around September-October.  Increased 
levels of DTX-2 were also detected in winter around January-February at Loch Ewe 
and Scapa when Dinophysis sp. cells were absent from the water column.  This was 
also valid for OA and PTX-2. 
 
YTX and its analogues (ca. 100) are known to be produced by the dinoflagellates 
Protoceratium reticulatum (Satake et al., 1997), Lingulodinium polyedrum (Tubaro et 
al., 1998) and Gonyaulax spinifera (Rhodes et al., 2006).  At Loch Ewe, YTX 
especially but also 45-OH-YTX more occasionally were the main yessotoxin 
analogues detected in SPATT primarily during the summer months (June-
September).  Their detection coincided with the presence of low numbers of P. 
reticulatum cells in the water column (L. polyedrum being very rarely detected), thus 
confirming this dinoflagellate species as the most likely source of YTXs at Loch Ewe. 
During the period 2007-2008, YTXs were not detected in SPATT. Since 2009, a 
small increase in the concentration of dissolved YTX in SPATT could be associated 
with an increase in the number of P. reticulatum cells in the water column. 
 
At Scapa, YTX was the only yessotoxin analogue detected in SPATT between March 
and September, with a peak in August.  The detection of YTX also coincided with the 
presence of low numbers of P. reticulatum cells in the water column (L. polyedrum 
not detected), thus confirming this dinoflagellate species as the most likely source of 
YTX at Scapa.  Higher levels of YTX were detected in SPATT bags deployed at 
Scapa in 2013 compared to 2012. 
 
Since the isolation and identification of Azadinium spinosum, the first AZA-producing 
organism discovered in the North Sea in 2007 (Krock et al., 2009, Tillmann et al., 
2009), a number of new species of the genus Azadinium also originating from the 
North Sea have been discovered: A. obesum (Tillmann et al., 2010), A. poporum 
(Tillmann et al., 2011) and A. polongum (Tillmann et al., 2012).  While initially A. 
spinosum was found to be the only species to produce azaspiracids, namely AZA-1 



 

201 
 

and AZA-2 (Tillmann et al., 2009), more recently other species of dinoflagellates 
have also been shown to produce AZAs (Krock et al., 2012, 2014). 
 
Light microscopy assessment of the presence of Azadinium spp. in the water is very 
difficult due to the small size (11-18 µm in length) of this organism.  Moreover, 
molecular techniques such as real time PCR are under development and 
optimisation before it can be confidently integrated into a monitoring programme 
setup.  Analysis of the SPATT passive samplers deployed at Loch Ewe revealed the 
presence of AZA-1 mainly, but also occasional traces of AZA-2 and possible traces 
of AZA-3, indicating the occurrence of one or several azaspiracid-producing 
phytoplankton species. At Scapa, AZA-1 was also the main azaspiracid analogue 
detected in SPATT bags, but also occasional traces of AZA-2.  The seasonal 
distribution of AZA-1 was similar at Loch Ewe and Scapa and was very distinct from 
the other lipophilic toxins.  Indeed, the presence in the SPATT bags of AZA-1 
occured mainly between September and March, in other words during autumn and 
winter. July was the month where AZA-1 concentration was at its lowest in the 
SPATT samplers deployed at Loch Ewe and Scapa.  The overall concentration of 
AZA-1 in the water column showed an increasing trend since 2009. 
 
SPATT monitoring at Scalloway started mid-2011 and although deployment of the 
passive samplers occurred generally on a weekly basis, there were large periods 
with no SPATT deployment.  Out of the 53 SPATT bags deployed at Scalloway, OA, 
DTX-1, PTX-2, AZA-1 and YTX were the only toxins detected.  Unlike at Loch Ewe 
and Scapa, DTX-2 and AZA-2 were not detected at Scalloway in any of the SPATT 
bags deployed.  An interesting event happened in 2013 where a large toxin-
producing Dinophysis bloom (maximum 23,800 cells L-1) occurred at Scalloway in 
July 2013.  This led a few weeks later to a significant increase in the amount of OA 
(maximum 344 ng g-1 of resin) and PTX-2 (164 ng g-1 of resin) detected in the 
SPATT bags.  However, no co-occurring dinophysistoxins were detected in SPATT 
during this bloom event suggesting the Dinophysis species responsible for this event 
was different from the Dinophysis species regularly blooming at Loch Ewe and 
Scapa. 
 
11.5 Summary – Biotoxins 
 

 SPATT is a straight forward passive sampling technique allowing the detection of 

extra cellular marine toxins produced by various species of phytoplankton. 

 OA was the only monitored lipophilic toxin found to be persistent at Loch Ewe all 

year long since SPATT monitoring started in April 2005. 

 Other lipophilic toxins such as PTX-2, DTX-1, DTX-2, YTX and AZA-1 were also 

regularly detected at Loch Ewe and Scapa. 

 At Loch Ewe and Scapa, OA, PTX-2 and DTX-1 followed a seasonal distribution 

characterised by an increased detection in SPATT from May until 

August/September followed by a decrease abundance throughout the 

autumn/winter months. 

 AZA-1 followed a totally opposite seasonal pattern with a maximum abundance 

recorded at Loch Ewe and Scapa in the winter between November and February. 
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 In the absence of robust monitoring of Azadinium cells, SPATT can be a useful 

tool by accumulating azaspiracid toxins, thus providing direct information on the 

presence of toxin-producing Azadinium spp. in the water column of a monitored 

site. 

 SPATT monitoring at Loch Ewe seems to suggest a gradual increase in the 

presence of dissolved lipophilic toxins since the period 2007-2009. 
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11.7 Plots – Algal toxins 
 

 
 

 

Figure 11.3 Square root transformed OA concentration in SPATT passive samplers deployed 

at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of OA transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of OA 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.4. Square root transformed PTX-2 concentration in SPATT passive samplers 

deployed at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of PTX-2 

transformed concentration data. Annual c) and monthly d) mean anomaly time series plots of 

PTX-2 transformed concentration data. Note: Vertical axis units in figures a) and b) are ng 

toxin g
-1

 of resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.5 Square root transformed DTX-1 concentration in SPATT passive samplers 

deployed at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of DTX-1 

transformed concentration data. Annual c) and monthly d) mean anomaly time series plots of 

DTX-1 transformed concentration data. Note: Vertical axis units in figures a) and b) are ng 

toxin g
-1

 of resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.6 Square root transformed DTX-2 concentration in SPATT passive samplers 

deployed at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of DTX-2 

transformed concentration data. Annual c) and monthly d) mean anomaly time series plots of 

DTX-2 transformed concentration data. Note: Vertical axis units in figures a) and b) are ng 

toxin g
-1

 of resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.7 Square root transformed AZA-1 concentration in SPATT passive samplers 

deployed at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of AZA-1 

transformed concentration data. Annual c) and monthly d) mean anomaly time series plots of 

AZA-1 transformed concentration data. Note: Vertical axis units in figures a) and b) are ng 

toxin g
-1

 of resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.8 Square root transformed YTX concentration in SPATT passive samplers 

deployed at Loch Ewe since April 2005. Monthly a) and annual b) boxplots of YTX 

transformed concentration data. Annual c) and monthly d) mean anomaly time series plots of 

YTX transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin 

g
-1

 of resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.9 Square root transformed OA concentration in SPATT passive samplers deployed 

at Scapa since May 2011. Monthly a) and annual b) boxplots of OA transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of OA 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.10 Square root transformed PTX-2 concentration in SPATT passive samplers 

deployed at Scapa since May 2011. Monthly a) and annual b) boxplots of PTX-2 transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of PTX-2 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.11 Square root transformed DTX-1 concentration in SPATT passive samplers 

deployed at Scapa since May 2011. Monthly a) and annual b) boxplots of DTX-1 transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of DTX-1 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.12 Square root transformed DTX-2 concentration in SPATT passive samplers 

deployed at Scapa since May 2011. Monthly a) and annual b) boxplots of DTX-2 transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of DTX-2 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  
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Figure 11.13 Square root transformed AZA-1 concentration in SPATT passive samplers deployed at 

Scapa since May 2011. Monthly a) and annual b) boxplots of transformed AZA-1 data. Annual c) and 

monthly d) mean anomaly time series plots of transformed AZA-1 data. Note: Vertical axis units in 

figures a) and b) are ng toxin g
-1

 of resin. The full dataset was used as the base period 
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Figure 11.14 Square root transformed YTX concentration in SPATT passive samplers 

deployed at Scapa since May 2011. Monthly a) and annual b) boxplots of YTX transformed 

concentration data. Annual c) and monthly d) mean anomaly time series plots of YTX 

transformed concentration data. Note: Vertical axis units in figures a) and b) are ng toxin g
-1

 of 

resin. The full dataset was used as the base period for the anomaly calculations.  



 

217 
 

12. Zooplankton 
 
12.1 Introduction 
 
Zooplankton are animals that live in the sea that are not strong enough to swim 
against tides and currents and so drift along with the water that they are living in. 
There are tens of thousands of species of zooplankton which range in size from a 
few hundredths of a millimetre up to giant jellyfish that can reach a couple of meters 
in diameter.  Zooplankton are divided into several categories based on their size 
(e.g. microzooplankton, mesozooplankton, macrozooplankton, megazooplankton). 
Usually when people talk about zooplankton, they are referring to mesozooplankton 
which is in the size range 0.2 mm to 2.0 mm.  Marine Scotland Science has sampled 
mesozooplankton at Stonehaven on the east coast of Scotland since 1997 and Loch 
Ewe on the west coast of Scotland since 2002.  Until the MSS zooplankton 
monitoring began in Loch Ewe there had been no sustained measurements of the 
zooplankton community in the west of Scotland and the zooplankton in Scottish sea 
lochs has not been described for decades (e.g. Marshall 1949, Gamble et al., 1977, 
Heath 1995).  Even further offshore, CPR coverage in the west coast of Scotland is 
poor (Scherer et al., 2015). 
 
Mesozooplankton form an important link in food webs by transferring energy made 
by phytoplankton to higher trophic levels such as fish that eat the zooplankton.  The 
availability of these zooplankton at the right place and time to provide food to fish 
larvae is thought to be an important factor in determining the size of fish stocks. 
Zooplankton faecal pellets that sink out of the water column can also provide an 
important source of food to the benthos.  Within the mesozooplankton there are two 
further important categories: the holoplankton, which are animals that spend their 
whole life as part of the plankton, and the meroplankton, which are animals that only 
spend some of their lifecycle as part of the plankton, e.g. crab and starfish larvae.  
As most animals in the zooplankton, especially the holoplankton, have short 
lifecycles (less than one year) that are largely controlled by temperature, long-term 
monitoring of zooplankton provides an ideal indicator of the impacts of climate 
change in the marine ecosystem. 
 
Full Community Analysis 
 
There are about 230 taxonomic categories that are counted in zooplankton samples 
as part of the full community analysis.  These categories range from the 
developmental stage level for the most common and easily identifiable species (e.g. 
copepods that make up about 60 % of the taxonomic categories counted) to the 
Class level for hard to identify species (e.g. gastropod and polychaete larvae) and 
even to the Phylum level for rarely observed species (e.g. cephalochordates). 
 
The full species list describing the zooplankton community analysis from which the 
summary figures and data presented in this report are derived is given in Appendix 
G, in Part 3 of this report. 
 
This report and the accompanying dataset use a sub-set of zooplankton species 
categories in order to summarise the full data.  These are described below. 
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Total Copepod Biomass 
 
Total copepod biomass can be used as a proxy for total mesozooplankton biomass. 
Copepods are often the most important component of the mesozooplankton 
throughout the North Atlantic (O'Brien et al., 2013), and the availability of counts and 
biomass measurements for individual stages produce the most accurate signal of 
seasonal variability.  Copepods are also one of the life-forms proposed as an 
indicator for the pelagic habitat under the MSFD by the UK and OSPAR (DEFRA 
2014, Scherer et al., 2015).  Recent studies have predicted that zooplankton 
biomass in the North Sea will decrease in response to a warming climate (Chust et 
al., 2014a). The calanoid copepods Acartia clausi, Calanus spp., Centropages spp., 
Paracalanus parvus, Pseudocalanus spp., Temora longicornis and the cyclopoids 
copepod Oithona spp. make up 97.2 % and 98.7 % of the total copepod abundance 
at Loch Ewe and Stonehaven respectively (Cook et al., 2010).  Other life-forms 
proposed for MSFD monitoring are large (adult size > 2 mm) and small (adult size < 
2 mm) copepods.  Calanus spp. made up 96.3 % and 97.2 % of the large copepod 
abundance at Loch Ewe and Stonehaven respectively up to the end of 2013.  Acartia 
clausi, Centropages spp., Paracalanus parvus, Pseudocalanus spp., Temora 
longicornis and Oithona spp. made up 97.9 % and 98.7 % of the small copepod 
abundance at Loch Ewe and Stonehaven respectively over the same time periods. 
 
Calanus 
 
In Scottish waters, the important copepod genus Calanus is represented by two 
congeneric species: the artic-boreal C. finmarchicus which is at the southern limit of 
its distribution in the NE Atlantic (peak abundances occur between 6 to 11 °C 
(Helaouët and Beaugrand 2007)) and C. helgolandicus which is towards the northern 
limit of its distribution (peak abundances from 11 to 16 °C (Helaouët and Beaugrand 
2007)).  Historically, C. finmarchicus has been the dominant Calanus species in most 
of the North Atlantic and is probably the most intensively studied species of copepod 
because of their importance as food to the larvae of commercially important spring 
spawning fish species (Cushing 1990).  Recent studies based on CPR data have 
shown that the abundance of C. finmarchicus is declining in the northern North Sea 
as their geographic distribution is shifting north (Chust et al., 2014b, Hinder et al., 
2014). The ratio of C. finmarchicus and the more southerly C. helgolandicus has 
been proposed as a useful indicator of North Sea warming (Edwards et al., 2013).  
C. finmarchicus is not resident in shallow coastal and North Sea waters all year 
round as they overwinter in deep water (>500 m) as stage C4-5 (Heath et al., 2004).  
Results are presented for copepodite stages 5 and 6 as it is only in these stages that 
it is possible to distinguish C. finmarchicus and C. helgolandicus. 
 
Centropages 
 
The genus Centropages is also represented by two congeneric species in UK 
waters: the cold-temperate neritic C. hamatus which is resident in the North Sea and 
the more oceanic C. typicus which is considered an indicator of temperate Atlantic 
water (See reviews by Fransz et al., 1991, Halsband-Lenk et al., 2002).  C. hamatus 
is known to overwinter using resting eggs (Engel and Hirche 2004) but there is no 
evidence that C. typicus does the same (See review by Ianora et al., 2007). 
Halsband-Lenk et al., (2002) determined the optimal reproductive thermal 
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temperature to be 12.5 °C for C. hamatus and 20 °C for C. typicus from the North 
Sea whilst a review by Bonnet et al (2007) concluded that temperatures above 10 °C 
for C. hamatus and 15 °C for C. typicus are optimal for reproduction. 
 
Acartia clausi 
 
Acartia clausi is by far the dominant species in this genus in Scottish waters, but 
other representatives seen at Stonehaven and Loch Ewe include A. longiremis, A. 
bifilosa and A. discaudata.  Although species of Acartia are known to produce resting 
eggs (reviewed by Marcus 1996) there is no evidence that A. clausi do so in the 
North Sea (Engel and Hirche 2004).  Halsband and Hirche (2001) suggest that A. 
clausi overwinters as adult females in the North Sea.  A. clausi is tolerant of a wide 
range in temperature and salinity (Gaudy et al., 2000) but has shown evidence of 
temperature related shifts in seasonal timing (i.e. appearing earlier in warmer years) 
in the western English Channel (Atkinson et al., 2015). 
 
Paracalanus parvus 
 
Paracalanus parvus is a species complex found almost globally in coastal regions, 
but recent molecular studies have provided evidence that P. parvus s.s is in fact 
restricted to the NE Atlantic (Cornils and Held 2014). In UK waters there are a 
number of copepod species belonging to the families Clausocalanidae (e.g. 
Clausocalanus spp., Ctenocalanus vanus and Pseudocalanus spp.) and 
Paracalanidae (e.g. Paracalanus parvus) that are very difficult to distinguish in the 
juvenile stages. In many datasets they are often combined into a small calanoid 
copepod category, which in Scottish waters would be dominated by Pseudocalanus 
spp. and, as a result, there is very little information about P. parvus dynamics in the 
NE Atlantic. 
 
Pseudocalanus spp. 
 
Pseudocalanus spp. is another well studied genus of copepod as it is one of the 
most common copepods in the N. Atlantic and North Sea (see review by Corkett and 
McLaren 1978) and thought to be an important copepod for larval fish survival 
(Beaugrand et al., 2003).  Pseudocalanus is a genus of copepod that carries its eggs 
in egg sacs until they hatch instead of releasing them directly into the water column. 
There are a number of different species of Pseudocalanus that are very hard to 
distinguish morphologically (Frost 1989).  Historically, it had been thought that only 
P. elongatus was present in the North Atlantic and North Sea but recent molecular 
studies have revealed the presence of P. moultoni (Aarbakke et al., 2011, Laakmann 
et al., 2013) and it is possible that P. acuspes could also be found in Scottish waters 
(Aarbakke et al., 2014).  P. elongatus has shown evidence of temperature related 
shifts in seasonal timing (i.e. appearing earlier in warmer years) in the western 
English Channel (Atkinson et al., 2015) but Klein Breteler et al (1995) found that 
mortality of North Sea P. elongatus was higher at 20 °C compared to 15 °C. 
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Temora longicornis 
 
Temora longicornis is also a well-studied and abundant copepod species with a 
widespread North Atlantic distribution, and is the only representative of this genus 
known to be found in Scottish waters.  Other members of the family Temoridae are 
present but tend to have a more estuarine distribution.  T. longicornis has been 
found to be fairly tolerant to changes in temperature up to 22 °C with no clear 
optimum (Halsband-Lenk et al., 2002).  T. longicornis is known to be able to produce 
resting eggs (Lindley 1990) but has also been observed to reproduce all year round 
in the southern North Sea (Halsband and Hirche 2001, Halsband-Lenk et al., 2004) 
and eastern Irish Sea (Castellani and Altunbas 2006) and nauplii have been 
observed during winter in Loch Striven (Marshall 1949) and Northumberland coastal 
waters (Evans 1977). 
 
Oithonidae 
 
The Oithonidae, and especially those of the genus Oithona, are considered one of 
the most widespread, important and yet understudied group of copepods in the world 
(Gallienne and Robins 2001, Dahms et al., 2015), although they form an important 
component of the North Sea food web (Nielsen and Sabatini 1996).  The Oithonidae 
carry their eggs in egg sacs until they hatch instead of releasing them directly into 
the water column.  They are tolerant of a wide range of temperatures (e.g. egg 
hatching rates have been measured between -1 to 20 °C (Nielsen et al., 2002)) and 
have a very low metabolic rate compared to other similarly sized copepods 
(Castellani et al., 2005).  This is thought to give them an advantage in low food 
conditions for example during winter.  There are a number of different species of 
Oithonidae that are very similar morphologically so they are not distinguished during 
the routine analysis at Stonehaven and Loch Ewe.  The most common species found 
is Oithona similis but others are regular members of the North Atlantic zooplankton 
community (e.g. Oithona nana, Oithona plumifera). 
 
Benthic, Decapod, Bivalve and Barnacle Larvae Biomass 
 
Most marine organisms have larval stages that spend time in the plankton 
(meroplankton).  The meroplankton are one of the life-forms proposed as an 
indicator for the pelagic habitat under the MSFD by the UK and OSPAR (DEFRA 
2014, Scherer et al., 2015).  The benthic larvae that are seen in the plankton at 
Stonehaven and Loch Ewe include the larvae of most of the animals that can be 
seen living on the sea floor in Scottish waters, e.g. barnacles, worms, crabs, starfish 
and shellfish.  The decapod larvae found at Stonehaven and Loch Ewe, which 
include commercially important species of crabs and lobster, have been relatively 
well studied and their planktonic and settlement seasonal cycles and interannual 
variation described (Pan and Hay 2010, Pan et al., 2011a, Pan et al., 2011b).  These 
studies concluded that there was high interannual variability in the abundance of 
decapod larvae relating to chlorophyll availability and water temperature.  However, 
it is time-consuming to identify decapod larvae to species so this is not done 
routinely.  Bivalve larvae and barnacle larvae are also extremely difficult to identify to 
species under a binocular microscope so this is not done as part of the routine 
sample analysis at Stonehaven and Loch Ewe.  The bivalve larvae found here will 
include commercially important species such as mussels and scallops.  Most bivalve 
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larvae generally appear in the plankton during either optimum food or temperature 
conditions for a particular species (Philippart et al., 2014).  It is thought that the 
release of barnacle larvae is highly coupled with phytoplankton bloom conditions 
(Starr et al., 1991). 
 
Cnidaria Biomass 
 
Many Cnidaria are only abundant seasonally as they live as sexually reproducing 
medusa for only a few weeks or months.  The rest of the life cycle is a long lived 
colonial polyp stage which lives and grows attached to a seabed or substrate.  The 
animals that we commonly think of as jellyfish are the Scyphozoa.  It is thought that 
jellyfish blooms are increasing in size and number due to climate change and 
ecosystem degradation (Attrill et al., 2007, Purcell et al., 2007, Richardson et al., 
2009, Lynam et al., 2011) but, in fact, recent publications have concluded that there 
is not enough data available to understand jellyfish ecology, especially about where 
and when they occur (Lynam et al., 2010, Condon et al., 2012, Gibbons and 
Richardson 2013, Hosia et al., 2014, Pikesley et al., 2014), and that factors affecting 
the benthic stage may be more important (Lucas et al., 2012, Makabe et al., 2014, 
Marques et al., 2015, Van Walraven et al., 2015).  The Cnidaria found in 
mesozooplankton samples are dominated by a number of other species not 
commonly thought of as jellyfish, including the small hydrozoan medusae Obelia 
spp., Clytia hemisphaerica, Lizzia blondina, Euphysa spp., Rathkea octopunctata, 
Bougainvillia spp., Sarsia spp., Hydractinia spp., Phialella quadrata, the anthozoan 
Cerianthus spp. and the siphonophores which form floating colonies.  Gelatinous 
zooplankton are one of the life-forms proposed as an indicator for the pelagic habitat 
under the MSFD by the UK and OSPAR (DEFRA 2014, Scherer et al., 2015). 
 
Calcifying Plankton Biomass 
 
There is increasing interest in the possible effects of ocean acidification on marine 
animals that rely on calcification as part of their physiology.  Increased acidity 
dissolves, and can make it harder to form structures such as shells and calcareous 
skeletons (Fabry et al., 2008).  However, recent studies have concluded that the 
effects of temperature are more important on the abundance of calcifying plankton 
than ocean acidification (Beaugrand et al., 2013).  Animals in this category are 
planktonic snails (gastropod larvae and the holoplanktonic pteropods Limacina 
retroversa and Clione limacina which has no shell has an adult), bivalve larvae and 
starfish larvae (which form calcareous skeletons). 
 
12.2 Methods 
 
Sample Collection and Storage 
 
Zooplankton samples were collected using 40 cm diameter bongo nets fitted with 
200 µm mesh.  The nets were hauled vertically from near bottom (45 m at 
Stonehaven and 35 m at Loch Ewe) to surface at a speed of 2-3 m s-2.  The samples 
were immediately preserved in 4 % borax buffered formaldehyde for later analysis in 
the laboratory. 
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Sample Processing, Analysis and Archiving 
 
Zooplankton samples were analysed in the laboratory using a Zeiss Stemi SV-11 
stereomicroscope.  Larger zooplankton categories (such as Calanus spp., 
chaetognaths, jellyfish, euphausiids etc.) were identified and enumerated from the 
whole sample.  The remaining zooplankton categories were identified and 
enumerated from a series of subsamples (of variable volume depending on 
concentration of animals but a minimum 2.5 % of the whole sample) so that at least 
100 animals were recorded.  All copepods were identified to the lowest taxonomic 
level possible, whilst others animals were grouped into categories.  Zooplankton 
counts were converted to abundance using filtered volume estimated from vertical 
distance towed, net mouth area and a 70 % filtration efficiency (MSS unpublished 
data).  Zooplankton abundance was converted to biomass using historical dry weight 
data measured from the North Sea and North Atlantic (Hay et al., 1988, Hay et al., 
1991, Marine Scotland Science, unpublished data).  If there was no dry weight data 
for a particular species or stage, the dry weight of another similar animal was used 
(e.g. values for Eucalanus elongatus were used for Subeucalanus crassus).  The 
samples are archived for future use. 
 
Data Quality, Handling and archiving 
 
Zooplankton quality assurance follows the MSS joint code of practice and analysts 
participate in NMBAQC external identification ring trials as they arise.  All 
calculations and data entry into the zooplankton database are double checked by a 
second analyst.  The calculated abundances of each zooplankton category are 
checked against a nine week running mean and any value that is greater than ±3 
standard deviations from the mean is checked and, if necessary, the sample is 
reanalysed. 
 
Sample information, zooplankton count and abundance data from the species 
analyses, and zooplankton biomass measurements are held in dedicated Microsoft 
Access databases for Stonehaven and Loch Ewe.  Only authorised staff members 
are able to edit information on the databases. 
 
12.3 Results - Total Copepod Biomass 
 
Zooplankton sampling at Loch Ewe began in April 2002, therefore, the figures that 
show annual values (b, c) begin at 2003 whereas those that show monthly values (a, 
d)  also incorporate the 2002 data. 
 
The seasonality in total copepod biomass observed at Loch Ewe (Figure 12.1a) is 
typical for zooplankton grazers in the NE Atlantic.  Biomass began to increase in 
March and high values were generally observed between April/May and 
September/October.  Copepod biomass was usually slightly higher between July and 
September than the rest of the growing season, although variability within May and 
June was very high and peak biomass levels occurred in these months in some 
years.  There was no trend in the normalised annual anomalies (Figure 12.1c), which 
oscillated between positive and negative anomalies since 2008. 
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At Stonehaven, total copepod biomass began to increase in April, a month later than 
was seen at Loch Ewe, and increased at a slower rate than at Loch Ewe until peak 
biomass values were observed around August (Figure 12.2a).  The differences 
between Stonehaven and Loch Ewe were probably due to the lower winter and 
spring water temperatures seen at Stonehaven (Figures 5.16a and 5.8a).  Copepod 
biomass at Stonehaven declined in June, but this month was also highly variable. 
There was a positive trend in the normalised annual anomalies in copepod biomass 
between 1999 and 2008 (Figure 12.2d).  Since 2008 the annual anomalies were all 
low positive or negative, but without the sharp oscillations seen at Loch Ewe. 
  



 

224 
 

12.4 Plots – Total Copepod Biomass 
 

 

Figure 12.1 Total Copepod Biomass (mg dry weight m
-3

) data from the long term monitoring 

site at Loch Ewe. a) Monthly boxplot of total copepod biomass data. b) Annual boxplot of total 

copepod biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly time 

series. Sampling began in April 2002. Figures b and d only include data from January 2003. 

The full dataset was used as the base period for the anomaly calculations.  
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Figure 12.2 Total Copepod Biomass (mg dry weight m
-3

) data from the long term monitoring 

site at Stonehaven. a) Monthly boxplot of total copepod biomass data. b) Annual boxplot of 

total copepod biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. The full dataset was used as the base period for the anomaly calculations.  
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12.5 Results - Calanus finmarchicus Stages C5-6 Biomass 
 
At Loch Ewe there was very little C. finmarchicus present in the water column 
between September and February (Figure 12.3a), although biomass during autumn 
was more variable than during winter.  The levels of C. finmarchicus biomass 
recorded at Loch Ewe were not high.  They began to increase in March and 
remained elevated until August.  The month of peak C. finmarchicus biomass was 
usually May, but this was also the most variable month.  Biomass declined slightly 
between May and July before increasing again in August.  A higher median value of 
C. finmarchicus biomass was observed between 2006 to 2011 compared to the rest 
of the time series (Figure 12.3b). 
 
A positive trend in normalised annual anomalies was observed until 2008 (Figure 
12.3c).  Between 2006-2009 almost all monthly anomalies were positive between 
July 2006 and June 2009 resulting in a higher annual anomaly.  The only exceptions 
were January and February 2007 and September 2008. 
 
At Stonehaven, the seasonal cycle in C. finmarchicus biomass was similar to that 
seen at Loch Ewe.  Biomass began to increase in March and peaked in May (Figure 
12.4a), but then the biomass decreased slowly and remained at intermediate levels 
until December.  There was a brief dip in biomass in June before a small late 
summer peak in July.  Extremely low C. finmarchicus biomass was observed during 
2010 (Figure 12.4b).   
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12.6 Plots -  Calanus finmarchicus Stages C5-6 Biomass 

 

Figure 12.3 Calanus finmarchicus Stages C5-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of C. finmarchicus stages C5-6 

biomass data. b) Annual boxplot of C. finmarchicus stages C5-6 biomass data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. Sampling began in April 

2002. Figures b and d only include data from January 2003. The full dataset was used as the 

base period for the anomaly calculations. 
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Figure 12.4 Calanus finmarchicus Stages C5-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of C. finmarchicus stages C5-6 

biomass data. b) Annual boxplot of C. finmarchicus stages C5-6 biomass data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. The full dataset was used 

as the base period for the anomaly calculations.   
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12.7 Results - Calanus helgolandicus Stages C5-6 Biomass 
 
At Loch Ewe C. helgolandicus was present at low levels all year round with two 
distinct, almost equally sized, peaks of biomass occurring in April-May and August-
October (Figure 12.5a).  2013 was a year of extremely low C. helgolandicus biomass 
compared to the rest of the time series (Figure 12.5b).  Normalised annual 
anomalies were all positive between 2003 and 2008 (Figure 12.5c).  The year 2013 
was the only year where all normalised monthly anomalies were negative (Figure 
12.5d). 
 
At Stonehaven, the seasonal cycle in C. helgolandicus biomass was very different to 
that seen at Loch Ewe (Figure 12.6a).  C. helgolandicus was present at low levels 
during winter.  There was a small spring increase in April-May but then biomass was 
low and highly variable in June-July before increasing to the main biomass peak in 
August-September.  This autumn peak in biomass was nearly double that observed 
in Loch Ewe.  Relatively low average C. helgolandicus biomass was observed at 
Stonehaven between 2009-2011 (Figure 12.6b) with very low variability.  These 
years were also a period of negative annual anomalies (Figure 12.6c) due to most of 
the individual months having negative anomalies (Figure 12.6d).  
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12.8 Plots - Calanus helgolandicus Stages C5-6 Biomass 

 

Figure 12.5 Calanus helgolandicus Stages C5-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of C. helgolandicus stages C5-6 

biomass data. b) Annual boxplot of C. helgolandicus stages C5-6 biomass data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. Sampling began in April 

2002. Figures b and d only include data from January 2003. The full dataset was used as the 

base period for the anomaly calculations.  
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Figure 12.6 Calanus helgolandicus Stages C5-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of C. helgolandicus stages C5-6 

biomass data. b) Annual boxplot of C. helgolandicus stages C5-6 biomass data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. The full dataset was used 

as the base period for the anomaly calculations.   
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12.9 Results - Centropages hamatus Stages C1-6 Biomass 
 
At Loch Ewe C. hamatus was virtually absent during November and January, and 
was never recorded in December or February (Figure 12.7a).  Biomass began to 
increase in March, peaked in June-July and then decreased until October, although 
August-October showed relatively high variability compared to the spring and 
summer months.  The annual biomass of C. hamatus at Loch Ewe was fairly low and 
variable, and in the majority of years the median was zero (Figure 12.7b).  The years 
2003, 2007, 2012 and 2013 were exceptions to this, whilst 2009 was a year of 
exceptionally low biomass.  There was a period of negative annual anomalies 
between 2004-2010 (Figure 12.7c).  
 
At Stonehaven, the seasonal cycle in C. hamatus biomass was very similar to that 
seen at Loch Ewe.  C. hamatus was virtually absent during the winter months of 
December-February (Figure 12.8a).  Biomass began to increase in March, peaked 
slightly later than Loch Ewe in July-August and then decreased until November.  
June and July were highly variable months.  C. hamatus was more abundant 
annually at Stonehaven than at Loch Ewe.  The year 2006 had a very low median 
biomass, but some extremely high values (Figure 12.8b).  There was a period of low 
negative annual anomalies between 2004-2012 (Figure 12.8c). 
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12.10 Plots - Centropages hamatus Stages C1-6 Biomass 

 

Figure 12.7 Centropages hamatus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of C. hamatus stages C1-6 

biomass data. b) Annual boxplot of C. hamatus stages C1-6 biomass data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Sampling began in April 2002. 

Figures b and d only include data from January 2003. The full dataset was used as the base 

period for the anomaly calculations.  
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Figure 12.8 Centropages hamatus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of C. hamatus stages C1-6 

biomass data. b) Annual boxplot of C. hamatus stages C1-6 biomass data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. The full dataset was used as the 

base period for the anomaly calculations. 
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12.11 Results - Centropages typicus Stages C1-6 Biomass 
 
At Loch Ewe C. typicus was virtually absent during February-March (Figure 12.9a). 
Biomass began to increase in April, peaked in September and then decreased until 
January, although variability was high in most months.  The annual biomass of C. 
typicus at Loch Ewe (Figure 12.9b) was higher than that of C. hamatus (Figure 
12.7b) but 2004 and 2012-2013 were years of low median annual biomass.  There 
was a period of positive annual anomalies between 2005-2010 (Figure 12.9c) which 
coincided with the period of negative anomalies in C. hamatus biomass (Figure 
12.7c). 
 
At Stonehaven, the seasonal cycle in C. typicus biomass began later in the year than 
at Loch Ewe.  C. typicus was virtually absent during the spring/summer months of 
March-June (Figure 12.10a).  Biomass began to increase in July, peaked in the 
same month as Loch Ewe in September and then decreased until February. C. 
hamatus was more abundant annually at Stonehaven (Figure 12.10b) than C. 
typicus (Figure 12.8b).  The period 1999-2000, 2002 and 2013 were years of low 
median biomass although 2013 also saw the highest outlying values.  The highest 
median biomass was recorded in 2008(Figure 12.10b).  There was a period of 
mostly positive annual anomalies since 2003 (Figure 12.10c) which coincided with 
the period of negative anomalies in C. hamatus (Figure 12.8c). 
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12.12 Plots - Centropages typicus Stages C1-6 Biomass 

 

Figure 12.9 Centropages typicus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of C. typicus stages C1-6 biomass 

data. b) Annual boxplot of C. typicus stages C1-6 biomass data. c) Annual mean anomaly 

time series d) Monthly mean anomaly time series. Sampling began in April 2002. Figures b 

and d only include data from January 2003. The full dataset was used as the base period for 

the anomaly calculations.   
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Figure 12.10 Centropages typicus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 
long term monitoring site at Stonehaven. a) Monthly boxplot of C. typicus stages C1-6 
biomass data. b) Annual boxplot of C. typicus stages C1-6 biomass data. c) Annual mean 
anomaly time series d) Monthly mean anomaly time series. The full dataset was used as the 
base period for the anomaly calculations.   
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12.13 Results - Acartia clausi Stages C1-6 Biomass 
 
At Loch Ewe, A. clausi was present all year round (Figure 12.11a).  Biomass started 
to increase from low winter levels in April and peaked in July.  The median annual 
biomass and variability in annual biomass of A. clausi at Loch Ewe was fairly 
consistent, although 2008 was a year of higher median biomass and 2012-2013 
were years of low median biomass (Figure 12.11b, 12.11d).  The period 2006-2010 
was a period of mostly positive annual anomalies (Figure 12.11c). 
 
At Stonehaven, the seasonal cycle in A. clausi was almost identical to that seen at 
Loch Ewe but at slightly lower biomass levels.  A. clausi was present at low levels 
throughout the winter (Figure 12.12a), began to increase in April and peaked in July. 
The annual biomass of A. clausi at Stonehaven was highly variable (Figure 12.12b). 
The years 2003 and 2010 were particularly variable whereas 2005 and 2011-2012 
had low variability.  A period of mostly positive annual anomalies (Figure 12.12c) 
was observed between 2006-2010 as at Loch Ewe, but seen in the context of the 
longer time series it appears to be part of broader fluctuations (Figure 12.12d). 
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12.14 Plots - Acartia clausi Stages C1-6 Biomass 

 

Figure 12.11 Acartia clausi Stages C1-6 Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Loch Ewe. a) Monthly boxplot of A. clausi stages C1-6 biomass data. b) 

Annual boxplot of A. clausi stages C1-6 biomass data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. Sampling began in April 2002. Figures b and d only 

include data from January 2003. The full dataset was used as the base period for the 

anomaly calculations.   
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Figure 12.12 Acartia clausi Stages C1-6 Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Stonehaven. a) Monthly boxplot of A. clausi stages C1-6 biomass data. b) 

Annual boxplot of A. clausi stages C1-6 biomass data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series.  
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12.15 Results - Paracalanus parvus Stages C1-6 Biomass 
 
At Loch Ewe, low biomass of P. parvus was recorded during the winter months. 
Biomass began to increase between March and April (Figure 12.13a), peaking in 
September.  High median annual biomass were observed during 2003 and 2008 with 
high annual variability recorded during 2008 (Figure 12.13b).  In contrast, 2013 was 
a year of very low median annual biomass. 
 
At Stonehaven, P. parvus biomass was lower than at Loch Ewe but was recorded at 
this site all year round.  Winter (November-January) median biomass levels were 
about the same as late spring (April-May) levels but there were dips in biomass in 
early spring (February-March) and summer (June-July) (Figure 12.14a). The peak 
biomass levels were reached in autumn (September-October).  The annual median 
biomass of P. parvus at Stonehaven was variable (Figure 12.14b) but 2003 and 
2008 were years of high median annual biomass and high positive annual anomalies 
(Figure 12.14c) as also seen at Loch Ewe.  Low median annual biomass and a 
negative annual anomaly were also observed in 2013.  The annual anomalies in P. 
parvus biomass increased between 1999-2003 and 2004-2008.  The negative trend 
in annual anomalies from 2008-2013 seen at Loch Ewe was not as evident at 
Stonehaven. 
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12.16 Plots - Paracalanus parvus Stages C1-6 Biomass 

 

Figure 12.13 Paracalanus parvus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of P. parvus stages C1-6 biomass 

data. b) Annual boxplot of P. parvus stages C1-6 biomass data. c) Annual mean anomaly 

time series d) Monthly mean anomaly time series. Sampling began in April 2002. Figures b 

and d only include data from January 2003. The full dataset was used as the base period for 

the anomaly calculations.  
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Figure 12.14 Paracalanus parvus Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of P. parvus stages C1-6 

biomass data. b) Annual boxplot of P. parvus stages C1-6 biomass data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. The full dataset was used as the 

base period for the anomaly calculations.  
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12.17 Results - Pseudocalanus spp. Stages C1-6 Biomass 
 

At Loch Ewe, Pseudocalanus spp. was present at low levels throughout the winter. 
Biomass began to increase in March and peaked in April (Figure 12.15a).  Biomass 
declined in June before increasing again in July and remaining high until October. 
The summer months where the median biomass dips show high variability 
suggesting that this does not occur in all years.  The highest positive annual biomass 
anomaly (Figure 12.15c) was observed in 2012 but not the highest median annual 
biomass (Figure 12.15b), although variability was relatively high.  
 
At Stonehaven, the seasonal pattern in Pseudocalanus spp. biomass was similar to 
that seen at Loch Ewe but with a slight lag and median biomass levels were lower 
than those seen at Loch Ewe.  Biomass started to slowly increase from winter levels 
around March and reached the spring peak in April-May (Figure 12.16a).  The June-
July dip in biomass reached very low levels at Stonehaven that were comparable to 
winter biomass levels although with fairly high variability.  The autumn peak was 
reached in Autumn-September.  There was no obvious pattern in annual median 
biomass of Pseudocalanus spp. at Stonehaven (Figure 12.16b) or in the annual 
anomalies (Figure 12.16c and d). 
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12.18  Plots - Pseudocalanus spp. Stages C1-6 Biomass 

 

Figure 12.15 Pseudocalanus spp. Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of Pseudocalanus spp. stages C1-6 

biomass data. b) Annual boxplot of Pseudocalanus spp. stages C1-6 biomass data. c) Annual 

mean anomaly time series d) Monthly mean anomaly time series. Sampling began in April 

2002. Figures b and d only include data from January 2003. The full dataset was used as the 

base period for the anomaly calculations.  
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Figure 12.16 Pseudocalanus spp. Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of Pseudocalanus spp. stages 

C1-6 biomass data. b) Annual boxplot of Pseudocalanus spp. stages C1-6 biomass data. c) 

Annual mean anomaly time series d) Monthly mean anomaly time series. The full dataset was 

used as the base period for the anomaly calculations.  
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12.19 Results - Temora longicornis stages C1-6 biomass 
 
Very low biomass of T. longicornis was observed during the winter months at Loch 
Ewe, especially January-February (Figure 12.17a).  Biomass increased quite rapidly 
between February and May and then continued to increase at a slower rate until the 
annual peak was reached around August.  Biomass then declined steadily to winter 
levels.  The variability in May and June biomass levels were high compared to other 
months indicating that the spring/early summer bloom may be more important in 
some years.  In the period 2006-2008 these months were the only ones that showed 
positive monthly biomass anomalies (Figure 12.17d).  High median annual biomass 
was observed during 2003 (Figure 12.17b and c). 
 
Biomass of T. longicornis was higher during winter at Stonehaven compared to Loch 
Ewe (Figure 12.18a).  The annual low occurred in February and biomass increased 
from March to a spring/early summer peak in May.  There was a slight decline in 
biomass in June before an increase to the annual peak in August. Variability was 
high in May as it was in Loch Ewe. 
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12.20 Plots - Temora longicornis stages C1-6 biomass 

 

Figure 12.17 Temora longicornis Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Loch Ewe. a) Monthly boxplot of T. longicornis stages C1-6 

biomass data. b) Annual boxplot of T. longicornis stages C1-6 biomass data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. Sampling began in April 2002. 

Figures b and d only include data from January 2003. The full dataset was used as the base 

period for the anomaly calculations. 
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Figure 12.18 Temora longicornis Stages C1-6 Biomass (mg dry weight m
-3

) data from the 

long term monitoring site at Stonehaven. a) Monthly boxplot of T. longicornis stages C1-6 

biomass data. b) Annual boxplot of T. longicornis stages C1-6 biomass data. c) Annual mean 

anomaly time series d) Monthly mean anomaly time series. The full dataset was used as the 

base period for the anomaly calculations.  
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12.21 Results - Oithonidae stages C1-6 biomass 
 
At Loch Ewe there was relatively high biomass of Oithonidae during the winter 
months.  The biomass began to increase steadily in March, reached a maximum in 
August and then declined until the lowest biomass in January (Figure 12.19a).  High 
Oithonidae biomass was observed in 2010 (Figure 12.19b) with almost all months 
(except June) having positive monthly anomalies (Figure 12.19c & d). 
 
At Stonehaven there was a lower biomass of Oithonidae compared to Loch Ewe, 
and the seasonal cycle had a less defined pattern (Figure 12.20a).  Winter biomass 
levels were similar to those observed at Loch Ewe, but the biomass stayed at these 
levels well into the summer.  Biomass increased slightly between July-September, 
although variability in these months was extremely high.  There were three groups of 
years with respect to median biomass levels: 1999-2001 with low biomass, 2002-
2008 with high biomass and 2009-2013 with low biomass (Figure 12.20b).  It should 
be noted that the way the Oithonidae were analysed at Stonehaven changed in 
2002.  Before this the copepods were just counted, but since 2002 each copepod 
was staged.  Although this shouldn’t affect the numbers, there may have been an 
unconscious increase in effort looking for Oithonidae by analysts which could have 
artificially increased biomass estimates. 
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12.22 Plots - Oithonidae stages C1-6 biomass 

 

Figure 12.19 Oithonidae Stages C1-6 Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Loch Ewe. a) Monthly boxplot of Oithonidae stages C1-6 biomass data. b) Annual 

boxplot of Oithonidae stages C1-6 biomass data. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in April 2002. Figures b and d only include data from 

January 2003. The full dataset was used as the base period for the anomaly calculations.  
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Figure 12.20 Oithonidae Stages C1-6 Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Stonehaven. a) Monthly boxplot of Oithonidae stages C1-6 biomass data. b) 

Annual boxplot of Oithonidae stages C1-6 biomass data. c) Annual mean anomaly time series 

d) Monthly mean anomaly time series. The full dataset was used as the base period for the 

anomaly calculations.  
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12.23 Results - Benthic Larvae Biomass 
 
A low biomass of benthic larvae was observed in the water column during winter at 
Loch Ewe (Figure 12.21a), and biomass began to increase in February.  A spring 
peak in biomass was recorded in April and a similarly sized summer/autumn peak in 
July-September.  The variability in March was relatively high compared to the other 
months.  There were no obvious patterns in annual biomass (Figure 12.21b) but 
annual anomalies were positive between 2003-2008 and then became mostly 
negative (except 2010, Figure 12.21c and d) giving the appearance of a negative 
trend.  
 
The seasonal cycle of benthic larvae biomass at Stonehaven was similar to that at 
Loch Ewe.  There were low biomass levels throughout the winter months, but 
biomass began to increase in March and reached a peak in April/May (Figure 
12.22a).  A second peak in July/August was slightly higher than the spring peak. 
There was no obvious pattern in annual benthic larvae biomass (Figure 12.22b). 
Since 2003, the annual benthic larvae biomass anomalies have mostly been 
positive, except in 2005, 2010 and 2011 (Figure 12.22c).  Years with negative annual 
anomalies generally had lower autumn monthly anomalies than years with positive 
annual anomalies (Figure 12.22d). 
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12.24 Plots - Benthic Larvae Biomass 

 

Figure 12.21 Benthic Larvae Biomass (mg dry weight m
-3

) data from the long term monitoring 

site at Loch Ewe. a) Monthly boxplot of benthic larvae biomass data. b) Annual boxplot of 

benthic larvae biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in April 2002. Figures b and d only include data from January 

2003. The full dataset was used as the base period for the anomaly calculations. 
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Figure 12.22 Benthic Larvae Biomass (mg dry weight m
-3

) data from the long term monitoring 

site at Stonehaven. a) Monthly boxplot of benthic larvae biomass data. b) Annual boxplot of 

benthic larvae biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. The full dataset was used as the base period for the anomaly calculations.  
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12.25 Results - Decapod Larvae Biomass 
 
At Loch Ewe there was very low decapod larvae biomass observed during 
December-January which began to increase in February peaking in April (Figure 
12.23a).  A second larger peak was observed in July before biomass began to 
decrease to winter levels.  The annual median biomass of decapod larvae could be 
divided into two groups: higher biomass between 2003-2008 and lower biomass 
between 2009-2013 (Figure 12.23b).  This was also apparent in the decapod larvae 
biomass anomalies (Figure 12.23c and d) where 2003-2008 had positive annual 
anomalies whilst 2009-2013 had negative annual anomalies (except 2010).  The 
pattern in annual anomalies was almost identical to that seen for benthic larvae 
biomass (Figure 12.21c) indicating that decapod larvae are an important component 
of the benthic larvae community at Loch Ewe in terms of biomass. 
 
At Stonehaven the seasonal cycle in decapod larvae biomass was very similar to 
that seen at Loch Ewe but with a slight lag.  Biomass began to increase in March, 
reached a spring peak in April/May/June and a larger peak in August (Figure 
12.24a).  Annual decapod larvae biomass anomalies (Figure 12.24c) increased 
between 1999-2007.  This was associated with an increase in the number of months 
within a year with positive monthly anomalies (Figure 12.24d).  Since 2009, however, 
most years have had negative annual anomalies except 2012. 
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12.26 Plots - Decapod Larvae Biomass 

 

Figure 12.23 Decapod Larvae Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Loch Ewe. a) Monthly boxplot of decapod larvae biomass data. b) Annual 

boxplot of decapod larvae biomass data. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in April 2002. Figures b and d only include data 

from January 2003. The full dataset was used as the base period for the anomaly 

calculations.   
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Figure 12.24 Decapod Larvae Biomass (mg dry weight m
-3

) data from the long term monitoring site at 

Stonehaven. a) Monthly boxplot of decapod larvae biomass data. b) Annual boxplot of decapod larvae 

biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. The full 

dataset was used as the base period for the anomaly calculations. 
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12.27 Results - Bivalve Larvae Biomass 
 
At Loch Ewe there were low levels of bivalve larvae biomass present throughout the 
winter (Figure 12.25a).  There was a slight increase in biomass in early spring 
(March) but the main biomass peak occurred in late August/September.  There was 
a decline in median annual bivalve larvae biomass between 2003-2008 (Figure 
12.25b).  This pattern was also seen in annual bivalve larvae biomass anomalies 
(Figure 12.25c) and the monthly bivalve larvae biomass anomalies (Figure 12.25d). 
 
At Stonehaven the seasonal pattern in bivalve larvae biomass was different to that 
recorded at Loch Ewe.  Biomass started to increase in April, reached a summer peak 
in May and levels remained high throughout the summer and autumn until they 
began to decline in October (Figure 12.26a).  There was low median annual bivalve 
larvae biomass between 2004-2007 (Figure 12.26b), which was also a period of 
relatively high negative annual bivalve larvae biomass anomalies (Figure 12.26c). 
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12.28 Plots - Bivalve Larvae Biomass 

 
Figure 12.25 Bivalve Larvae Biomass (mg dry weight m

-3
) data from the long term monitoring 

site at Loch Ewe. a) Monthly boxplot of bivalve larvae biomass data. b) Annual boxplot of 

bivalve larvae biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. Sampling began in April 2002. Figures b and d only include data from January 

2003. The full dataset was used as the base period for the anomaly calculations.  
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Figure 12.26 Bivalve Larvae Biomass (mg dry weight m
-3

) data from the long term monitoring 

site at Stonehaven. a) Monthly boxplot of bivalve larvae biomass data. b) Annual boxplot of 

bivalve larvae biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly 

time series. The full dataset was used as the base period for the anomaly calculations.  
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12.29 Results - Barnacle Larvae Biomass 
 
A very low biomass of barnacle larvae was recorded at Loch Ewe in the winter 
months.  Biomass increased rapidly between February and April which formed the 
annual peak (Figure 12.27a).  Biomass then decreased to intermediate levels during 
the summer months.  Median annual barnacle larvae biomass declined between 
2003-2008 (Figure 12.27b), as did median annual bivalve larvae biomass at Loch 
Ewe (Figure 12.25b).  Annual barnacle larvae biomass anomalies (Figure 12.27c) 
and monthly barnacle larvae biomass anomalies (Figure 12.27d) also decreased 
between 2003-2008.  The highest median annual biomass and the highest positive 
annual anomaly were observed in 2010. 
 
The seasonal pattern in barnacle larvae biomass at Stonehaven was similar to that 
seen at Loch Ewe although delayed by about a month.  Biomass began to increase 
in March and peaked in May (Figure 12.28a).  There was a decline in median annual 
barnacle larvae biomass between 2000-2005 (Figure 12.28b), similar to that seen for 
bivalve larvae biomass at Stonehaven (Figure 12.26b).  There was also a decrease 
in annual barnacle larvae biomass anomalies between 2000 and 2006 (Figure 
12.28c). 
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12.30 Plots - Barnacle Larvae Biomass 

 

Figure 12.27 Barnacle Larvae Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Loch Ewe. a) Monthly boxplot of barnacle larvae biomass data. b) Annual 

boxplot of barnacle larvae biomass data. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. Sampling began in April 2002. Figures b and d only include data 

from January 2003. The full dataset was used as the base period for the anomaly 

calculations.   
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Figure 12.28 Barnacle Larvae Biomass (mg dry weight m-3) data from the long term 

monitoring site at Stonehaven. a) Monthly boxplot of barnacle larvae biomass data. b) Annual 

boxplot of barnacle larvae biomass data. c) Annual mean anomaly time series d) Monthly 

mean anomaly time series. The full dataset was used as the base period for the anomaly 

calculations.   
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12.31 Results - Cnidaria Biomass 
 
At Loch Ewe, Cnidaria biomass was at its annual low in January and started to 
increase in February (Figure 12.29a).  There was a spring peak in April and a larger 
autumn peak in September with fairly high biomass throughout the summer.  There 
were no obvious patterns in median annual Cnidaria biomass (Figure 12.29b) or 
annual Cnidaria biomass anomalies (Figure 12.29c).  High positive annual biomass 
anomalies were observed in 2003 and 2012, whilst 2013 was a year of high negative 
annual biomass anomaly. 
 
At Stonehaven there was much lower Cnidaria biomass compared to Loch Ewe 
(Figure 12.30a) and the seasonal cycle was delayed by about a month.  There was a 
spring peak in April/May, a similarly sized autumn peak in September and the winter 
minimum occurred in February.  The median annual Cnidaria biomass (Figure 
12.30b) and annual Cnidaria biomass anomalies (Figure 12.30c) fluctuated between 
periods of higher and lower median biomass and positive and negative anomalies.  A 
high positive annual anomaly was recorded in 2012 as seen at Loch Ewe. 
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12.32 Plots - Cnidaria Biomass 

 

Figure 12.29 Cnidaria Biomass (mg dry weight m
-3

) data from the long term monitoring site at 

Loch Ewe. a) Monthly boxplot of Cnidaria biomass data. b) Annual boxplot of Cnidaria 

biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. 

Sampling began in April 2002. Figures b and d only include data from January 2003. The full 

dataset was used as the base period for the anomaly calculations.  
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Figure 12.30 Cnidaria Biomass (mg dry weight m
-3

) data from the long term monitoring site at 

Stonehaven. a) Monthly boxplot of Cnidaria biomass data. b) Annual boxplot of Cnidaria 

biomass data. c) Annual mean anomaly time series d) Monthly mean anomaly time series. 

The full dataset was used as the base period for the anomaly calculations.   
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12.33 Results - Calcifying Plankton Biomass 
 
At Loch Ewe, calcifying plankton biomass was present at low levels throughout the 

winter and started to increase in February (Figure 12.31a).  There was a spring peak 

in March/April and a larger summer peak in July with fairly high biomass throughout 

the autumn.  Median annual calcifying plankton biomass decreased between 2003-

2008 (Figure 12.31b), a pattern also seen in median annual bivalve larvae (Figure 

12.25b) and barnacle larvae biomass at Loch Ewe (Figure 12.27b).  Annual 

calcifying plankton biomass anomalies (Figure 12.31c) also decreased between 

2003-2008. 

The seasonal pattern in calcifying plankton biomass at Stonehaven was similar to 

that seen at Loch Ewe but delayed by about a month.  Biomass began to increase in 

March and there was a summer peak in May with a larger autumn peak in 

September (Figure 12.32a).  There was no obvious pattern in median annual 

calcifying plankton biomass (Figure 12.32b).  The annual calcifying plankton biomass 

anomalies oscillated between periods of positive and negative annual anomalies 

(Figure 12.32c). 

  



 

269 
 

12.34 Plots - Calcifying Plankton Biomass 

 

Figure 12.31 Calcifying Plankton Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Loch Ewe. a) Monthly boxplot of calcifying plankton biomass data. b) 

Annual boxplot of calcifying plankton biomass data. c) Annual mean anomaly time series d) 

Monthly mean anomaly time series. Sampling began in April 2002. Figures b and d only 

include data from January 2003. The full dataset was used as the base period for the 

anomaly calculations.   
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Figure 12.32 Calcifying Plankton Biomass (mg dry weight m
-3

) data from the long term 

monitoring site at Stonehaven. a) Monthly boxplot of calcifying plankton biomass data. b) 

Annual boxplot of calcifying plankton biomass data. c) Annual mean anomaly time series d) 

Monthly mean anomaly time series. The full dataset was used as the base period for the 

anomaly calculations.  
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12.35 Summary – Zooplankton 
 

 A high degree of interannual variability was observed in the Scottish coastal 

zooplankton community.  

 The spring increase in biomass occured about a month earlier at Loch Ewe 

compared to Stonehaven for many taxa. 

 The autumn biomass peak in Calanus helgolandicus at Stonehaven was almost 

double that seen at Loch Ewe. 

 Periods of positive annual anomalies in Centropages typicus coincided with 

periods of negative annual anomalies in Centropages hamatus at Loch Ewe and 

Stonehaven. 

 An increase in biomass of total copepods and Calanus spp. at Loch Ewe and 

Stonehaven, and decapod larvae at Stonehaven was observed until 2008. 

 The biomass of decapod larvae showed a decrease Loch Ewe. 

 A decrease in biomass of bivalve larvae and barnacle larvae at Stonehaven was 

observed until 2008. 

 A decrease in biomass of bivalve larvae, barnacle larvae and calcifying plankton 

was observed at Loch Ewe until 2008. 

 There was no trend in cnidarian biomass observed at either site. 
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