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1. INTRODUCTION
W illiam  K. W. Li, Xosé Anxelu G. M oran, and Todd D. O'Brien

The ICES Science P lan  adop ts an  ecosystem  
approach  to m anagem en t th a t is built on scientific 
capacity to un d ers tan d  ecosystem  functioning. To 
unders tand , one should  first know ; to  know, one 
should  first observe. To u n d ers tan d  w ell and  to 
know  m uch, one should  observe far and  w ide and 
for long  and  always. This, in  a m an n er of speaking, 
is the rationale for m ultidecadal oceanic ecological 
datasets and  the ir application  in  m arine ecology 
and  b iogeochem istry  (D ucklow  et a l,  2009) as well 
as in  m arine policy and  m anagem en t (Edwards et 
a l,  2010).

The ICES Status R eport on  Clim ate C hange in  the 
N orth  A tlantic (Reid and  Valdés, 2011) is a review 
of the scientific literature, including a consideration  
of long -te rm  physical variability (H olliday et a l, 
2011), chlorophyll and  prim ary p roduction  (Bode et 
a l,  2011a), and  an  overview  of trends in  p lank ton  
com m unities (Licandro et a l, 2011). The know ledge 
base underly ing  th is literature continually  expands 
th rough  status reports on  oceanic hydrography 
from  the W orking G roup on O ceanic H ydrography 
(W GOH) (H ughes et al., 2011) and on Zooplankton 
ecology from the W orking G roup on Z ooplankton  
Ecology (WGZE) (O 'Brien et al., 2011).The W orking 
G roup on Phy top lank ton  and  M icrobial Ecology 
(WGPME) em erged from  the P lann ing  G roup on 
Phy top lank ton  and  M icrobial Ecology (PGPYME) 
in  response to an  ICES need  for linkage betw een  
hydrography and  Zooplankton. A n in terim  status 
report w as p resen ted  earlier (Li et a l, 2011a). 
In  th is first full report, the  ecological sta tus of 
phy top lank ton  and  m icrobial p lank ton  of the 
N orth  A tlantic and  adjacent seas is p resen ted  by 
reference to seven geographical regions contain ing 
61 m onito ring  locations (Figures 1.1 and  1.3), and 
to 40 standard  areas of the C on tinuous P lankton  
R ecorder survey (Figure 1.2). C overage stretches 
from  the subpolar w aters of the L abrador Sea to 
the subtropical w aters of sou thw estern  Iberia, and 
extends in to  the M ed iterranean  Sea.

In the N orth  A tlantic and  connected  seas, as 
elsew here in  the w orld 's oceans, m icrobes are 
extrem ely  num erous, w ith  abundance  exceeding, 
by orders of m agnitude, those of any o ther 
planktonic group (>107m icrobes m b1). N ot only do 
m icrobes constitu te the largest reservoir of b iom ass 
involved in  energy and  m aterial transfer, b u t also 
the largest reservoir of genetic in form ation  involved 
in supplying functional players to the ecological 
theatre . M icrobial p lank ton  are ribosom e-encod ing  
organism s from  all three dom ains of cellular life 
(Bacteria, A rchaea, Eukarya) as w ell as capsid- 
encoding  organism s (viruses). Cellular m icrobes 
obtain energy from light (phototrophy) or chemicals 
(chem otrophy), electrons from  w ater (lithotrophy) 
or organic carbon (organotrophy), and  carbon from 
inorganic (autotrophy) or organic (heterotrophy) 
com pounds, w ith  the possibility of m ixed 
m odes of nu trition  (m ixotrophy). In oxygenated 
w aters of the euphotic zone, p rim ary production  
(virtually entirely  microbial) is carried out by 
phytop lankton , w hich are pho to lithoau to trophs, 
com prising  a huge diversity of algae of dom ain  
Eukarya and  cyanobacteria of dom ain  Bacteria. 
M icrobial secondary  p roduction  is carried out 
by chem oorganohetero trophs belonging  to the 
dom ain  Bacteria.



ICES Phytoplankton and Microbial Plankton Status Report 2009/2010

Figure 1.1
Phytoplankton and microbial 
plankton monitoring sites within 
the ICES Area plotted on a map of 
average chlorophyll concentration. 
Only programmes summarized in 
this report are indicated on this 
map (white stars). The red boxes 
outline CPR standard areas (see 
Figure 1.2 and Section 10).

0,05 OJO 0.25 0.50 LÍJI-l 1.50 2-50 5.00

Average surface Chlorophyll (jag L'1)

Figure 1.2
Map o f CPR standard areas in 
the North Atlantic (see Section 10 
for details). Grey dots and lines 
indicate CPR sampling tracks.

Figure 1.3
Phytoplankton and microbial 
plankton monitoring sites within 
the ICES Area plotted on a map o f 
average sea surface temperature. 
Only programmes summarized in 
this report are indicated on this 
map (white stars). The red boxes 
outline CPR standard areas (see 
Figure 1.2 and Section 10).

Average Soa Surface Temperature ("C)
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Towards an  u n d e rs tan d in g  of ecosystem  
function ing , it is useful to classify p lank ton  
according to com m only  shared  adaptive 
features, such as physiological or m orphological 
traits, w hich lead  in  com bination  to predictable 
ecosystem  functions. In th is report, eight such 
provisional m icrobial p lank ton  types (Le Q uére 
et a l,  2005) are rep resen ted  in  lesser or greater 
detail at the collection of N o rth  A tlantic sam pling 
sites. For exam ple, p icohetero trophs include 
bacteria; p icoau to trophs include picocyanobacteria 
(.Synechococcus, Prochlorococcus) and  picoeukaryotic 
algae; n itrogen  fixers include som e filam entous 
cyanobacteria; calcifiers include coccolithophores; 
dim ethylsulphide producers include som e 
dinoflagellates and  som e prym nesiophytes, notab ly  
Emiliania huxleyi and  Phaeocystis sp.; silicifiers 
include m any  d iatom s; m ixed phy to p lan k to n  
include m any algae th a t do no t ten d  to form  bloom s; 
and  p ro tozoop lank ton  include hetero trophic 
flagellates and  ciliates.

In th is report, w e also include inform ation, w here 
available, on  aspects of the physical and  chemical 
environm ents th a t are know n to influence 
structure and  function  of m icrobial com m unities. 
For exam ple, w ater tem perature , salinity, w ind, and 
nu trien ts  are necessary to inform  ru le-based  m odels 
of ecological response to external forcing. O n  one 
such hab ita t tem ple t (Southw ood, 1988), nam ely  
the quadrangu lar n u trien t-tu rb u len ce  m odel 
(Longhurst, 2007), seasonal d iatom  bloom s m ight 
be m apped  to the quad ran t of h igh  nu trien ts and 
h igh  tu rbulence. Red tides and  o ther dinoflagellate 
b loom s of shallow  seas m ight be m apped  to the 
quad ran t of h igh  nu trien ts  and  low  turbulence. A 
vigorous m icrobial loop m ight be m apped  to the 
quad ran t of low  nu trien ts and  low  turbulence. It is 
a question  w h e th e r such event-scale and  seasonal- 
scale forcings can be d iscerned as w e consider 
the annualized  responses in  th e  m ultiyear tim e- 
series, or w h eth er succession and  o ther longer- 
term  m odes of variability n eed  to be invoked. 
The m onito ring  of phy top lank ton  an d  m arine 
m icrobes is an  im portan t activity th a t supports 
science priorities in  the m anagem en t of N orth  
A tlantic ecosystem s. This report w ould  no t 
be possible w ithou t the dedica ted  w ork  and 
contributions of scientists, technicians, m anagers, 
adm inistrators, institu tes, agencies, and 
governm ents associated w ith  ocean m onitoring  
program m es.



Pseudo-nitzschia sp. 
(Bacillariophyceae). 
Photo: Fisheries and 
Oceans Canada.
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2. TIME-SERIES DATA ANALYSIS 
AND VISUALIZATION
Todd D. O'Brien

The C oastal and  O ceanic P lankton  Ecology, 
Production, and  O bservation D atabase (COPEPOD; 
h ttp ://w w w .st.nm fs.noaa.gov/copepod/) is a global 
database of p lank ton  survey data, tim e-series, and 
p lank ton  data products hosted  by the N ational 
M arine Fisheries Service (NMFS) of the N ational 
Oceanic and  A tm ospheric A dm inistration  (NOAA). 
T hrough eight years of scientific collaboration and 
data-analysis support for p lank ton  w orking groups 
such as the ICES W orking G roup on Z ooplankton 
Ecology (WGZE) and  now  the ICES W orking G roup 
on Phytoplankton and Microbial Ecology (WGPME), 
COPEPO D  has developed a collection of p lankton- 
tailored, tim e-series analysis and  visualization tools, 
including those used  in  the creation of this report. 
These tools in tu rn  becam e C O PEPO D 's Interactive 
Tim e-series Explorer (COPEPODITE, h ttp ://w w w . 
st.nm fs.noaa.gov/nauplius/copepodite/), a free, 
online tim e-series processing and  visualization 
toolkit w hich can be used  to generate figures and 
analyses sim ilar to those used  in  th is report (and 
m uch m ore). COPEPODITE also features an 
interactive m etabase th a t provides inform ation on 
and  contact points for hundreds of phytoplankton  
and  Zooplankton tim e-series and  m onitoring 
program m es from  around  the w orld. This m etabase 
also acts as an access po in t to all of the sites used 
in  this report as well as those from  the concurrent 
ICES Z ooplankton  Status Report.

This section describes the tim e-series data- 
analysis m ethods (Section 2.1), the standard  data- 
visualization figures used  th roughou t this report 
(Section 2.2), and  the supplem ental data sources 
(e.g. sea surface tem perature, chlorophyll, and  w ind 
speed) included in  the standard  analyses of each 
m onitoring  site (Section 2.3).

2.1 Time-series data analysis

The tim e-series analysis m ethods (and 
visualizations) used  in  this report w ere developed 
in cooperation  w ith  the SCOR G lobal C om parisons 
of Z ooplankton  Tim e-series w orking group 
(WG125), the ICES W orking Group on Zooplankton 
Ecology (WGZE), and  the ICES W orking G roup on 
Phytop lankton  and  Microbial Ecology (WGPME). 
The analyses used  for this report use only a small 
subset of the entire collection of visualizations and 
analytical approaches created for these w orking 
groups. For simplicity, the subset of analysis and 
figures used for this report is referred to hereafter as 
"the  W GPM E tim e-series analysis".

The W GPME tim e-series analysis is used to compare 
in terannual trends across a variety of p lank ton  and 
o ther hydrographic variables, each w ith  different 
m easurem en t units and  sam pling frequencies (e.g. 
to com pare in terannual trends in  the "num ber of 
dinoflagellates per litre of w ater, sam pled once 
a m on th" w ith  the "average concentration  of 
chlorophyll a in  the 0-5 m  surface w aters, sam pled 
w eekly"). The W GPM E analysis m ethod  uses a 
unitless ratio (or "anom aly") to look at changes 
in data values over tim e relative to the long-term  
average (or"clim atology") of those data.

Each Zooplankton tim e-series P(t) is rep resen ted  as 
a series of log-scale anom alies p '(f) relative to the 
long-term  average P  of those data:

p \ t )  =  lo g 10[P (Z )]-lo g 10[P] =  log 10[P(f)/P]

http://www.st.nmfs.noaa.gov/copepod/
http://www
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Figure 2.1
Examples o f the interactive 
mapping and visualization tools 
used for the creation o f this 
report are available online at 
http://WGPME.net.
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If a dataseries at a given site is collected consistently 
and  uniform ly for the duration  of a m onito ring  
program m e, the sam pling bias (b) is rep resen ted  in 
the equation  as follows:

)'(f) =  lo g 10[¿>xp(f)]—lo g j f o x p ]  =  io g io [bP(t ) /bP]

As the sam pling bias (b) is p resen t in  b o th  the 
num erato r and  denom inato r of the equation, it is 
cancelled out during  the calculation. Likewise, the 
m easurem ent units of the values are also cancelled 
out, creating a unitless ratio (the anomaly):

p' ( t )  = lo g 10[b x p ( f) ]—l o g j f o x p ]  =

log J b P ( t ) / b P ]  = log  j P ( i ) / P ]

By using unitless anom alies, W GPM E can m ake 
comparisons in the foma "dinoflagellate abundances 
doubled during  the sam e tim e interval tha t 
chlorophyll a concentrations decreased by half". 
These com parisons can be m ade w ith in  a single site 
as well as be tw een  sites.

The W GPM E analysis exam ines in terannual 
variability and  long-term  trends by looking at 
changes in  average annual values th roughou t a 
tim e-series. In m ost regions of the N orth  A tlantic, 
p lank ton  have a strong  seasonal cycle, w ith  periods 
of h igh (often in  spring) and  low  (often in  w inter 
or late sum m er) abundance or biom ass. As a 
result of this strong  seasonal cycle, calculation of 
a simple annual average of p lank ton  from low- 
frequency or irregular sam pling (e.g. once per 
season, once per year) can  be greatly  influenced  
by  w h en  th e  sam pling  occurs (e.g. during, before, 
or after these seasonal peaks). This problem  is 
fu rther com pounded  by m issing m on ths or gaps 
b etw een  sam pling years. The W GPM E analysis 
addresses this p roblem  by using  the technique of 
M ackas et al. (2001), in  w hich the annual anom aly 
value is calculated as the average of individual 
m onth ly  anom alies w ith in  each given year. As this 
effectively rem oves the seasonal signal from  the 
annual calculations, this m ethod  reduces m any 
of the issues caused by using low -frequency and/ 
or irregular m on th ly  sam pling to calculate annual 
m eans and  anom alies.

http://WGPME.net
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Figure 2.2
A  collection o f standard WGPME 
time-series visualization figures 
illustrating the steps and
components used in the WGPME 
analysis for creating annual 
anomalies o f total diatom 
abundance from the Brandy 
Cove time series (Bay o f Fundy, 
Site #2, see Section 3.2 for more 
information on this site).
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The W GPM E tim e-series analysis involves a series 
of calculation steps (Figure 2.2):

1) The incom ing tim e-series data (i.e. to tal diatom  
abundance sam pled twice a m onth) are b inned  into 
m on th ly  m eans by year over the entire dataseries. 
D uring this step, plankton, chlorophyll, and nutrient 
values are log10 transform ed, w hereas tem perature 
and  salinity values are not. The distributions of 
values in  each m on th  of each year of the tim e-series 
are p lo tted  as the green dots in Figure 2.2a and  their 
value frequency is show n in the green bars in  Figure 
2.2b subpanel. The m onth -by-year m ean  values are 
also show n in the tem poral m atrix of Figure 2.2c, 
w here colours represen t value range categories 
and  w hite spaces indicate m on ths or years w ith  
no data or sam pling. Together, these three subplots 
provide the investigator w ith  a detailed overview of 
their data 's distribution, variability, and  tem poral 
coverage.

2) The long-term  average for each m onth , also 
know n as its climatology, is th en  calculated. These 
m on th ly  clim atology values are rep resen ted  by the 
open  red circles in Figure 2a,b.

3) Each m on th 's  clim atology value is th en  subtracted 
from  each m onth -by-year value (e.g. the matrix 
cells in  Figure 2.2c) in  order to calculate m onth-by-

year m on th ly  anom aly values for the tim e-series. In 
the m onth ly  anom aly m atrix (Figure 2.2d), m onths 
w ith  value greater th an  th a t m on th 's  clim atology 
(i.e. a positive anomaly) are indicated w ith  a red 
cell, w hereas m on ths w ith  a value less th an  tha t 
m on th 's  clim atology (i.e. a negative anom aly) are 
indicated w ith  a blue cell. M onths w ith  no data (no 
sam pling) are left b lank (w hite).

4) A nnual anom alies for all of the years in the tim e- 
series (Figure 2.2e) are calculated (per M ackas et a l, 
2001) as the average of all of the m on th ly  anom alies 
(Figure 2.2c) p resen t w ith in  th a t year. In th is figure, 
annual anom aly  values greater th an  zero are 
indicated w ith  red, w hereas annual anom aly values 
less than  zero are indicated w ith blue. An open circle 
draw n on the anom aly zero line (e.g. 2010 in  Figure 
2.2e) indicates th a t data w ere no t available tha t 
entire year. This sym bol for "n o -d a ta  years'ris used  
to distinguish them  from  near-zero value anom alies 
(which plot as a very th in  line in  this figure).

5) In Figure 2.2e, the green line draw n beh ind  the 
anom aly bars represen ts the linear regression of the 
annual anom alies vs. year. The color and  form  of 
this line indicate the statistical significance of this 
trend  (e.g. solid green is p< 0.01, dashed  green is 
p< 0.05, th in  grey is p >0.05).
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6) Figures 2.2f and  2.2g are no t used in  the anom aly 
calculation, bu t provide useful inform ation to the 
investigator. The left m iddle subpanel (Figure 2.2f) 
shows the distribution of raw  (non-log-transform ed) 
values and  their climatological m onth ly  m eans 
(green dots and  open red circles). This plot allows 
the investigator to see the true value range of the 
values presented . The left low er subpanel (Figure 
2.2g) show s the d istribution  and  climatological 
m on th ly  m eans of w ater tem peratures at the 
sam pling site. W ater tem peratures can influence 
the seasonal cycle of the p lank ton  as it m ay affect 
the p lank ton  b o th  directly (e.g. m etabolic rates) 
and  indirectly (e.g. w ater colum n stratification and 
subsequent nu trien t lim itation).

Figure 2.2 sum m arizes the seasonal and  in terannual 
trends of d iatom s at Brandy Cove as follows: 
D iatom s at Brandy Cove have a seasonal m axim um  
in sum m er (July) and  a seasonal m inim um  in 
w in ter (D ecem ber-February; Figure 2.2a,f). Over 
the sam pling period 1988-2009, annual average 
abundance estim ates w ere below  the long-term  
average prior to 1997 (Figure 2.2e, blue or negative 
annual anom alies) and  have generally b een  above 
the long-term  average during 1997-2007 (Figure 
2.2e, red  or positive annual anom alies). Focusing 
on Figure 2.2c,d,e, the positive annual anom alies 
during 1997-2004 (Figure 2.2e) coincide w ith  years 
in  w hich the seasonal m axim um  occurred later in 
the year (Figure 2.2c, patch of red m id-sum m er cells) 
and  w hose h igher abundance values carried into 
sum m er, autum n, and  w in ter (Figure 2.2d, positive 
anom alies, red cells, rem ain ing  red into au tum n and 
w in ter unlike pre-1996 years). Overall abundance 
has b een  increasing since sam pling began  in  1988 
(Figure 2.2e, p< 0.01, solid green line).

2.1.1 Representation of "absence" 
and zero-value measurem ents

Som e p lank ton  groups and  species have a tem porary 
seasonal presence w ith in  a m onito ring  site and  m ay 
com pletely d isappear during parts of the year. At 
the Brandy Cove m onito ring  site (see Figure 2.2), 
d iatom  abundance can becom e quite low  in w inter 
(but rem ain  above zero), w hereas dinoflagellates 
can becom e com pletely absen t during D ecem ber- 
M arch.The dinoflagellate data at this site have zero 
values th a t indicate "looked for and  found absent". 
Including these zero values in the tim e-series 
analysis is a challenge, however, as the W GPME 
m ethod  log-transform s these data, and  log(0) is an 
illegal m ath  operation.

O ne com m only used  log /zero-handling  solution is 
to add a 1 to all of the values before log-transform ing 
them , often referred to as "log(x+l)". The problem  
w ith this solution is tha t the "x+1" offset numerically 
affects sm aller value range data  (e.g. counts of a 
rare species w ith  non-zero  values ranging from 
1 to 20 per unit) at a different m agnitude th an  it 
num erically affects larger value range data (e.g. 
counts of an  entire group of b loom ing species w ith  
non-zero  values ranging from  1000 to 20 000). 
In the latter case, the zero value ("x+1" = 0+1 = 
1) is l/1000 th  of the otherw ise low est recorded 
value, and using  it will have a greater im pact on 
the calculation of the climatological m eans and 
anom alies th an  th a t sam e "x+1" offset will have 
on  the sm aller range example. A n alternate and 
im proved version of the "x + l"m e th o d  is, therefore, 
to add a value offset th a t is based  on the value range 
of the data itself ("x+0.01", "x+100"), bu t adding 
even a sm all offset still has a non -linear effect on 
all of the o ther (non-zero) values in  the dataset.

The W GPM E zero -hand ling  m ethod  does no t add 
any offset. Instead, it replaces any incom ing zero 
value w ith a fixed "zero-representation value" (Zero- 
rep), w hich is equal to one half of the lowest non-zero 
value seen in the entire data stream  for that variable 
(regardless of year or m onth). The Z ero-rep  w ould 
be 0.5 for data  ranging from  1 to 20, and 500 for data 
ranging  from 1000 to 20 000. The Z ero-rep  m ethod  
w orks w ith  b o th  small and  large range value sets, 
w ithou t in troducing non -linear biases or offsets. 
This m ethod  requires know ing the value range of 
the data before processing it, calculating the Zero- 
rep, and th en  replacing any zero values w ith  this 
Z ero-rep  value. A lthough  this m ay be difficult to 
do by hand , especially w ith  hundreds of variables, 
it is autom atically done by the COPEPODITE 
toolkit during the data p reparation  process. 
W hen  the "Z ero-rep"function is active for a plankton
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variable, the standard  figures show n in Figure 2.2 
include som e additional elem ents. In the standard  
figure collection for dinoflagellates at Brandy Cove 
(Figure 2.3), the "Z ero -rep" value is indicated  as 
a blue dashed  line in  Figure 2.3a,f and  as a blue 
d iam ond in  Figure 2.3b. W hen  dinoflagellates are 
absen t for an entire m onth , the m on th -by-year 
m ean  matrix cell for th a t m o n th  is rep resen ted  w ith  
an"[X ]". In Figure 2.3c, th is sym bol differentiates 
D ecem ber 1995 (an" [X]" cell, a m on th  in  w hich no 
dinoflagellates w ere found  in the sam ples) from 
N ovem ber 1996 and  D ecem ber 2003 (both b lank/ 
white cells, m onths in w hich no sampling was done). 
In the m on th ly  anom aly  m atrix (Figure 2.3d), any 
m onth ly  anom aly based  only on this Z ero-rep  value 
is indicated w ith an" [X] "cell. A lthough this cell could 
also be represented w ith a dark blue cell (as a negative 
anom aly), the " [X]"indicates the com plete absence 
w ith in  th a t m on th  and  distinguishes this from a 
very low  value m onth . These m on th ly  anom alies 
still participate in  the calculation of the annual 
anom aly  averaging calculation like any o ther value.

Figure 2.3 sum m arizes the seasonal and  in terannual 
trends of dinoflagellates at Brandy Cove as follows. 
D inoflagellates at Brandy Cove have a seasonal 
m axim um  in sum m er (July) and  a seasonal 
m in im um  in w in ter (D ecem ber-February) (Figure 
2.3a,f). D inoflagellates are periodically absen t 
during  D ecem ber-M arch, m ost notably  in the 
years 1990-1994 (Figure 2.3c,d). O ver the 1988- 
2009 sam pling period, average annual abundance 
estim ates w ere generally below  the long-term  
average prior to 2000 (Figure 2.3e, blue or negative 
annual anom alies) and  have generally been  above 
the long-term  average after 2000 (Figure 2.3e, 
red or positive annual anom alies). The positive 
annual anom alies during  2000-2009 coincide 
w ith  years in  w hich the dinoflagellates rem ained 
presen t th roughou t m ost of w in ter (Figure 2.3c) 
and  had  subsequent h igher abundance estim ates 
th roughou t the rest of the year (Figure 2.3d). Overall 
dinoflagellate abundance has b een  increasing since 
sam pling began  in  1988 (Figure 2.2f, p< 0.01, solid 
green line).

Figure 2.3
A  collection o f standard WGPME 
time-series visualization figures 
illustrating the steps and 
components used in the WGPME 
analysis for creating annual 
anomalies o f total dinoflagellate 
abundance from the Brandy 
Cove time-series (Bay o f Fundy, 
Site #2, see Section 3.2 for more 
information on this site).
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2.2 Time-series data visualization: 
standard figures

W ith m ore th an  1000 different variables in  the full 
W GPM E tim e-series collection (e.g. taxonom ic 
groups and  species abundance and  biom ass 
estim ates, surface, a t-dep th , or in tegrated  
tem perature , salinity, nu trien ts, and  pigm ents, 
w ind speed, river inflow, and  Secchi depth), one of 
the b iggest challenges in  creating this report w as 
to find a w ay of quickly represen ting  these data in 
a standard  visual form at w ith in  the report itself. 
From  a p lank ton  perspective, these figures need  
to quickly report seasonal variability, in terannual 
changes, and  the presence (or absence) of any 
long-term  trends or patterns. Each tim e-series 
m on ito ring  site sum m ary in  this report begins w ith  
an  environm ental sum m ary plot (Section 2.2.1) and 
a m ultiple-variable com parison plo t (Section 2.2.2).

2.2.1 Environmental summary plot

The environm ental sum m ary plot (see exam ples in 
Figure 2.4) show s the seasonal cycle of three key 
hydrographic variables (average m onth ly  values of 
surface tem perature, salinity, and chlorophyll) at 
each m onito ring  site. Each figure in  this plot show s 
the average m onth ly  values p lo tted  on dual y-axes 
th a t show  b o th  the localized value range (left, 
coloured sym bols and  y-axis) and  a b road value 
range th a t is shared  across all sites in  th is report 
(right, grey sym bols and  y-axis). In  Figure 2.4, the

left axis subplot and  black sym bols h ighlight the 
sim ilar salinity seasonal cycles found at bo th  sites 
(w ith h igher values in  w in ter and  low er values in 
sum m er), w hereas the right axis subplot and  grey 
sym bols h ighlight the large differences in  average 
salinity betw een  the sites (around 32 at Elelgoland 
Roads, bu t only 7-9 at A rkona Basin). This dual axis 
w as adop ted  because using only the left axis did 
no t always convey these broad  differences found 
b etw een  sites, and  using  only the com m on right 
axis rem oved m uch of the seasonal signal (such 
as the flat grey lines seen  in  the salinities of Figure 
2.4).

2.2.2 Multiple-variable comparison plot

The m ultiple-variable com parison plot (Figure 2.5) 
p resen ts a seasonal and  in terannual com parison 
of select cosam pled variables sam pled w ith in  a 
m onitoring  site. The figures in  this p lo t are created 
by com bing figures "f" and  "e" from the W GPME 
standard  figures discussed in  Section 2.1 (see 
also Figures 2.2f,e and  2.3f,e). The colour of the 
annual anom alies will n o t always be blue and  red. 
A lthough  annual anom alies of p lank ton  abundance 
and  biom ass variables are blue and  red, annual 
anom alies for chlorophyll and  p igm ent variables are 
green, annual anom alies for tem perature  variables 
are dark red, annual anom alies for salinity and 
density variables are black, and annual anomalies for 
nutrients, ratios, meteorological values, and anything 
else is orange (see Figure 2.5 for examples).

b. Arkona Basin
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Figure 2.4
Examples o f two environmental 
summary plots (see Section
2.2.1) showing average month- 
to- month water temperature, 
salinity, and chlorophyll at the 
Helgoland Roads (Site 30, Section
6.1) and Arkona Basin (Site 25, 
Section 5.5) monitoring sites.
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Figure 2.5
Example o f a multiple-variable 
comparison plot (see Section 
2.2.2) showing the seasonal 
and interannual properties of 
select cosampled variables at the 
REPHY Lazaret A  monitoring site 
(Site #57, Section 9.3). The green 
lines drawn in the right figures 
represent the linear regression of 
the annual anomalies vs. year. 
The color and form o f these 
lines indicate the statistical 
significance o f the trend (e.g. 
solid green is p< 0.01, dashed 
green is p< 0.05). The grey line 
(temperature) indicates a non­
significant trend.

As described in  Section 2.1, the left colum n of figures 
sum m arize the seasonal cycle of each variable, 
w hereas the right colum n of figures sum m arize the 
in terannual pa tterns and  trends of each variable. 
In  Figure 2.5, diatom s at REPHY Lazaret A  are 
increasing, w hereas dinoflagellates are decreasing. 
Both trends are significant (p< 0.01), bu t opposite in 
direction. The dashed  green line in the chlorophyll 
a figure indicates significance of only p< 0.05. 
The grey trend  line in the tem perature figure 
indicates the trend  is non-significant (p >0.05).

O nly a select num ber of variables and  plots are 
show n for each tim e-series site to reduce the size of 
the p rin ted  version of this publication. M ost of the 
m ultiple-variable com parison plots in  this report, 
therefore, display less th an  ten  variables, w hereas 
m any of the tim e-series sites have 20 or m ore 
variables. The W GPM E tim e-series site (http:// 
W G PM E -net/tim e-series) contains the m issing 
variables and  additional visualization figures (like 
Figure 2.2 and  2.3) th a t w ere no t show n in this 
report.
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2.3 Time-series supplemental 
data

W ater tem perature  is an excellent indicator of 
the physical environm ent in  w hich p lank ton  are 
living because it affects p lank ton  b o th  directly 
(i.e. th rough  physiology and  grow th rates) and 
indirectly (i.e. th rough  w ater-colum n stratification 
and  related  nu trien t availability). Sim ilarly 
chlorophyll concen tra tion  is an  excellent ind ica to r 
of th e  average ph y to p lan k to n  com m unity  
b iom ass. A lthough  m ost sites a lready h ad  in 
situ  tem p era tu re  and  chlorophyll data  available, 
a handfu l of sites did not. In these cases, the 
supplem ental data  sources (sum m arized in this 
section) w ere used  to fill in  these m issing variables. 
Further, to provide a collection-w ide set of uniform - 
m ethod  tem perature  and  chlorophyll data, W GPM E 
included these supplem ental tim e-series data  (in 
addition  to all available in situ data) w ith  each 
site. These supplem ental datasets are sum m arized 
below.

2.3.1 Sea surface temperature data: 
HadlSST

In order to provide a com m on, long-term  dataset 
of w ater tem peratures for every site in  the N orth  
A tlantic study area, the H adley C entre Global 
Sea lee Coverage and  Sea Surface Tem perature 
(HadlSST, version 1.1) dataset, produced by the UK 
M et Office, w as used to add standard  tem perature 
data  to each site (Figure 2.6). The H adlSST is a 
global dataset of m on th ly  SST values from  1900 
to the present. This product com bines historical in 
situ ship and  buoy SST data w ith  m ore recent bias- 
ad justed  satellite SST and  statistical reconstruction  
(in data-sparse  periods and /o r regions) to create a 
continuous global tim e-series at I o spatial resolution 
(roughly 100 km  x 100 km). The H adlSST data  are 
no t in tended  to represen t the exact tem peratures in 
w hich p lank ton  w as sam pled, bu t they  do provide a 
110-year average of the general w ater tem peratures 
in and  around  the sam pling area. These additional 
data  becom e im portan t as, in  m any regions of the 
N orth  Atlantic, tem peratures have b een  increasing 
over the last 60-110 years (Figure 2.6, low er panel), 
and  the p lank ton  grow ing in those regions m ay be 
experiencing the w arm est w ater tem peratures seen 
in the last 50 or 100 years.

For each p lank ton  tim e-series, the im m ediately 
overlaying H adlSST I o grid cell w as selected. For 
single-location sam pling sites, this I o cell included a 
-1 0 0  km  x 100 km  area in and  around  the sam pling 
site. For transects and  reg ion-based  surveys (e.g. 
Iceland, Norway, Gulf of M aine), the centre poin t of 
the transect or region w as used  to select a single 
I o cell to represen t the general conditions of the 
entire sam pling  area (com parisons w ith  m ulticell 
averages revealed no substantial differences). Once 
a I o cell w as selected, all H adlSST tem perature data 
w ere extracted from  th a t cell for the period 1900- 
2010 and  used  to calculate annual anom alies.

The H adlSST v. 1.1 dataset is available online at 
h ttp ://badc.nerc .ac.uk /data/had isst/.
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Figure 2.6
Map o f HadlSST sea surface 
temperature (see Section 2.3.1) 
overlaid w ith phytoplankton 
time-series site locations (white 
and yellow stars) and CPR 
standard areas (red boxes). The 
lower sub-panel shows examples 
o f seasonal and interannual 
properties (see Section 2.2.2) o f 
HadlSST sea surface temperatures 
from the Central Scotian Shelf 
(left yellow star, Site #5, Section
3.4) and RADIALES A  Coruna 
station 2 (right yellow star, Site 
#53, Section 8.5).
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2.3.2 Sea surface chlorophyll data: 
GlobColour

To provide a com m on, long-term  dataset of 
chlorophyll for every site in  the  N o rth  A tlantic 
study  area, the G lobC olour Project chlorophyll 
m erged level-3 ocean colour data product 
(GlobColour) w as used  to add standard  chlorophyll 
data to each site (Figure 2 .7 ).This data product is a 
global dataset of m onthly  satellite chlorophyll data 
from 1998 to the present. A lthough the original

product is available at a resolution  of 4.63 km, it 
w as b inned  into a I o spatial resolution  (roughly 100 
km  X 100 km) in order to be com patible w ith the 
H adlSST dataset. The G lobC olour dataseries were 
assigned to corresponding I o boxes using the same 
m ethod  outlined for the H adlSST dataseries (see 
Section 2.3.1).

The G lobC olour Project chlorophyll concentration 
m erged  level-3 data product (GlobColour) is 
available online at http://w w w .globcolour.info/.

Figure 2.7
Map o f GlobColour sea surface 
chlorophyll concentrations (see 
Section 2.3.2) overlaid with 
phytoplankton time-series site 
locations (white and yellow 
stars) and CPR standard areas 
(red boxes). The lower subpanel 
shows examples o f seasonal 
and interannual properties (see 
Section 2.2.2) o f sea surface 
chlorophyll concentrations from  
the Central Scotian Shelf (left 
yellow star, Site #5, Section
3.4) and RADIALES A  Coruna 
station 2 (right yellow star, Site 
#53, Section 8.5).
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2.3.3 Sea surface wind data: ICOADS

Tem perature and  w ind  b o th  play an im portan t role 
in determ in ing  the level of m ixing or stratification 
in the m arine environm ent, w hich, in  turn , can 
determ ine the availability of nu trien ts and  influence 
p lank ton  production. A  recent study by H inder et 
al. (2012), using scalar w ind  speed data  from  the 
In ternational C om prehensive O cean-A tm osphere 
D ata Set (ICOADS), found a strong  relationship 
b etw een  C ontinuous P lankton  Recorder (CPR) 
diatom  and  dinoflagellate abundance, surface 
w ind speed, and  surface w ater tem peratures. This

study also no ted  strong, long-term  increasing or 
decreasing trends in  m any regions of the N orth  
A tlantic (see Figure 2.8).

ICOADS (scalar) surface w ind speed data were 
added  as a supplem ental variable to each of the 
m onito ring  sites in  th is study. The ICOADS w ind 
dataseries w ere assigned to corresponding I o boxes 
using  the sam e m ethod  outlined  for the H adlSST 
dataseries (see Section 2.3.1).

The ICOADS data are available online at (http:// 
icoads.noaa.gov/).

Figure 2.S
Map o f ICOADS surface wind 
speed (see Section 2.3.3) overlaid 
with phytoplankton time-series 
site locations (white and yellow 
stars) and CPR standard areas 
(red boxes). The lower subpanel 
shows examples o f seasonal 
and interannual properties (see 
Section 2.2.2) o f ICOADS surface 
wind speed from the Central 
Scotian Shelf (left yellow star, Site 
#5, Section 3.4) and RADIALES 
A  Coruna station 2 (right yellow 
star, Site #53, Section 8.5).
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Deploying a N iskin bottle and 
Conductivity-Temperature- 
D epth (CTD) instrum ent 
package a t the AZTI Station 
D2 tim e-series site.
Photo: M arta Revilla, 
AZTI-Tecnalia.
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3. PHYTOPLANKTON AND 
MICROBIAL PLANKTON 
OF THE NORTHWEST 
ATLANTIC SHELF
W illiam  K. W. Li, N icole Poulton, M ichael Sieracki, Jennifer M artin, 

and M urielle LeGresley

The N o rth w est A tlan tic  Shelf is the  con tinen ta l 
shelf ex tend ing  from  N ew found land  to  Cape 
H atteras, w h ich  includes the  G ulf of St Law rence, 
th e  N ova Scotian  Shelf, th e  Bay of Fundy, th e  G ulf 
of M aine, G eorges Bank, the sou thern  N ew  England 
Shelf, and  the M id-A tlantic Bight. The physical 
oceanography  of this area has b een  described in 
detail (Loder et ah, 1998; Tow nsend et al., 2006).The 
shelf area is generally broad and topographically 
complex, bu t well connected  to deep slope w aters 
th rough  the L aurentian  C hannel runn ing  into the 
Gulf of St Lawrence and  the N ortheast C hannel 
runn ing  into the G ulf of M aine. Surface circulation 
is a general sou thw est flow, bu t there is clockwise 
m ovem ent around  banks and  anticlockwise 
m ovem ent around  basins. Subpolar w ater of low 
tem perature  and  low  salinity is transported  here 
from the Labrador and  N ew foundland shelves. 
At the C abot Strait, there is a bifurcation of flow 
th a t supplies the N ova Scotian current on  the 
inner Scotian Shelf, and  a shelf-break flow along 
the w estern  side of the L auren tian  C hannel and 
the outer Scotian Shelf. FLydrographic conditions 
are strongly seasonal, be ing  influenced by ocean - 
atm osphere heat exchange, freshw ater run-off, 
precipitation, m elting  of sea ice, and  exchange w ith 
offshore slope w aters.

S trong gradients of tem perature and  salinity exist 
horizontally  and  vertically on  the shelf, as these 
properties are m odified by diffusion, mixing, 
currents, and  shelf topography (H ughes et a l, 
2011 ).

The seasonal cycles of pelagic p roduction  and 
consum ption in this region have been  well described 
by L onghurst (2007), w ith  particular a tten tion  paid 
to the Scotian Shelf, the Bay of Fundy, the Gulf 
of St Lawrence, the G ulf of M aine, and  G eorges 
Bank. Across th is region, as in  oceans elsewhere, 
m icrobial diversity spans three dom ains (Archaea, 
Bacteria, Eukarya) and also includes viruses. Viruses 
are largely cyanophages and  bacteriophages. 
Bacteria com prise the dom inan t SA R II phylotype 
cluster, and  o ther abundan t phylotypes such 
as SAR86-like cluster, SAR116-like cluster,
Roseobacter, Rhodospirillaceae, A cidom icrobidae, 
Flavobacteriales, Cytophaga, and  unclassified
A lphaproteobacteria and  G am m aproteobacteria 
clusters. Photo trophic prokaryotes include 
cyanobacteria th a t contain  chlorophyll (mainly 
Synechococcus), aerobic anoxygenic pho to trophs 
th a t contain  bacteriochlorophyll, and  bacteria 
th a t contain proteorhodopsin . Eukaryotic
m icroalgae include Bacillariophyceae (diatoms), 
D inophyceae (dinoflagellates), Prym nesiophyceae, 
Prasinophyceae, Trebouxiophyceae, Cryptophyceae, 
D ictyochophyceae, Chrysophyceae,
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Figure 3.1
Locations o f the Northwest 
Atlantic Shelf plankton 
monitoring areas (Sites 1-6) 
plotted on a map o f average 
chlorophyll concentration.

Eustigmatophyceae, Pelagophyceae, Synurophyceae, 
and  X anthophyceae. H eterotrophic eukaryotic 
protists include D inophyceae, Alveolata, 
A picomplexa, am oeboid organism s, Labrynthulida, 
and  hetero trophic m arine stram enopiles (MAST). 
Ciliates include Strombidium, Lohmaniella, Tontonia, 
Strobilidium, Strombidinopsis, and  the m ixotrophs 
Laboea strobila and Myrionecta rubrum  (Li et a l, 
2011b).

A lthough  there are large seasonal changes in  sea 
surface tem perature and  therm al stratification, it 
is the inflows of low  tem perature  and  low  salinity 
w aters th a t appear to drive in terannual variability 
in w ater-colum n stability and  m ixed-layer depth, 
causing in terannual changes in phytop lankton  
dynam ics and  phenology  (M artin et a l, 2006; Ji et 
a l,  2007; Song et a l,  2010). Increased w ater-colum n 
stability alleviates light lim itation, bu t exacerbates 
nu trien t lim itation. A lthough these counter-effects 
largely offset each o ther on an  annual basis, 
changes in  h igher trophic level production  m ay 
be sensitive to phenological considerations of 
prim ary production, such as the tim ing of spring 
and  au tum n phy to p lan k to n  b loom s (Song et 
a l ,  2011). N earsho re  locations such as Bedford 
Basin, Passam aquoddy  Bay, and  B ooth  Bay are 
in fluenced  by local lan d -sea  in teractions th a t 
m odify the regional pattern , bu t a persisten t 
com m on seasonality  can, nevertheless, be discerned 
in phytop lankton  groups across the region as a 
w hole.
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3.1 Booth Bay, Maine (Site 1)
Nicole Poulton and Michael Sieracki

Figure 3.1.1
Location o f the Booth Bay, Maine 
plankton monitoring area (Site 
1), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

Mbinlih > >1 Year

Booth Bay is a sm all m esotidal em baym ent located 
along m idcoast M aine in  N ew  England, near the 
tow n  of W est B oothbay H arbor, w ith  no direct 
m ajor river input. Circulation is dom inated  by 
strong sem i-d iurnal tidal m ixing w ith  offshore 
Gulf of M aine coastal w aters. The m onitoring  site 
w as in itiated  from a floating dock in  2000 located 
near the State of M aine's D epartm en t of M arine 
Resources. The purpose of the study is to m onitor 
long-term  physical and  chem ical changes, and 
phytoplankton  population  dynam ics. Weekly 
observations at h igh  tide of phytoplankton, bacteria, 
and  eukaryotic he tero trophs are m ade using flow 
cytometry. Tem perature, salinity (refractom eter 
m easurem ents), and  size-fractionated  chlorophyll 
a (< 3, 3-20, and  >20 pm) are also determ ined. 
Flow cytom etric ataxonom ic groups are defined 
and  enum erated  (Synechococcus, cryptophytes, and 
total phy top lank ton  < 20 pm ). Bacteria are detected  
and  enum erated  using  P icoG reen, a D NA  stain 
(Invitrogen; Veldhuis et a l, 1997). H eterotrophic 
and  m ixotrophic eukaryotes (microflagellates 
and  sm all ciliates) are detec ted  using  the food 
vacuole stain  Lysotracker G reen (Invitrogen; Rose 
et a l,  2004). M icroplankton taxonom ic distribution 
(15-300 pm) and  abundance are collected using 
an  im aging cytom eter, FlowCAM (Sieracki et a l, 
1998). As of 2012, sam ples for n u trien t analysis and 
Zooplankton (vertical n e t tows) are also collected.

Seasonal and  interannual trends (Figure 3.1.2)

Strong seasonal pa tterns em erge w ith  all of the 
plankton populations and chlorophyll a that correlate 
w ith changes in tem perature and the onset of spring 
and  au tum n  phytoplankton. This site experiences 
a strong  seasonal cycle in tem perature, ranging 
from  1 to 20°C. Cryptophytes and  Synechococcus 
b loom  on  an annual basis w ith in  a narrow er period 
of tim e, usually  July and  Septem ber, respectively. 
Bacteria often increase follow ing the spring bloom  
and  th en  increase again as w ater tem perature  
increases. Larger m icrophytoplankton (not show n) 
are im aged by the FlowCAM, capturing the onset of 
the spring and  au tum n bloom s. The spring bloom  
is dom inated  by diatom s, typically Thalassiosira, 
Chaetoceros, and  Skeletonema, and  the au tum n bloom  
is a m ore diverse mix of diatom s and  dinoflagellates, 
usually  Prorocentrum.

O ver the 10-year period, different trends w ere 
observed am ong the plankton. Synechococcus, 
to tal phy toplankton  (< 20 pm ), heterotrophic 
and  m ixotrophic eukaryotes all increase, w ith  the 
largest positive anom alies observed from  2009 to 
2010. Since 2000, positive trends are observed in 
sea surface tem perature  and chlorophyll a, w hereas 
negative trends are observed in  salinity and  bacteria. 
These data provide a basis for future m odelling of 
planktonic organism s capable of quickly tracking 
changing environm ental conditions.
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Figure 3.1.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Booth Bay, 
M aine plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme. net! time-series.
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3.2 Bay of Fundy (Site 2)
Jennifer M artin and Murielle LeGresley

Figure 3.2.1
Location o f the Bay o f Fundy 
plankton monitoring area (Site
2), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
The map inset shows the location 
o f the five  individual monitoring 
sites within the Bay o f Fundy.

M onth o f Year

Phytoplankton  sam pling has b een  ongoing  since 
the late 1980s at four locations in  the Bay of Fundy, 
sou thw est N ew  Brunswick, and  eastern  C anada. 
The Brandy Cove site is a brackish site influenced 
by the Saint Croix River estuary, the Lime Kiln Bay 
site is located in the L etang  estuary w here a num ber 
of aquaculture sites are located, the D eadm ans 
H arbour site is an  open bay w ith  offshore influence, 
and  the Wolves Islands site is an offshore indicator 
site for phytop lank ton  bloom s th a t are initiated 
offshore and  can be advected inshore. A n extra 
sam pling site w as added  in m id-Passam aquoddy 
Bay in 1998 following observations of frequent brick- 
red patches of w ater caused by Mesodinium rubrum. 
For th is review, data  w ere pooled from the four 
longest runn ing  sites (excluding Passam aquoddy 
Bay) to create a single figure and  result set. Figures 
and  results from each of the individual sites are 
available online at http ://W G PM E .net/tim e-series.

Sam pling w as conducted  aboard the research vessel 
CCGS "Pandalus III" until 2010, w h en  the vessel 
w as decom m issioned, and  now  the CCGS "Viola 
M. D avidson" is the sam pling platform . Weekly 
sam ples are collected from  late April to the end  of 
October. Sam pling is conducted  biw eekly in  the 
m on th  of N ovem ber and  m onth ly  during all o ther 
m onths. A  Seabird M odel 25 CTD profiler is used 
to collect vertical profiles of tem perature , salinity, 
and  fluorescence at each site. Phytop lankton  and 
nu trien t sam ples are collected at the surface by 
bucket from  all five stations, and  additional depths 
of 10, 25, and  50 m  at the Wolves Islands station 
w ith  a N iskin bottle. D uring sum m er, a 10 m 
vertical p lank ton  hau l is m ade w ith  a 20 pm  m esh 
net, 0.3 m  in diam eter. A  subsam ple is preserved

w ith  form alim acetic acid (1:1 by volum e) for further 
phytoplankton  identification and  scanning electron 
m icroscopy (SEM). Live phytop lank ton  sam ples 
are im m ediately iced for the re tu rn  trip to the 
laboratory. Sam ples for n itrate+nitrite  (referred to 
as nitrate), nitrite, am m onia, phosphate , and silicate 
are frozen im m ediately  and later m easured  using  a 
Technicon A utoanalyzer II as described by Strain 
and  C lem ent (1996). W ater sam ples (250 ml) are 
im m ediately preserved w ith  5 m l formalimacetic 
acid. Later, 50 m l subsam ples are settled in  Zeiss 
counting  cham bers for 16 h. All phy toplankton  
greater th an  5 pm  are identified and  enum erated  
(as cells h1) w ith  the U term öhl technique using  a 
N ikon inverted m icroscope (Sournia, 1978). Species 
have b een  grouped by dinoflagellates, diatom , 
and  "o ther", w hich include ciliates and  sm aller 
Zooplankton. Sam ples and  data are recorded 
according to date, location, and  depth; as well, an 
independen t identification num ber is assigned 
at the tim e of collection. Inform ation is entered, 
m aintained, and  accessed in a database. Individual 
ne thau l results and  individual dep th  profiles from 
the Seabird profiler are stored separately. Results 
from  the earlier years of the m onitoring  program m e 
have been  published previously (Wildish et a l,  1988, 
1990; M artin  et a l, 1995,1999, 2001, 2006).

Seasonal and  interannual trends (Figure 3.2.2)

Tem perature and  salinity b o th  have strong 
seasonal patterns. The h ighest tem peratures are 
in A ugust-Septem ber, w hereas the low est are in 
February-M arch. The low er salinities in  April and 
M ay are influenced by the ice and  snow  m elt and

http://WGPME.net/time-series
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subsequent river run-off. A lthough salinity appears 
to be decreasing slightly, the trend  is inconclusive 
and  no t significant. S trong seasonal pa tterns are 
also apparen t in  the total phytop lankton  com m unity 
and  the diatom  and  dinoflagellate com ponents, 
w ith  peak  abundance in July for dinoflagellates 
and  A ugust for diatom s. Total num bers of diatom s, 
dinoflagellates, and  "o ther" organism s have been  
increasing significantly (p< 0.01) since 1988. The 
ratio of diatom s:diatom s+dinoflagellates appears 
to be decreasing slightly, bu t the trend  is no t 
significant. In m any  years, the spring/early  sum m er

dom inance of d iatom s reduces as dinoflagellate 
abundance increases. In general, the  nu trien t data 
show  typical seasonal cycles for inshore tem perate 
w aters. N itrate, phosphate , and  silicate (not show n 
in th is report) are h ighest in  w inter, are depleted  by 
the spring bloom , and  replenish  by vertical mixing 
th a t accom panies the breakdow n of stratification 
in late autum n. However, there are som e features 
of these distributions th a t are specific to the Bay 
of Fundy, and  there are differences betw een  the 
different m onitoring  stations.
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Figure 3.2.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Bay o f  Fundy 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net/time-series.
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3.3 Bedford Basin (Site 3)
William K. W. Li

Figure 3.3.1
Location o f the Bedford Basin 
plankton monitoring area (Site 
3), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

M onth o f  Year

Bedford Basin is a sm all em baym ent form ing the 
inner portion  of Halifax H arbour, encircled by the 
largest u rban  population  centre in  eastern  C anada. 
Bedford Basin is an  estuary w ith  a m axim um  
dep th  of 71 m  and  a connection  to the adjoining 
harbour th rough  a narrow  and  shallow  sill. The 
Basin receives freshw ater from  the Sackville River 
at an annual average inflow  of 5 m 3 sH  A dditional 
run-off enters the Basin from  a large w atershed. 
The m ean  circulation is a tw o-layer structure w here 
low er density  surface w ater (salinity 29-31) flows 
outw ards to the open  A tlantic, and  deeper saline 
w ater (salinity 31-32) flows into the Basin over the 
sill. The m ean  tidal range is 1.5 m, the ratio of tidal 
to freshw ater volum e is 109:1, and  the flushing tim e 
is 261 h.

The C om pass Buoy station  (44°41'37"N 
63°38'25"W ) in  Bedford Basin m ay be considered 
the inshore term inus of the Halifax Line of the 
A tlantic Zone M onitoring P rogram m e (AZMP) 
conducted by Fisheries and  O ceans Canada. Since 
1992, w eekly m easurem ents have b een  m ade of 
selected properties by CTD profiling and  N iskin 
sam pling to characterize the physical, chemical, 
biological, and optical environm ents of the w ater 
colum n (Li and  Dickie, 2001). P hytoplankton 
are characterized by chlorophyll a concentration 
m easured  by in vitro fluorescence, by cell abundance 
in  size classes m easured  by flow cytometry, and 
by accessory p igm ent concentration  m easured  by 
h igh-perform ance liquid chrom atography. Bacterial 
abundance is m easured  by flow cytom etry after 
cells have b een  stained w ith  SYBR G reen I, a

nucleic acid-binding fluorochrom e. In  th is report, 
the  values for sam ples collected at 1, 5, and  10 m 
are averaged to represen t the state of surface w aters 
in the Basin.

Seasonal and  interannual trends (Figure 3.3.2)

Seasonal vertical stratification of the w ater 
colum n is determ ined  prim arily by tem perature, 
bu t m ultiyear change in  the seasonally  adjusted 
annual average stratification is related  to salinity, 
w hich  is correlated inter alia w ith  local precipitation 
and  river discharge. At the m ultiyear tim e- 
scale, stratification anom alies explain significant 
am oun ts of variability in the anom alies of total 
phy toplankton  b iom ass (chlorophyll a), especially 
th a t contributed  by diatom s (fucoxanthin), bu t no t 
the biom ass of p icophytoplankton (Synechococcus 
and  picoeukaryotic algae). Instead, the m ultiyear 
response of these small phytop lankton  appears 
directly related  to variations in  tem perature  (Li and 
H arrison, 2008).

O n  a four-decade tim e-scale (1970s-2000s), 
sea surface tem perature , n itra te , am m onium , 
phospha te , chlorophyll a, and  particulate organic 
m atter have all increased (Figure 3.3.2; Li et a l,  
2010). O n  a shorter tw o-decade tim e-scale, over 
w hich flow cytom etry m easurem ents are available, 
the p icophytoplankton have also increased.
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Multiple-variable comparison 
plot (see Section 2.2.2) showing 
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variables at the Bedford Basin 
plankton monitoring site. 
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site are available online at 
http://wgpme. net/time-series.
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3.4 Scotian Shelf (Sites 4-6)
William K. W. Li

Figure 3.4.1
Location o f  the Scotian Shelf 
plankton monitoring areas (Sites 
4-6), plotted on a map o f average 
chlorophyll concentration, and 
their corresponding environ­
mental summary plots (see 
Section 2.2.1).
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The A tlantic Zone M onitoring P rogram m e (AZMP) 
is a m ultifaceted, m ultiplatform  oceanographic 
observation program m e in the N orthw est A tlantic 
Shelf conducted  by Fisheries and O ceans C anada, 
w ith  the aim  of increasing capacity to understand , 
describe, and  forecast the state of the ocean 
env ironm en t and  m arine ecosystem  (Therriault 
et al., 1998). The m ain  objectives of AZM P are 
tw ofold: (1) to collect and  analyse biological, 
chemical, and  physical data to characterize and 
u nders tand  the causes of oceanic variability at the 
seasonal, in te ran n u a l, and  decadal scales; and  
(2) to provide the m ultidisciplinary datase ts tha t 
can be used  to establish  relationships am ong  the 
biological, chemical, and physical variability. Regular 
reports of the optical, chemical, and  biological 
oceanographic conditions on the Scotian Shelf are 
m ade to the C anadian  Science Advisory Secretariat 
(FFarrison et a l,  2009).

Three different oceanographic regim es of the 
Scotian Shelf are sam pled: (1) at the w estern  end  of 
the shelf, w here tidal m ixing fundam entally  alters 
w ater-m ass structure (Browns Bank Line BBL); 
(2) at the central shelf, w here slope w ater plays a 
greater, if no t dom inant, role (FFalifax Line FFL); 
and  (3) at the eastern  end  of the shelf (Louisbourg 
Line LL), w here St Lawrence w ater dom inates, 
bu t slope w ater is exerting a significant influence. 
M ethods and  protocols for sam pling and  analyses 
are docum ented  in  M itchell et al. (2002). In  this 
report, regional averages are com puted across seven 
prim ary stations tha t lie across the shelf along these 
three lines, nam ely  BBLF to BBL7, FFLF to FFL7, 
and  LLF to LL7. Phytop lankton  are characterized 
by chlorophyll a concentration  m easured  by in vitro 
fluorescence, and  by cell abundance in  size classes 
m easured  by flow cytometry. Bacterial abundance is 
m easured  by flow cytom etry after cells have been
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stained w ith  SYBR G reen I, a nucleic acid-binding 
fluorochrom e. The values for sam ples collected in 
the u p per 100 m  are averaged to represen t the state 
of u pper ocean w aters.

Seasonal and  interannual trends (Figure 3.4.2)

Across the entire Scotian Shelf, there is strong 
seasonality  in climatic factors and  in  phytop lankton  
developm ent. M ost notably, the average abundance 
of p icophytoplankton (represented by Synechococcus 
and  picoeukaryotes) is approxim ately 2 orders of 
m agnitude h igher in  autum n, w hen  it is w arm , than  
in  spring, w h en  it is cold. Generally, it appears tha t 
there has been  an  increase in  picophytoplankton 
abundance and  a decrease in  nanophy top lank ton  
abundance over the years of observation.

In searching for b roader patterns, an  assessm ent 
is m ade of m ultiyear change in nutrients, 
phytoplankton, and  Zooplankton on  the Scotian 
Shelf by exam ination of norm alized, seasonally 
adjusted, annual anom alies of aggregate indices. 
These indices are based  on near-surface and  deep 
nitrate inventories, on  chlorophyll inventories, 
the m agnitude, tim ing, and  duration  of the spring 
chlorophyll bloom , and  on the abundance of 
Z ooplankton Calanus finmarchicus, Pseudocalanus 
spp., to tal copepods, and  to tal non-copepods. To 
date, covariance has been  w eak am ong the aggregate 
indices over the years, even w hen  large sw ings in 
anom alies have b een  observed (H arrison et a l, 
2009). Thus, at the annual tim e-scale, m echanistic 
linkages from  the physical-chem ical environm ent 
of tem perature, salinity, stratification, and  nu trien ts 
to the biological com m unities of phytop lankton  
and  Zooplankton are obscured by complexity and 
indeterm inacy of ecosystem  trajectories.
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Figure 3.4.3
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Central Scotian 
Shelf plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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plot (see Section 2.2.2) showing 
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http://wgpme. net/time-series.

Chlorophyll (Up L 1) at 10 m

O O
i — :—i—i-:— i—t—i—:  i : 1 1 ■ :— —i—n -:— m - —r r m  —-rr—.................... ■ ■ : : :
1 2 i  4 S 6 7 8 9  101112 1950 1^60 l f m  l í ®  1990 2000 2010

N .u io p h y  tu p ia n  le tu »  (N  lii tn

% \ j | _  .

-—i--------------- :—;------------  ---- 1—m — rm n
1 1 3 4  5 t. 7 K 9 1 0 II 12 193D I960

Synechococcus iN mL'1) al III m

1970
n rm ■ : ;

l í ®  1990 2000 20 LO

\
o o V A

1' 'V V "i1 f r  TT ■ i ■■ ■ i m   t f ' i n  r r r 111 i r r m 11 i r r1! 1111 r r r 11 r i i rr i n  r r r r 11 r i i f 11 n  i r n  11 t i
1 2 }  1 I  t  7 !  9 101112 1950 I960 1.974) lw o  ]Wü 3W0 2010

Picnenkatyctlos (M nil.'J) at 10 m

c h >
■ - ■ ■■ ■ .
1 2 3 4 5 6 7 8 9 1 0 II 12 

M onlhlv A v e r i le s

VpS
7— r r -------- r r

1950 ¡9 ®
T I  . 1 . 1 1 . ---------- . . . I

1970 19® 1990

Annual Arion'.Oies

 r - ,  r

2000 Mil)

0-50
0-25
¡xoo

■0.25
-0.54)

Ht 54) 
0.00 

-4X54)

0-543
4X25
o-oô

■1X25
-0.W

0-50
4X25
0.00

-025
-«.50

3 0 /3 1

http://wgpme


ICES Cooperative Research Report No. 313

4. PHYTOPLANKTON AND 
MICROBIAL PLANKTON 
OF THE LABRADOR SEA
W illiam  K .W . Li

The L abrador Sea is located betw een  G reenland and 
the L abrador coast of eastern  Canada. The physical 
oceanography of this area is described in  reports 
of the W orking G roup on O ceanic H ydrography 
(W GOH; H ughes et al., 2011). The b road  Labrador 
Shelf and  the narrow  G reenland Shelf are bo th  
influenced by cold, low -salinity  w aters of Arctic 
origin: from the no rth  on  the L abrador Shelf via 
the inshore branch  of the L abrador C urrent, and 
from the south  on the G reenland Shelf, via the 
W est G reenland C urrent, w hich is form ed as the 
East G reenland  C urrent tu rns around  the tip of 
G reenland. Warm, saline A tlantic w aters flow north  
into the L abrador Sea on the G reenland  side and 
becom e colder and  fresher as they  circulate. There 
are strong  boundary  currents beyond the shelf 
break, w hich include inputs of Arctic w ater from 
the n o rth  along the Labrador slope in the offshore 
branch  of the L abrador C urrent, and  of A tlantic 
w ater from  the sou th  into the eastern  region of the 
Labrador Sea in  the Irm inger C urrent. The central 
basin  exceeds 3500 m  at its deepest po in t and  is 
com posed of a m ixture of w aters of A tlantic and 
Arctic origin.

The L abrador Sea is one of the few areas in  the 
global ocean w here in te rm ed ia te -dep th  w ater 
m asses are form ed th rough  convective sinking of 
dense surface w aters. This convection transports

cold, dense w ater to the low er limb of the ocean 's 
M eridional O verturn ing  Circulation. The dep th  of 
convection varies from year to year and  is strongly 
influenced by atm ospheric forcing, as m anifested  by 
the N orth  A tlantic O scillation (NAO) index. In years 
w h en  the NAO index is high, there are strong w inds 
from  the northw est in  late w inter, leading to low  
air tem peratures, convection to dep ths of 1000 m  or 
m ore, and  reduced w ater tem peratures. Conversely, 
in years w h en  the NAO is low, the w inds are no t 
as strong, and  air and  w ater tem peratures are also 
warm er.

C hanges in  L abrador Sea hydrographic conditions 
on in terannual tim e-scales depend  on the variable 
influences of hea t loss to the atm osphere, hea t and 
salt gain from  A tlantic w aters, and  freshw ater gain 
from  Arctic outflow, m elting  sea ice, precipitation, 
and  run-off. C onditions have generally been  
m ilder since the m id-1990s. The upper layers of the 
L abrador Sea have becom e w arm er and  m ore saline 
as hea t losses to the atm osphere have decreased and 
Atlantic w aters have becom e increasingly dom inant 
(H ughes et a l, 2011). The L abrador Sea has a 
m ajor influence on  oceanographic and  ecosystem  
conditions on  the A tlantic C anadian  continental 
shelf system , for w hich it is an upstream  source.
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Figure 4.1
Locations o f the Labrador Sea 
plankton monitoring areas (Sites 
7-9) plotted on a map o f average 
chlorophyll concentration.

The ecology of phytop lankton  in the L abrador Sea 
has b een  described elsew here (H arrison and  Li, 
2007; H arrison et a l, 2012). M ixing of near-surface 
w aters and  stratification have an influence on  bo th  
the light environm ent and  nu trien t availability for 
phytoplankton  grow th. Convective m ixing occurs 
in  w inter, well before seasonal light conditions 
favour phytop lankton  grow th in spring. However, 
the extent of vertical m ixing determ ines nu trien t 
reserves available for grow th, thus setting  a limit on 
the m agnitude and  duration  of the spring bloom . As 
incident radiation  increases in  spring, bo th  ice m elt 
and /o r surface w ater w arm ing establish a stratified 
m ixed layer th a t provides the light conditions 
needed  to initiate the spring bloom . H ere, ice 
re treat precedes surface w ater w arm ing  and, 
therefore, density  stratification m ay result in spring 
bloom s th a t precede those in w aters w here therm al 
stratification dom inates the m ixing dynamics.

The phytop lankton  are a mixture of the m ajor 
taxonom ic groups com m on to boreal and 
tem perate  w aters. The m ajor b loom -form ers are 
the prym nesiophyte Phaeocystis and the diatom s 
dom inated  by centric form s such as Chaetoceros 
and  Thalassiosira, a long w ith  pennate  forms 
such as Fragilariopsis, Navicula, and  Pseudo­
nitzschia. D inoflagellates such as Ceratium 
and  the hetero trophic genus Protoperidinium, 
as well as chrysophyte flagellates are m ore 
com m on u nder post-sp ring  b loom  conditions. 
A lthough  m icrophytoplankton  account for a 
large p roportion  of photo  synthetic biom ass, it is 
the p icophytoplankton and  nanophy top lank ton  
w hich  constitute the num erical dom inants of the 
photosynthetic community. The picocyanobacterium 
Synechococcus seem s to have a strong affinity w ith  
A tlantic-source w ater. The num erical dom inan t in 
the entire region appears to be the picoeukaryotic 
prasinophyte Micromonas, w hich is th o u g h t to form 
the baseline com m unity tha t persists th roughou t all 
seasons.
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4 . 1  L a b r a d o r  S e a  m o n i t o r i n g  ( S i t e s  7 - 9 )

William K. W. Li

Figure 4.1.1
Locations o f the Labrador Sea 
plankton monitoring areas (Sites 
7-9  ), plotted on a map o f average 
chlorophyll concentration,
and their corresponding 
environmental summary plots 
(see Section 2.2.1).
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The Labrador Sea M onitoring P rogram m e is an 
oceanographic observation program m e conducted 
by Fisheries and  O ceans Canada, prim arily in  spring 
or early sum m er on the Atlantic Repeat Hydrography 
Line 7 W est (AR7W) designated  in  the 1990-2002 
W orld O cean Circulation Experim ent (WOCE). 
AR7W extends from  H am ilton  Bank on the Labrador 
Shelf, continues across the central Labrador Basin, 
and  ends at Cape D esolation on  the G reenland 
Shelf. System atic m easurem ents of physical 
(tem perature, salinity), chemical (nutrients), and 
biological (bacteria, phytoplankton, Zooplankton) 
properties have b een  m ade at least once every year 
since 1994 on 28 nom inal stations along the AR7W 
transect. In som e years, the L abrador Shelf is still 
covered w ith  pack ice in  late May, w hich prevents 
sam pling at som e or all of the stations there. Farther

east, the section is ice-free, except for a few  icebergs 
on or near the G reenland Shelf, w hich can also 
interfere w ith  sam pling at som e stations. A nnual 
reporting  of observations is m ade to the C anadian  
Science Advisory Secretariat in  the context of the 
A tlantic Zone O ff-Shelf M onitoring Program m e 
(G reenan et a í,  2010).

From the standpo in t of phytoplankton, light 
conditions and  nu trien t availability th a t determ ine 
seasonal grow th cycles and  com m unity structure are 
strongly influenced by the regional characteristics of 
circulation (mixing and  transport) im posed by the 
com plex of w ater m asses m aking  up the Labrador 
Sea system. As well, seasonal sea ice dynam ics of 
the L abrador and  G reen land  continental shelves 
have a m ajor effect on  light conditions and  w ater-



ICES Phytoplankton and  M icrobial Plankton Status Report 2009/2010

colum n stability, the la tter affecting nu trien t 
supply to the u pper mixed layer, w hich influences 
phytoplankton  grow th (H arrison and  Li, 2007).

In  this report, regional averages are com puted 
w ith in  three defined areas th a t differ in  w ater-m ass 
characteristics. These are the L abrador Shelf/Slope 
(Site 7, based  on AR7W  stations L3-01 to L3-10), 
the Labrador Basin (Site 8, based  on  AR7W stations 
L3-11 to L3-23), and  the G reenland Shelf/Slope 
(Site 9, based  on AR7W  stations L3-24 to L3-28). 
Phytop lankton  are characterized by chlorophyll a 
concentration  m easured  by in vitro fluorescence, 
and  by cell abundance in  size classes m easured  by 
flow cytometry. Bacterial abundance is m easured  by 
flow cytom etry after cells have b een  stained w ith  
SYBR G reen I, a nucleic acid-binding fluorochrom e. 
The average value for sam ples collected in  the upper 
100 m  represen ts the state of upper ocean w aters.

Seasonal and interannual trends (Figures 4.1.2 
-4.1.4)

O ver the leng th  of the observation period since 1994, 
SST has increased in  all regions of the Labrador Sea. 
However, the direction of m icrobial change, if any, 
seem s to be region-specific. Thus, in the G reenland 
Shelf/Slope region at the eastern  end  of AR7W, a 
w eak  increase seem s to be occurring in chlorophyll, 
p icophytoplankton, nanophytop lankton , and 
bacteria. Conversely, in the Labrador Shelf/Slope 
region at the w estern  end  of AR7W, the direction 
of m ultiyear change in  m icrobes appears (weakly) 
to be in  the opposite (negative) sense. As a pivot 
b e tw een  increases in  the east and  decreases in 
the w est, the  m icrobial populations in  the central 
L abrador Basin region show  no directional 
m ultiyear change. In o ther w ords, it seem s th a t any 
change, or lack thereof, is coheren t be tw een  the 
phy toplankton  and  bacteria (Li et a l, 2006).
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Figure 4.1.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Labrador Shelf 
and Slope plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme. net/time-series.
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Figure 4.1.3
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Labrador 
Basin plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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Figure 4.1.4
M u ltip le -v a r ia b le  com parison  
p lo t (see Section 2 .2 .2 )  sh o w in g  
the  seasonal a n d  In tera n n u a l  
properties o f  select cosam pled  
variables a t the  G reenland S h e lf  
an d  Slope p la n kto n  m o n ito rin g  
site. A d d itio n a l variab les f v m  
th is  s ite  are  a v a ila b le  o n lin e  a t  
h ttp ://w g p m e .n e t/tlm e-serle s.

Monthly Annual Anomalies
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5. PHYTOPLANKTON AND 
MICROBIAL PLANKTON 
OF THE BALTIC SEA
N orbert Wasmund, Sirpa Lektinen, A netta Am eryk, Günther Nausch, 

and M arie Johansen

The Baltic Sea is a classic exam ple of a shallow  
in tracontinen tal shelf sea, w ith  a m ean  dep th  of 
52 m . It is connected  to the N orth  Sea only by the 
shallow  and  narrow  D anish  Straits, w hich limit 
w ater exchange betw een these regions. The Kattegat, 
Sound (0 resund ), and  Belt Sea (G reat Belt, Little 
Belt, Kiel Bight, and  M ecklenburg Bight) represen t 
the transitional area betw een  the N orth  Sea and  the 
Baltic Proper.The Baltic P roper stretches from  D arss 
Sill to the entrances to the gulfs of Riga, Finland, 
and  Bothnia, and  com prises different basins tha t 
are stratified by a perm anen t halocline (at dep th  
of 60-80 m  in the deepest basins) and a sum m er 
therm ocline (at 10-30 m  depth). O w ing to a lim ited 
exchange w ith  the N orth  Sea, the Baltic Sea is 
a brackish sea w ith  no t only a vertical, bu t also a 
horizontal, salinity gradient. The salinity of surface 
w ater decreases to the east and  north . A  detailed 
survey of the state and  evolution of the Baltic Sea is 
given by Feistel et al. (2008).

Large rivers im port nu trien ts from  the densely 
popu la ted  and  intensively cultivated catchm ent 
area (Bergström and  Carlsson, 1994), resulting  in 
an  increase in phytoplankton  biom ass, prim ary 
production, and  turbid ity  in  the euphotic zone and 
oxygen deficit in  deep-w ater layers (Elmgren and 
Larsson, 2001; R önnberg  and  Bonsdorff, 2004). 
The riparian countries recognized the increasing 
environm ental problem s and  agreed to establish the 
Baltic M arine E nvironm ent P rotection C om m ission

(Helsinki C om m ission, HELCOM ) in 1974. O ne 
of its aim s w as to investigate long-term  trends 
in trophic conditions by the Baltic M onitoring 
Program m e (BMP, later the COMBINE programme), 
w hich  has b een  conducted since 1979 according 
to a coordinated sam pling schedule and  b ind ing  
m ethodology. The data  collected by the riparian 
countries in  the fram e of the HELCOM  m onitoring  
are stored in  the ICES databank  and  form  the basis 
for this analysis.

A lready in  previous periods, the data have been  
analysed for trends by the HELCOM  comm unity, 
for example in periodic assessm ents (e.g. HELCOM , 
2002) or in  them atic assessm ents (e.g. on climate 
change or eutrophication; see HELCOM , 2007, 
2009). Specific papers on trends in phytoplankton  
had  to take into account differences betw een  the 
subareas of the Baltic Sea. In  fact, trends in  the 
different regions m ay even be opposite. For example, 
trends in chlorophyll a concentrations w ere found 
to decrease in  M ecklenburg Bight, b u t increase 
in the Baltic P roper in  spring from  1979 to 2005 
(W asmund and  Siegel, 2008). W asm und ef al. (1998) 
discovered a strong  decrease in  d iatom  biom ass in 
spring b loom s in  the sou thern  Baltic Proper, bu t 
no t in  M ecklenburg Bight. This sudden  diatom  
decrease at the end  of the 1980s w as later identified 
as a regim e shift by A lheit etal. (2005).The decrease 
in spring diatom s is com pensated  by an  increase 
in dinoflagellates (W asmund and  Uhlig, 2003).
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Figure 5.1
Locations o f the Baltic Sea 
plankton monitoring areas (Sites 
10-29) plotted on a map of 
average chlorophyll concentration. 
Blue stars indicate locations of 
sites described in the adjacent 
North Sea and English Channel 
region (see Section 6).

The diatom s and  dinoflagellates dem onstrated  
alternating  oscillations: strong spring  b loom s of 
diatom s occurred in  the 1980s and  since 2000, bu t 
those of dinoflagellates in the 1990s (W asmund et 
a l,  2011).

Suikkanen et al. (2007) analysed especially the 
sum m er phytop lankton  com m unities in the 
no rth ern  Baltic P roper and  the Gulf of Finland. 
They found increasing chrysophyte and  chlorophyte 
biom ass in  bo th  areas, increasing dinoflagellates 
in  the no rth ern  Baltic Proper, and  increasing 
cyanobacteria in  the Gulf of Finland, together 
w ith  an increase in  chlorophyll concentrations, 
tem perature , and  w in ter D IN  (dissolved inorganic 
nitrogen) concentrations.

A com plex trend  analyses w ith  m on ito ring  data 
of the w hole Baltic Sea w as perform ed by Klais 
et al. (2011). They found h igh variability in  the 
spring b loom  biom ass, w ith  peaks in  the Gulf 
of Finland, G ulf of Riga, Pom eranian Bight, and 
the D anish  coast of the K attegat. D inoflagellates 
dom inate in  the no rthern  Baltic Proper, bu t 
diatom s in  coastal areas and  in  the w estern  
Baltic. In the relatively short period considered 
(1995-2004), dinoflagellates decreased prim arily 
in  the B ornholm  Sea and  the Gulf of Riga, bu t 
increased in  the G ulf of F inland and  B othnian  Bay.

The analysis p resen ted  here generally agrees w ith  
these previous analyses. Its data basis is, however, 
m ore com plete th an  in  the older papers, because 
it involves all data available from  the specific 
sea areas and  is n o t restricted to selected shorter 
periods (as in  Klais et a l, 2011) or selected seasons 
(as in  Suikkanen et a l, 2007). In contrast to the 
earlier study  of Suikkanen et a l (2007), for example, 
cyanophytes and  chlorophytes did n o t increase in 
the G ulf of Finland or in  the no rth ern  Baltic Proper 
in the analysis in th is report.

Since the start of the m onitoring  program m e in 
1979, the b iom ass in  m any phytoplankton  groups 
has increased. C hanges in  m any sm aller groups are 
statistically significant, bu t the ecological im portance 
of these groups is ra ther low  ow ing to their small 
biom ass. From  the ecologically im portan t groups, 
the dinoflagellates are increasing, w hereas the 
d iatom s are decreasing, especially if spring data are 
considered, and  the diatom s:diatom s+dinoflagellate 
ratio during the spring b loom  period is also 
decreasing. The sudden  decrease at the end  of the 
1980s, know n from  the literature, is clearly visible, 
prim arily in the B ornholm  Sea and  the E astern 
G otland Basin. The diatoms:diatoms+dinoflagellates 
ratio m ay be an  im portan t indicator of changes in 
the ecosystem , w hich  m ay have h igh  relevance for 
the food chain.
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The autotrophic ciliate Mesodinium rubrum  
establishes itself as a th ird  ecologically im portan t 
group. It is strongly increasing in all seasons, 
especially in  the 1990s, bu t part of this shift m ay 
be an  artefact because som e contributors m ay have 
included this ciliate in the phytop lankton  only after 
the early 1990s. However, the sudden  increase of the 
prym nesiophyte Chnjsochromidina polylepis since 
the end  of 2007 is w ell docum ented . The only m ajor 
group th a t is decreasing is cyanobacteria. O nly the 
sum m er period, w h en  they  form  bloom s, is relevant 
to this consideration. The decrease in  cyanobacteria 
is especially p rom inen t in July and /o r A ugust in the 
A rkona Sea and  B ornholm  Sea.

A general increase in  tem perature  w as detec ted  in 
all sea areas, b u t w as no t significant in the E astern 
G otland  Basin. The concentrations of dissolved 
inorganic n itrogen  (DIN = N O 2+N O 3+N H 4) are 
decreasing in the long-term  dataseries in all open 
sea areas. This is in teresting  because n itrogen  is 
considered to be the lim iting nu trien t in  the Baltic 
Proper, bu t its decrease has no clear effect on the 
phytoplankton  biom ass. The lack of correlations 
betw een  D IN  and  chlorophyll concentrations is 
surprising and  needs to be investigated.
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5.1 N orthern Baltic Sea (S ites 10-21)

Sirpa Lehtinen
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The N orthern  Baltic Sea consists of four subareas: 
B othnian Bay, B othnian  Sea, the G ulf of Finland, 
and  the no rth ern  Baltic Proper (Figure 5.1.1). 
In  the fram e of the in ternational COMBINE- 
m onitoring program m e of the Helsinki Comm ission 
(HELCOM), the M arine Research C entre of the 
F innish Environm ent Institu te (SYKE) sam ples 
phytoplankton  yearly in  A ugust at twelve open- 
w ater stations (Sites 10-21) and  in  num erous 
coastal stations (not considered in  this report). 
This sam pling has been  carried ou t since 1979, 
w ith  the data available in  the m ain  ICES database. 
Sam pling, processing, and  analysis of the sam ples 
have b een  carried ou t according to the com pulsory

C uli of finland XnrLbtm Baltic l'ropur

¡i
L

V-Ö-Ö

m anual and  the HELCOM  PEG (Phytoplankton 
Expert G roup) taxa and biovolum e list (O lenina 
et a l,  2006; HELCOM , 2010). For the purposes of 
th is report, the twelve open-w ater stations have 
b een  com bined into four geographical subareas: 
B othnian  Bay, B othnian Sea, G ulf of Finland, and 
no rth ern  Baltic Proper. A dditional tim e-series 
results for the individual sites, as w ell as additional 
SYKE coastal m onito ring  sites, are available online 
at h ttp ://w gpm e.net/tim e-series.

Figure 5.1.1
Location o f Finnish Environ­
mental Institute (SYKE) phyto­
plankton monitoring stations in 
the northern Baltic Sea (Sites 
10-21), and their corresponding 
environmental summary plots 
(see Section 2.2.1). The yellow 
boxes and labels indicate the four 
subareas described in the report 
text.

Bothnian

Bothnian Sea

Northern  
Baltic [’roper

G uit o f Finland
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5.1.1 Bothnian Bay (Sites 10-11)

The B othnian Bay is the m ost no rth ern  part of 
the Baltic Sea, characterized by low  salinity (ca. 
2.9-3.5), the strong influence of river w aters, and 
the long duration  of ice cover (over 150 d). In 
addition, B othnian  Bay is the only predom inantly  
phosphorus-lim ited  Baltic Sea subregion, m ost 
notibly during  sum m er (Tamm inen and  A ndersen,
2007). The m axim um  bo ttom  dep th  is 148 m, w ith 
a m ean  dep th  of 40 m . The open-w ater sam pling 
stations in  the B othnian Bay are F2 (Site 10, 65°23'N  
23°27'E) and  B 0 3  (Site 11, 64°18'N  22021'E).

Seasonal and  interannual trends (Figure 5.1.2)

D iatom s, especially Chaetoceros wighamii, dom inate 
during the spring  bloom , b u t dinoflagellates, like 
Peridiniella catenata, are also im portant. D uring 
sum m er, cryptophytes and  chlorophytes are 
num erous. In autum n, there is usually  ano ther 
d iatom  peak. In  the B othnian Bay, the diazotrophic 
cyanobacteria is no t as com m on as in  o ther parts of 
the Baltic Sea; one reason for this is probably the 
predom inan t phosphorus lim itation.

Since the start of the m onito ring  program m e in 
1979, salinity has decreased, w hereas silicate has 
increased. Tem perature and  chlorophyll a have 
a slightly rising trend, b u t neither is statistically 
significant. D iatom s, dinoflagellates, cryptophytes, 
euglenophytes, and  hetero trophs have all decreased 
significantly in  the B othnian Bay since sam pling 
began  in the m id-1980s.

5.1.2 Bothnian Sea (Sites 12-14)

Surface salinity in  the B othnian Sea is ca. 5.4-5.9. 
The m axim um  dep th  of the B othnian  Sea is 293 m, 
w ith  a m ean  dep th  of 60 m .T he open -sea  sam pling 
stations in the B othnian Sea are US5B (Site 12, 
62°35'N  19°60'E), SR5 (Site 13, 61°05'N  19035'E), 
and  F64 (Site 14, 60°1TN  19o08'E).

Seasonal and  interannual trends (Figure 5.1.3)

The phytoplankton  com m unity  in the B othnian Sea 
is usually  n itrogen-lim ited  during sum m er, as it is 
in  all of the o ther m ore sou thern  areas of the Baltic 
Sea. Species such as the m ixotrophic hap tophyte 
Chnjsochromulina spp. and  cyanobacteria 
Aphanizomenon sp. and  Nodularia spumigena are 
im portan t during sum m er (A ndersson et a l,  1996). 
O ther im portan t species are the diatom  Thalassiosira

baltica and  dinoflagellate Peridiniella catenata in 
spring, and  photosynthetic ciliate Mesidinium  
rubrum  after the spring  bloom .

Since the start of the m onito ring  program m e 
in 1979, tem perature  and  chlorophyll a have 
increased, w hereas salinity and  silicate have 
decreased. D iatom s, dinoflagellates, cryptophytes, 
and  hetero trophs have decreased significantly, 
w hereas chrysophytes and  the endosym biotic ciliate 
Mesodinium rubrum  (not show n) have increased.

5.1.3 Gulf of Finland (Sites 15-17)

The surface salinity in  the Gulf of F inland is ca. 
5.4-6.1. The m axim um  d ep th  of the Gulf of Finland 
is 121 m. The open-sea  sam pling stations in  the 
Gulf of Finland are LL3a (Site 15, 60°04'N  26o20'E), 
LL7 (Site 16, 59°51'N  24049'E), and  LL12 (Site 17, 
59°29'N  22°54'E).

Seasonal and  interannual trends (Figure 5.1.4)

The phytop lankton  com m unity  structure is complex 
and  shifting, ow ing to unstable m ixing conditions 
in the Gulf of Finland. D inoflagellates Scrippsiella 
sp., Biecheleria baltica, and  Gymnodinium corollarium 
are im portan t spring-bloom  species. Late- 
sum m er com m unities in  the Gulf of F inland are 
characterized by cyanobacterial bloom s. N itrogen 
lim itation and  low  n itrogen -to -phospho rus ratio 
are supposed to p rom ote the cyanobacterial bloom s 
because diazotrophic cyanobacteria are able to 
fix n itrogen  from the atm osphere. In addition  to 
filam entous cyanobacteria, colonial cyanobacteria 
and  cryptophytes as well as o ther sm all flagellates 
are num erous in  the sum m er com m unities of the 
Gulf of Finland.

Since the start of the m onitoring  program m e in 
1979, tem perature  and  chlorophyll a have increased, 
w hereas salinity and  silicate have decreased (Figure 
5.1.4). D inoflagellates have decreased in  A ugust, 
a lthough  their biom ass and  proportion  in  the 
spring b loom  have increased (Klais et a l,  2011). 
Cryptophytes, euglenophytes, and  hetero trophs 
have also decreased. Suikkanen et al. (2007) found 
th a t la te-sum m er cyanobacterial b iom ass increased 
in the Gulf of F inland from  the late 1970s to the 
beginning of the 2000s. In  this A ugust-only analysis, 
this cyanobacteria increase w as no t evident in the 
G ulf of F inland or in  the n o rth e rn  Baltic P roper 
in the 2000s (Figure 5.1.5), possibly ow ing to 
differences in  tim e-span  or tim e-series analysis 
m ethods.
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Figure 5.1.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Bothnian 
Bay plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net/time-series.
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Figure 5.1.3
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Bothnian 
Sea plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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Figure 5.1.4
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Gulf o f Finland 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net/time-series.
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Figure 5.1.5 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the northern Baltic 
Proper plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.

5.1.4 Northern Baltic Proper (Sites 18-21)

Surface salinity in  the no rth ern  Baltic P roper ranges 
from 6.6 to 7.6. B ottom  depths in  the Baltic Proper 
can exceed 400 m. The open-sea  sam pling stations 
in  the no rth ern  Baltic P roper are LL17 (Site 18, 
59°02'N  21°08'E), LL23 (Site 19, 58°35'N  18°14'E), 
BY15 (Site 20, 57°19'N  20°03'E), and  BY38 (Site 21, 
57°07'N  17°40'E).

Seasonal and  interannual trends (Figure 5.1.5)

D inoflagellates Scrippsiella sp., Biecheleria baltica, 
and  Gymnodinium corollarium are dom inan t spring- 
b loom  species in the no rth ern  Baltic Proper, and 
cyanobacteria b loom s are typical in late sum m er 
(W asmund et a l, 2011).

Since the start of the m onito ring  program m e 
in 1979, tem perature  and  chlorophyll a have 
increased, w hereas silicate and  salinity have 
decreased. C ryptophytes and  euglenophytes have 
also decreased significantly.

Northern Baltic Proper 
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5.1.5 Overall northern Baltic trends

Since the start of the m onitoring  program m e in 
1979, chlorophyll a has increased in  all no rthern  
subareas. A lthough  chlorophyll a has increased, 
the biom ass of m ajor phytop lankton  groups 
has generally decreased based  on  the results of 
m icroscopic phytop lankton  counts. The chlorophyll 
a increase could be the result of, for example, an 
increase in p icoplankton, w hich is no t included 
in  the phytop lankton  results because its analysis 
w ould  require special sam ples th a t need  to be 
counted  w ith  an  epifluorescence m icroscope. Also, 
for som e reason, chlorophyll a p roduction  m ay have 
b een  m ore efficient th an  in  earlier years. D iatom s 
have decreased, especially in  the B othnian  Bay 
and  the B othnian  Sea, and  dinoflagellates have 
also decreased significantly in all subareas except

the no rthern  Baltic Proper. In th is long-term  data 
from  A ugust, the  diatom s:diatom s+dinoflagellates 
ratio did no t show  any trend  (figure no t show n), 
a lthough  Klais et al. (2011) have dem onstra ted  tha t 
in the spring bloom , the share of dinoflagellates has 
generally increased in  the Baltic Sea ow ing to the 
increase in  dinoflagellate biom ass and  decrease in 
d iatom  biom ass.

Cryptophytes, euglenophytes, and  heterotrophic 
flagellates have decreased in  all subareas. 
C hrysophytes have increased in  the B othnian Sea, 
and  the endosym biotic ciliate Mesodinium rubrum  
has increased in the B othnian Sea (figure no t show n, 
bu t available online). There is a possibility th a t M. 
rubrum  has no t b een  counted  consistently  from  all 
earlier sam ples, w hich m ay affect the results.
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5.2 G dansk  Basin (Site 22)

Anetta Ameryk, Staivomira Gromisz, ]emina Kownacka, Marianna Pastuszak, 

and M ariusz Zalewski

Figure 5.2.1
Location o f the Gdansk Basin 
plankton monitoring area (Site 
22), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

i  '*

The N ational M arine Fisheries Research Institute 
(NMFRI) has a long-term  database w hich 
covers a num ber of param eters m easured  in 
the sou thern  Baltic Proper. NMFRI has been  
m onitoring  chlorophyll a concentrations since 1977, 
phytoplankton  species since 1987, and  additional 
m icrobial p lank ton  since 1995. The database has, 
however, som e gaps, especially in  phytop lankton  
and  bacterial param eters. Cruises w ere m ade 6-10 
tim es a year in  the 1980s in  all seasons, and  only 
two tim es a year, in  spring and  sum m er, over the 
last ten  years. The data w ere collected at num erous 
sam pling stations in the G dansk Basin, and  the 
w hole study area w as placed into one box (longitude 
017°54' 019°36'; latitude 55°36'to the coastline).The 
G dansk Basin includes w aters sheltered  by the Hel 
Peninsula (Gulf of G dansk) and  the open  w aters. 
This region is relatively deep (60-80 m) and  it is 
influenced by the Vistula River (the second largest 
river in  the Baltic catchm ent).

Sam ples w ere collected w ith  2-5 1 N ansen  or 
N iskin bottles at five fixed dep ths from  0 to 10 m. 
O ver the first 15 years of the studies, m easurem ents 
of chlorophyll a concentrations w ere carried out 
w ith  spectrophotom eters, w hereas in  the years 
th a t followed, two parallel techniques w ere 
used: spectrophotom etric and  fluorom etric. The 
phytoplankton  sam ples w ere preserved w ith 
LugoTs solution (Edler, 1979) and  th en  analysed 
using  an  inverted m icroscope (U term öhl, 1958). 
A utotrophic dinoflagellates w ere d istinguished 
from the heterotrophic ones using chlorophyll 
autofluorescence excited w ith  blue light. Thecate 
dinoflagellates w ere determ ined  after staining

w ith  fluorochrom e Calcofluor W hite MR2, w hich 
is a specific stain  for cellulose in  the thecal plates. 
Phytop lankton  taxa w ere identified to species 
or general groups. Both abundance and  average 
bacteria cell volum e w ere determ ined  by direct 
counting  and  by m easuring  the length  and  w id th  
of bacteria (dyed w ith  acridine orange) under 
epifluorescence m icroscopes.

Seasonal and  interannual trends (Figure 5.2.2)

In the G dansk Basin, the spring b loom  of small, 
rapidly grow ing diatom s is follow ed by the p o st­
b loom  peak of dinoflagellates. Cyanobacteria 
and  nanoflagellates (not show n) b loom  later, as 
they  prefer conditions of therm al stratification 
in sum m er. A  second peak  of large d iatom s is 
observed in autum n, usually  accom panied by the 
photosynthetic  ciliate Mesodinium rubrum, w hereas 
w in ter is characterized by the phytoplankton  
m inim um  (Niemi, 1975; Sm etacek et a l,  1984; 
Bralewska, 1992; G rom isz and  Witek, 2001; Feistel 
et a l, 2008).

N itrogen-fixing cyanobacteria dom inate the 
phytoplankton  com m unities in  sum m er, w hen  
the N:P ratio is very low  and  w ater stratification 
is well established. O bservations show  a shift in 
tim e of appearance of cyanobacterial bloom s. Over 
the years, the bloom s shifted from July-A ugust 
to June-July. Sum m er is also the tim e of h ighest 
m icrobial activity, w hich depends on phosphorus 
concentrations (Ameryk et a l, 2005).
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Since the beg inn ing  of hydrographic sam pling, slight, b u t non-significant, decreases. This m ay be
tem perature  has increased significantly, w hereas the result of the biological variables' shorter year
surface salinity and  phosphate  have decreased, coverage com pared w ith  the hydrographic data.
D iatom s, dinoflagellates, and  cyanobacteria show
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Figure 5.2.2
M u ltip le -v a r ia b le  com parison  
p lo t (see Section 2 .2 .2 )  sh o w in g  
the  seasonal a n d  In tera n n u a l  
properties o f  select cosam pled  
variables a t the G d ansk  B asin  
p la n kto n  m o n ito rin g  site. 
2{dd itiona l variab les f v m  this  
site  are ava ilab le  on line  a t 
h ttp ://w g p m e .n e t/tlm e-serle s.
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5.3 Eastern Gotland Basin (Site 23)
Norbert W asmund and Günther Nausch

Figure 5.3.1
Location o f the Eastern Gotland 
Basin plankton monitoring 
area (Site 23), plotted on a 
map o f average chlorophyll 
concentration, and its corres­
ponding environmental summary 
plot (see Section 2.2.1).

j .

The E astern G otland  Basin is part of the Baltic 
Proper, w ith  a m axim um  dep th  of 249 m. In  the 
frame of the in ternational m onitoring  program m e 
of the H elsinki C om m ission (HELCOM), two 
representative stations w ere sam pled and  com bined 
for this report: BMP J1 at the G otland  D eep 
(57°18.3'N 20°4.6'E) and  BMP K1 of the sou thern  
part of the G otland  Basin (55°33'N 18°24'E). O nly 
in tegrated  surface sam ples of the upper 10 m 
are considered. Sam pling and  processing of the 
sam ples and  the data w as carried ou t according to 
the com pulsory m anual (HELCOM, 2010).

This analysis is based  on data  collected in  the frame 
of the m onito ring  program m e of the H elsinki 
C om m ission (HELCOM) and  contributed  by the 
riparian countries of the Baltic Sea. The data  are 
available from the ICES databank. Som e data 
w ere personally  supplied by Susanna H ajdu and 
Svante N yberg (Stockholm  University, Sw eden), 
Slawomira G rom isz and  Janina K ownacka (NMFRI 
Gdynia, Poland), as well as by Irina O lenina (Centre 
of M arine Research Klaipeda, Lithuania).

Seasonal and  interannual trends (Figure 5.3.2)

The annual developm ent of the phytop lankton  is 
characterized by three b loom s of different intensity, 
from w hich the sum m er b loom  dem onstrates a 
surprisingly high biom ass, w hereas the spring (May) 
and  au tum n  bloom s are m ainly reflected in the 
chlorophyll data. The spring  b loom  is dom inated  by

dinoflagellates in  recent tim es, bu t it is accom panied 
by Mesodinium rubrum, w hich m ay appear very 
early. Bloom s of nitrogen-fixing cyanobacteria are 
typical in  sum m er. The au tum n bloom  is dom inated  
by diatom s, m ainly Coscinodiscus granii (W asmund 
and  Siegel, 2008).

Since the start of the m onitoring  program m e in 
1979, the b iom ass in m ost phytoplankton  groups 
is increasing. The m ajor group, the dinoflagellates, 
form s bloom s in  spring, prim arily in  May, w ith  
the in tensity  of these spring b loom s increasing 
m ainly from  1986 to 1987. The long-term  increase 
from  1979 to 2010 does no t contradict the finding 
of a long-term  decrease in  dinoflagellate spring 
biom ass in this area by Klais et al. (2011), because 
they  considered only the period 1995-2004.

A no ther im portan t group, the diatom s, contributed 
less to the spring b loom  and  m ainly to the early 
stages of the bloom . D iatom s exhibited a strongly 
decreasing trend, especially in  May, w ith  the 
steepest decrease from  1988 to 1989, m ainly ow ing 
to the decrease in Achnanthes taeniata (W asmund 
et a l,  2011). The diatom s:diatom s+dinoflagellates 
ratio during the spring b loom  period exhibited a 
significant decrease. Klais etal. (2011) dem onstrated  
th a t dinoflagellates dom inate in  the open  w aters, 
bu t d iatom s in the coastal w aters of the E astern 
G otland  basin  during spring. The m ain  appearance 
of d iatom s w as in  A ugust.The occurrence of diatom s 
is no t highly correlated to o ther phytop lankton  
groups or abiotic param eters in  this region.
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The autotrophic ciliate Mesodinium rubrum  has 
established itself as the th ird  im portan t group. It is 
strongly increasing in  all seasons, bu t th is m ay be 
partly  an  artefact because som e contributors m ay 
have started  counting  th a t ciliate only in the 1990s.

analysis at the m onth ly  level show s th a t the bulk 
of th is increase occurs over the period  M arch-June, 
a period  of low er cyanobacteria biom ass. D uring 
the July-A ugust period of peak  biom ass, this trend  
disappears.

C hanges in the sm aller groups are statistically more 
significant, bu t the ecological im portance of these 
groups is ra ther low  ow ing to their small biom ass. 
P rasinophytes and  prym nesiophytes are increasing 
in  alm ost all seasons. Especially the prym nesiophyte 
Chrysochromulina polylepis increased suddenly  since 
the end  of 2007 (H ajdu et a l, 2008). Cryptophytes 
increased if July and  O ctober w ere considered. 
C hrysophytes (including D ictyochophyceae) 
shifted from  negative to positive anom aly in  the 
m id-1990s. Cyanobacteria have b een  increasing 
since the start of m onitoring  in  1979. A dditional

In contrast to the o ther areas of the Baltic Proper, 
the increasing tendency  of tem perature  w as no t 
significant. The decrease in the com ponents of 
dissolved inorganic n itrogen  (N 0 3 + N 0 2 + N H 4) 
w as only slightly significant. This is an im portan t 
trend, as n itrogen is considered to be the lim iting 
nu trien t in  the Baltic Proper. C hrysophytes, 
cryptophytes, and  prasinophytes are strongly 
correlated w ith  the D IN  trend  (p< 0.01). As the 
chlorophyll a concentrations are increasing, they  
show  a slightly negative correlation w ith  the DIN 
concentrations (p< 0.05).
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Figure 5.3.2 (continued from  
previous page)
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5.4 Bornholm Sea (Site 24)
Norbert W asmund and Günther Nausch

The B ornholm  Sea is part of the sou thern  Baltic 
Proper, w ith  a m axim um  dep th  of 92 m. In  the 
frame of the in ternational m on ito ring  program m e 
of the H elsinki C om m ission (HELCOM), the central 
station BMP K2 of the open  sea w as sam pled: 
55°15'N  15°59'E. O nly in tegrated  surface sam ples 
of the upper 10 m  are considered. Sam pling and 
processing of the sam ples and  the data  w as carried 
out according to the com pulsory m anual (HELCOM, 
2010).

This analysis is based  on  data collected in  the frame 
of the m onito ring  program m e of the H elsinki 
C om m ission (HELCOM) and  contributed  by the 
riparian countries of the Baltic Sea. The data are 
available from  the ICES databank. Some data  were 
personally  supplied by Susanna H ajdu and  Svante 
N yberg (Stockholm  University, Sw eden), Slawomira 
G rom isz and  Janina K ownacka (NMFRI Gdynia, 
Poland), as w ell as by H enrik  Jespersen (Bornholms 
R egionskom m une, D enm ark) and  Bente Brix 
M adsen (Orbicon, D enm ark).

Seasonal and interannual trends (Figure 5.4.2)

The annual developm ent of the phytoplankton  is 
characterized by three bloom s of different intensity, 
from w hich the sum m er b loom  dem onstrates a 
surprisingly h igh  b iom ass w hereas the spring 
and au tum n bloom s are m ainly reflected in  the 
chlorophyll data. In the spring  bloom , a succession 
from diatom s to dinoflagellates occurs, bu t it 
is accom panied by Mesodinium rubrum, w hich

l i l i  4 5 + t  '  LO II E
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m ay appear very early. Blooms of nitrogen-fixing 
cyanobacteria are typical in  sum m er. The au tum n 
b loom  is dom inated  by diatom s (W asmund and 
Siegel, 2008).

Since the start of the m onito ring  program m e in 
1979, the b iom ass in m ost phytoplankton  groups is 
increasing. D inoflagellates frequently  form  bloom s 
in  spring, and  the in tensity  of their spring bloom s 
has b een  increasing, m ainly from  1990 to 1991. 
A nother m ajor group, the diatom s, form s spring, 
sum m er, and  au tum n  bloom s. D iatom s dom inate 
the spring bloom  in th is area (Klais et a l,  2011). 
A  slight, bu t non-significant, increasing trend  is 
found in  the diatom s. The annual-on ly  analysis 
of this report does no t show  the decreasing trend  
in  spring bloom s, based  on silicate consum ption, 
no ted  in W asm und et al. (1998). Obviously, som e 
diatom  bloom s of the 1980s w ere no t properly 
recorded ow ing to undersam pling; therefore, 
the decreasing trend  could n o t be proven on  the 
basis of b iom ass data (W asmund et a l, 2011). 
D espite the lack of a trend  in  d iatom  biom ass, 
the diatom s:diatom s+dinoflagellates ratio during 
the spring bloom  period dem onstrated  a slightly 
significant decrease.

The autotrophic ciliate Mesodinium rubrum  has 
established itself as the th ird  im portan t group. It is 
strongly increasing in  all seasons, especially from 
1993 to 1994. Its sho rt-te rm  shift m ay b e  an  artefact, 
because som e contributors m ay have counted  tha t 
ciliate to the phytop lankton  only after 1993.

Figure 5.4.1
Location o f the Bornholm Sea 
plankton monitoring area (Site 
24), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

52 /5 3



ICES Cooperative Research Report No. 313

Figure 5.4.2 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Bornholm 
Sea plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.

C hanges in the sm aller groups are statistically m ore 
significant, bu t the ecological im portance of these 
groups is ra ther low  ow ing to their sm all biom ass. 
P rasinophytes and  prym nesiophytes are increasing 
in  alm ost all seasons. Especially the prym nesiophyte 
Chrysochromulina polylepis increased suddenly  since 
the end  of 2007 (H ajdu et a l,  2008). Cryptophytes 
increased if M ay and  July w ere considered, and 
euglenophytes in  the m onths M arch and N ovem ber. 
Chrysophytes (including Dictyochophyceae) shifted 
from negative to positive anom aly from 1998 to 
1999.

Cyanobacteria, w hich form  bloom s in July and 
A ugust, decrease if only A ugust is considered. The 
slight increase in  April and  M ay is less relevant as the 
biom ass level is low in spring. Also, the chlorophytes

decrease in  July, A ugust, and  Septem ber, b u t this 
group is un im portan t in the brackish water.

The general increase in phytop lank ton  biom ass 
m ay be related  to increasing tem perature. The 
com ponent concentrations of dissolved inorganic 
n itrogen  (where DIN = N 0 2 + N 0 3 + N H 4) 
are decreasing in  the data collected since 1979. 
N itrogen is considered to be the lim iting nu trien t 
in the Baltic Proper, bu t its trend  does no t agree 
w ith  th a t of the phytoplankton  biom ass. O nly  the 
decrease in  chlorophytes is related to the D IN  trend. 
Euglenophytes, dinoflagellates, and  Mesodinium  
rubrum  are negatively correlated to salinity. The 
increase in  phytoplankton  biom ass w as verified 
by an increase in chlorophyll a concentrations 
(W asmund and  Siegel, 2008).
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5.5 Arkona Sea (Site 25)
Norbert W asmund and Günther Nausch

Figure 5.5.1
Location o f the Arkona Sea 
plankton monitoring area (Site 
25), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

The A rkona Sea is part of the sou thern  Baltic Proper, 
w ith  a m axim um  d ep th  of 47 m . In  the fram e of 
the in ternational m onito ring  program m e of the 
H elsinki C om m ission (HELCOM), four stations of 
the open sea w ere sam pled: BMP K4, BMP K5, BMP 
K7, and  BMP K8. The data from these stations are 
pooled  to a representative dataset of th is sea area. 
O nly in tegrated  surface sam ples of the upper 10 m 
are considered. Sam pling and  processing of the 
sam ples and  the data w ere carried ou t according to 
the com pulsory m anual (HELCOM, 2010).

This analysis is based  on data  collected in  the frame 
of the m onito ring  program m e of the H elsinki 
C om m ission (HELCOM) and  contributed  by the 
riparian countries of the Baltic Sea. The data  are 
available from the ICES databank. Some data w ere 
personally supplied by Susanna H ajdu and  Svante 
N yberg (Stockholm University, Sw eden), as well as 
by H enrik  Jespersen (Bornholms R egionskom m une, 
D enm ark) and  Bente Brix M adsen (Orbicon, 
D enm ark).

Seasonal and  interannual trends (Figure 5.5.2)

The annual developm ent of the phy toplankton  is 
characterized by three b loom s of different intensity. 
In the spring bloom , a succession from diatom s to 
dinoflagellates and /o r Mesodinium rubrum  occurs. 
In sum m er, large-celled diatom s m ay dom inate the 
diverse com m unity, w hereas cyanobacteria bloom s 
are only sparsely developed. The au tum n bloom  
is dom inated  by d iatom s (W asmund and  Siegel,
2008).

Since the start of the m onitoring  program m e in 
1979, the b iom ass in  m any phytop lankton  groups is 
increasing. The im portan t group of dinoflagellates 
m ay contribute to the spring bloom s. It increased 
slightly if M arch and  April are considered, bu t this 
increase w as absen t in  the annual-level results of 
this study. A nother im portan t group, the diatom s, 
show ed a spring b loom  in M arch-A pril, b u t again 
had  no general long-term  trend  at the annual level. 
The diatom s:diatom s+dinoflagellates ratio during 
the spring bloom  is decreasing, bu t no t as sudden  
as in the B ornholm  Basin and  the E astern G otland 
Basin. The autotrophic ciliate, Mesodinium rubrum, 
has established itself as the th ird  m ost im portan t 
group. It is strongly increasing in all seasons, 
especially from 1993 to 1994. This short-term  shift 
m ay be an artefact because som e contributors m ay 
have counted  th a t ciliate to the phytoplankton  only 
after the early 1990s. Independen tly  of this problem , 
Mesodinium rubrum  has also increased in  datasets 
th a t included tha t species from  the beg inn ing  of the 
observation.
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C hanges in  the sm aller groups are statistically 
m ore significant, bu t the ecological im portance 
of these groups is ra ther low  ow ing to their small 
biom ass. E uglenophytes, prasinophytes, and 
prym nesiophytes are increasing in all seasons, 
especially the prym nesiophyte, Chrysochromulina 
polylepis, w hich increased suddenly  since the 
end  of 2007 (Hajdu et a l,  2008). Cryptophytes 
exhibited a long -te rm  increase in A pril and  M ay 
m ainly  after 1991, bu t th is m ay be caused only 
by a b e tte r identification after phytoplankton  
courses by the HELCOM  Phytoplankton 
Expert G roup (PEG). Chrysophytes (including 
Dictyochophyceae) shifted from negative to 
positive anom aly  from 1998 to 1999 in  all seasons.

The general increase in  phytoplankton  biom ass 
m ay be related to increasing w ater tem peratures. 
The concentrations of dissolved inorganic n itrogen 
(represented  as N O , + N 0 3 + N H 4) are decreasing 
in the long-term  dataseries. N itrogen is considered 
to be the lim iting nu trien t in  the Baltic Proper, b u t its 
trend  does no t agree w ith  tha t of the phytop lankton  
biom ass. The increase in phy top lankton  biom ass 
w as verified by an  increase in  chlorophyll a 
concentrations (W asmund and  Siegel, 2008).

The only m ajor group th a t is strongly decreasing is 
the cyanobacteria. In  July and  A ugust, w hen  they 
m ay form  bloom s in  the A rkona Sea, they  show ed 
m ostly  positive anom alies until 1987, and  negative 
anom alies since the year 2000. O n  the o ther hand, 
cyanobacteria biom ass increased strongly in  March, 
April, and  May. This increase is less relevant because 
the b iom ass level in  spring is low  com pared w ith  
sum m er. This tendency  w as already found  and 
thoroughly  discussed by W asm und et al. (2011).
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Figure 5.5.2 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Arkona Sea 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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5.6 Mecklenburg Bight (Site 26)
Norbert W asmund and Günther Nausch

Figure 5.6.1
Location o f the Mecklenburg Bight 
plankton monitoring area (Site 
26), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
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The M ecklenburg Bight is part of the Belt Sea 
w ith in  the w estern  Baltic Sea. Its m axim um  depth  
is 27 m .T h e  area is influenced by periodical inflow 
of m arine w ater or outflow  of Baltic brackish w ater 
and, therefore, is highly variable. In the frame of 
the in ternational m onito ring  program m e of the 
H elsinki C om m ission (HELCOM), three stations 
w ere sam pled: BMP M l (54°28'N 12°13'E), BMP 
M2 (54°18.9'N 11°33'E), and  0 2 2  (54°6.6'N 
11°10.5'E). The data  of these stations are pooled 
to a representative dataset of this sea area. O nly 
in tegrated  surface sam ples of the upper 10 m 
are considered. Sam pling and  processing of the 
sam ples and  the data w as carried ou t according to 
the com pulsory m anual (HELCOM, 2010).

This analysis is based  on data  collected in  the frame 
of the m onito ring  program m e of the H elsinki 
C om m ission (HELCOM) and  contributed  by the 
riparian countries of the Baltic Sea. The data  are 
available from  the ICES databank.

Seasonal and  interannual trends (Figure 5.6.2)

The annual developm ent of the phy toplankton  is 
characterized by three b loom s of different intensity, 
from  w hich the sum m er b loom  dem onstrates a 
surprisingly h igh biom ass, w hereas the spring 
and  au tum n  bloom s are m ainly reflected in  the 
chlorophyll data. The spring b loom  is, in m ost 
years, dom inated  by diatom s, bu t in som e years 
also by D ictyochophyceae, w hich are included in 
the chrysophytes in  this study. D inoflagellates and 
Mesodinium rubrum, w hich contribute significantly 
to the sp ringb loom  in the Baltic Proper, are of m inor 
im portance in  the M ecklenburg Bight in  spring. 
Also, cyanobacteria b iom ass does no t norm ally 
grow  up to b loom  concentrations. However, the 
d iatom s can reach a second peak  in sum m er. The 
au tum n bloom  is dom inated  by dinoflagellates and/ 
or d iatom s (W asmund and  Siegel, 2008).

Since the start of the m onitoring  program m e in 
1979, the biom ass of phytoplankton  groups is 
decreasing in  spring bu t increasing in  sum m er 
in this area, as dem onstrated  by W asm und et al. 
(2011). The im portan t group of dinoflagellates 
is increasing, m ainly in M arch. O n  the o ther 
hand , d iatom  spring b iom ass is decreasing. As a 
result, the diatom s:diatom s+dinoflagellates ratio 
during the spring b loom  period is decreasing. The 
Dictyochophyceae (i.e. chrystophytes) becom e 
m ore im portan t in  spring. The autotrophic ciliate 
Mesodinium rubrum  increased in  the Baltic Proper, 
bu t probably  the resu lt of a changed  coun ting  
stra tegy  (cf. chapter on the A rkona Sea). The 
cyanobacteria b iom ass is increasing. M onthly
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analysis finds no trend  in  sum m er, and  the 
increase is evident only in the m on ths of April and 
Septem ber, w h en  their biom ass is generally low, 
and  an increase can be detected.

C hanges in the sm aller groups are statistically more 
significant, bu t the ecological im portance of these 
groups is ra ther low  ow ing to their small biom ass. 
The prym nesiophytes and  prasinophytes increased 
in  all seasons, w ith  the prym nesiophytes increasing 
especially since the end  of 2007 (H ajdu et a l, 2008).

A general increase in tem perature  w as also detected  
in the M ecklenburg Bight. The concentrations 
of the m ain  com ponents of dissolved inorganic 
n itrogen  (i.e. DIN = N 0 2+ N 0 3 + N H 4) were 
decreasing in the long-term  dataseries. N itrogen 
is considered to be the lim iting nu trien t in  the 
Baltic Proper, bu t its trend  does no t agree w ith  
th a t of the phytoplankton  biom ass. Chrysophytes, 
prym nesiophytes, prasinophytes, and  Mesodinium  
rubrum  are negatively correlated to th is DIN trend. 
The chlorophyll a concentration  is no t correlated to 
any o ther param eter and  dem onstrates no general 
trend. O nly seasonal-level trends (January-M arch) 
reveal a significantly decreasing trend  in the 
chlorophyll a concentrations.
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Figure 5.6.2 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Mecklenburg 
Bight plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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5.7 Kattegat and Skagerrak Monitoring (Sites 27-29)
Marie Johansen

Figure 5.7.1
Locations o f the Kattegat and 
Skagerrak plankton monitoring 
areas (Sites 27-29), plotted on 
a map o f average chlorophyll 
concentration, and their
corresponding environmental 
summary plots (see Section 
2.2.1).

Anhntt East (s ile  27) St% gö (sik- 28) À !7 (s i'e 2 9 )

f :

n
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The K attegat is the transition  area betw een  the Baltic 
and  N orth  seas. It is included as part of the Baltic 
Sea in  the HELCOM  C onvention area, bu t also as 
part of the N orth  Sea in  the OSPAR Convention. 
The m ean  dep th  is only ca. 20 m, and  half the area 
has a d ep th  of < 25 m  (Fonselius, 1995), although 
the m axim um  dep th  exceeds 90 m  at the no rthern , 
Skagerrak boundary. Close to the Sw edish coastline, 
it has a connection  w ith  Skagerrak deep w ater 
th rough  a deeper channel w ith  elongated  basins 
th a t run  in  a m ainly n o rth -so u th  direction. The 
K attegat has a strong  halocline, w ith  an average 
salinity of around  23 in  the upper part (0-15 m) 
and  ca. 32-33 in  the deep w ater (below 60-80 m; 
D yrssen, 1993). Surface w ater generally comes 
from the low  saline Baltic Proper via the D anish

Straits, w hereas the N orth  Sea delivers m ore saline 
deeper w aters from the north . The Baltic outflow  
from  the D anish  Straits coalesces in the eastern  
K attegat to form  the north-flow ing  Baltic Current. 
A t the no rth ern  limit of the K attegat, N o rth  Sea 
w ater from  the Jutland Coastal C urren t splits, w ith  
som e flowing as a bo ttom  current into the Kattegat, 
w hereas the rem ainder eventually com bines w ith  
the Baltic C urrent, w hich is fu rther augm ented  by 
significant freshw ater outflows as it becom es the 
N orw egian C oastal C urrent in  the Skagerrak. The 
K attegat, thereby, form s a hydrographic transition  
zone betw een  the Baltic Sea and  the N orth  Sea, w ith  
a substantially  h igher salinity range (and variability) 
th an  in  nearby  sea areas.
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In  the fram e of the in ternational m onitoring  
program m e of the Helsinki Com m ission (HELCOM), 
two stations are sam pled by SM HI (Swedish 
M eteorological and  Hydrological Institute) in  the 
Kattegat; A nholt East (Site 27, 56°40'N  12°07'E) 
and  N14 Falkenberg (56°56.40'N 12°12.7,E). Station 
N14 Falkenberg has only b een  sam pled for a couple 
of years and  is no t included in the graphs. Two 
stations are sam pled in  the Skagerrak Släggö (Site 
28, 58°15.5'N  11°26'E) and  À17 (Site 29, 58°16.5'N  
10°30.8'E). Sam pling and  sam ple processing are 
conducted  according to the HELCOM  COMBINE 
m anual for phytop lankton  (HELCOM, 2010). All 
individuals w ere taxonom ically identified to the 
low est possible taxonom ic level, b u t were presen ted  
as general taxonom ic groups in  the study. D ata for 
2002-2010 are presen ted , w ith  a gap of no data in 
2003.

Seasonal and interannual trends (Figures 5.7.2, 
5.7.3, and 5.7.4)

A lthough seasonal pa tterns and  m agnitudes of 
tem peratures across the three sites w ere com parable, 
average salinities increased from 20 to 25 to 30 as the 
site location m oved from east to w est (approaching 
the N orth  Sea). All three sites featured  a 6-8  psu 
seasonal difference in salinity betw een  the higher- 
salinity w in ter and low er-salinity sum m er periods. 
Chlorophyll concentrations exhibited a large M arch 
peak, follow ed by a significantly sm aller O ctober/

N ovem ber peak. The spring  phytoplankton  
population  w as num erically dom inated  by diatom s 
in all three sites. The seasonal abundance of 
dinoflagellates peaked during this spring  period 
only at the A nholt East site, w hereas th is period was 
the seasonal low est abundance for dinoflagellates 
at the o ther two sites. This relationship betw een  
diatom s and  dinoflagellates w as less clear in term s 
of the diatom s:diatom s+dinoflagellates ratio plots. 
In all three sites, the d iatom  m axim um  abundance 
and  decrease corresponded to n itrogen  availability, 
w ith  dinoflagellates becom ing m ore abundan t 
during  the low  n itrogen periods.

In terannual trends w ith in  the three sites were 
no t conclusive. This is likely the result of the 
com bination  of the relative shortness of sam pling 
years in each site, com bined w ith  strong variability 
ow ing to the dynam ic hydrographic conditions 
p resen t w ith in  each of the sites.
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Figure 5.7.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Anholt East 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http ://wgpme. net/ time-series.
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Multiple-variable comparison 
plot (see Section 2.2.2) 
showing the seasonal and 
interannual properties o f  select 
cosampled variables at the 
Släggö plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme. net/time-series.
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Figure 5.7.4
Multiple-variable comparison 
plot (see Section 2.2.2) 
showing the seasonal and 
interannual properties o f select 
cosampled variables at the 
Â17 plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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Deploying a Conductivity - 
Temperature-Depth 
instrum ent package 
in Bedford Basin, Canada. 
Photo: Fisheries and 
Oceans Canada.
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6. PHYTOPLANKTON AND 
MICROBIAL PLANKTON 
OF THE NORTH SEA AND 
ENGLISH CHANNEL
Alexandra C. Kraberg, Claire W iddicombe, Karen W iltshire, Eileen Bresnan, 

Dominique Soudant, Glen Tarran, and Tim Sm yth

A ccording to the classification of L onghurst (1998), 
the N orth  Sea and  English C hannel be long  to the 
N ortheast Atlantic Shelf Province (NASP) extending 
from Cape Finisterre (Fisterra) in no rthw est Spain 
to the Skagerrak in D enm ark and  bordered  in  the 
n o rth  by the Faroe-S hetland  C hannel (Fonghurst, 
2007; M cG inty et a l,  2011). This corresponds 
approxim ately to ICES Divisions IVa-c and  VIIa-b. 
This region is characterized by seasonal pa tterns tha t 
are typical of tem perate seas: w ell-m ixed, nu trien t- 
replete, and light-lim ited  w in ter conditions; distinct 
bloom s in  spring; w eak therm al stratification and 
nu trien t depletion  during sum m er; secondary 
bloom s during late sum m er and /o r autum n.

The hydrography of the N orth  Sea and  English 
C hannel is com plex and  subject to considerable 
regional and  in terannual deviation th rough  climatic 
and  m an-induced  variability (Reid et a l,  2001). The 
N orth  Sea receives tidally induced inputs of A tlantic 
w ater from the northw est, via the F aroe-S hetland  
C hannel and, from the southw est, th rough  the 
English C hannel (Becker and  Pauly, 1996; Callies et 
a l,  2011). The volum e of w ater transported  into the 
N orth  Sea via e ither route also changes according 
to climatic conditions. Times of a h igh NAO index, 
for instance, are characterized by m ore southerly  
tracks of w esterly  w inds, facilitating greater inflows 
of A tlantic w ater from the northw est. W ater m asses 
exit the N orth  Sea along the N orw egian coast,

resulting  in a anticlockwise current system  th a t is 
driven by a com bination  of tidal and w indstress 
forcing and  considerable freshw ater inputs from 
e.g. the Rhine and  Elbe rivers (Sim pson, 1994).The 
English C hannel com prises continental shelf w aters 
b e tw een  the UK and  French coasts, separated  
by a distinct frontal region (Groom  et a l,  2008) 
th a t is directly influenced by A tlantic w aters. The 
hydrography is generally seasonally  stratified in  the 
n o rth  and  w ell-m ixed, th rough  strong tidal forcing, 
off the French coast, w here freshw ater inputs can 
also affect biogeochem ical properties locally (e.g. 
the River Seine) (Goberville et a l,  2010). In  addition  
to this com plex hydrography, the N orth  Sea and 
English C hannel are also affected by a variety of 
an thropogenic pressures (H alpern et a l,  2008). 
They are, for instance, am ong the m ost heavily 
used  shipp ing  routes in the w orld, and coastal 
regions are of considerable im portance for a range 
of ecosystem  services, including recreation, tourism , 
and  com m ercial fisheries. The N orth  Sea is also 
exploited heavily for gas and  oil, and  increasingly its 
offshore areas are used  for large-scale w ind  farms 
(Gee and  Burkard, 2010). The im pacts of these 
hu m an  activities on the N orth  Sea's ecosystem s are, 
as yet, largely unknow n.

The complexity of the hydrography of the N orth  
Sea, w ith  different physical drivers acting at a 
range of spatial and  tem poral scales coupled w ith
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Figure 6.1
Locations o f  the North Sea 
and English Channel plankton 
monitoring areas (Sites 30-36) 
plotted on a map o f average 
chlorophyll concentration.
Blue stars indicate locations of 
sites described in the adjacent 
Northeast Atlantic Shelf region 
(see Section 7).

an thropogenic forcings, m akes the detection and 
in terpre tation  of biological trends in  response to 
changing physico-chem ical param eters difficult. 
Therefore, detailed tim e-series data  are vital, and 
it is fo rtunate th a t a relatively large num ber of 
regular environm ental and  biological m onitoring  
series exist, covering different regions of the N orth  
Sea and  English C hannel. Such data  show  th a t the 
phytoplankton  (including heterotrophic protozoa 
or m icrozooplankton) and  m icrobial com m unities 
in  the N orth  Sea and  English C hannel show  
distinct geographical (no rth -sou th ; coasta l-open  
w ater), seasonal, and in terannual pa tterns in  their 
abundance and  biom ass (Lefebvre et a l,  2011). 
System atic assessm ents of the differences in 
phytoplankton  com m unity com position betw een  
the C hannel regions are rare. A lthough the English 
C hannel is seen as the no rthern  geographical 
boundary  for m any w arm -w ater species, it still has to 
be considered as a po ten tia l source of "new "species 
im m igrating  into the N orth  Sea. This could hap p en  
by passive transport of e ither vegetative stages 
or cysts, w hich m any diatom s or dinoflagellates 
produce as environm ental conditions becom e 
unfavourable for vegetative grow th. A ccum ulations 
of cysts on the seabed could th en  serve as 
seedbanks for future populations of a given species, 
for instance, if SSTs in the N orth  Sea continue to 
rise (N ehring, 1995, 1998). L ong-term  studies also 
show  th a t p lank ton  are particularly sensitive to

climate change (Edwards and  R ichardson, 2004). 
For example, the rate of SST w arm ing  around  the 
UK has increased by ca. 0.2-0.6°C  per decade since 
the 1980s (MCCIP, 2008), and  this rate has been  
fastest in  the English C hannel and  sou thern  N orth  
Sea (Wiltshire and  Manly, 2004; M ackenzie and 
Schiedek, 2007; H ughes et a l, 2009, 2011; Sm yth et 
a l,  2010). This w arm ing  coincides w ith  an  increase 
in dinoflagellates and diatom s in  the northeaste rn  
and  sou theastern  N orth  Sea (Leterme et a l,  2005; 
W iltshire et a l, 2008) and  a decrease in  d iatom s in 
the English C hannel (W iddicombe et a l,  2010).

Range extensions or contractions and  changes in 
phenology  of individual species or species groups 
have also b een  observed. H ays et a l (2005) described 
a range shift in  the dinoflagellate genus Ceratium. 
For example, before 1970, Ceratium trichoceros was 
only found sou th  of the UK, bu t it is now  also found 
in the coastal w aters of the w est coast of Scotland 
and  in  the N orth  Sea. C hange in the tim ing of the 
annual spring b loom  has also b een  reported. In 
som e regions, the b loom  appears to start earlier 
in response to increasing SSTs, although, if the 
w arm ing  also facilitates greater survival rates of 
Z ooplankton th rough  w inter, the opposite effect on 
b loom  tim ing can be observed (relaxation of to p -  
dow n control, see W iltshire and  Manly, 2004). Such 
changes can result in  the com plete reorganization 
of the ecosystem , for instance, as the result of the
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decoupling betw een  predato r and  prey pheno logy  
know n as m atch-m ism atch  phenom ena  (Edwards 
and  Richardson, 2004). Such a regim e shift occurred 
in  the N orth  Sea around  1988, evident as a stepwise 
alteration  in  all trophic levels, w hich coincided w ith 
the in trusion  of w arm -w ater p lank ton  into the 
N orth  Sea (Reid et a l,  2003; Schlüter et a l, 2008; 
W iltshire et a l,  2008) and  possibly in 1998 as well. 
This m ajor regim e shift w as dem onstrated  to be 
strongly associated w ith  w arm ing sea tem peratures 
and  increased inflow  of A tlantic w ater via the 
no rth ern  N orth  Sea (Reid et a l, 2003).

The increases in  sea surface tem peratures, in 
particular, have also been  linked to the appearance 
or greater prom inence of species classed as invasive. 
The d iatom  Coscinodiscus wailesii, for instance, is 
though t to have orig inated  in the Pacific. In the 
1980s, it spread to the N orth  Sea via the English 
C hannel, w here it w as first observed in  1977 (as

C. nobilis) (Boalch and  H arbour, 1977; Rincé and 
Paulmier, 1986). A n exception, how ever, is the 
d iatom  Mediopyxis helysia (Kraberg et a l, 2011), 
w hich m ore com m only seem s to be associated w ith 
negative salinity anomalies rather than  tem perature. 
The potential ecological role of such species is, as 
yet, unclear, bu t it has b een  hypothesized that, 
because m any  of them  are large and, therefore, 
considered inedible for Zooplankton, they  also 
have considerable potential for m odifying foodweb 
interactions.

Respective changes and  trends in a considerable 
num ber of W GPM E tim e-series will be described 
further in the individual site descriptions, w hich 
include the English C hannel (Plym outh, Ifremer), 
G erm an Bight (H elgoland Roads), and  the no rthern  
N orth  Sea (Stonehaven and no rth ern  Scottish 
Islands).
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6.1 Helgoland Roads (Site 30)
Karen Wiltshire and Alexandra Kraberg

Figure 6.1.1
Location o f the Helgoland Roads 
plankton monitoring area (Site 
30), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
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The H elgoland Roads tim e-series, located at 
the island of H elgoland in  the G erm an Bight, 
approxim ately 60 km  off the G erm an m ainland 
(54°11'N 7°54'E), is one of the richest tem poral 
m arine datasets available. The tim e-series was 
initiated in 1962 at the H elgoland Roads site, w hich 
is located betw een  the m ain  island of H elgoland 
and a sm all sandy outcrop, the so-called "dune". 
The location near H elgoland is of particular in terest 
because the site is essentially in  a transitional zone 
betw een  coastal and  oceanic conditions, w hich 
is seen m ost clearly in the salinity patterns at 
H elgoland Roads. Initially, the sam pling frequency 
w as thrice weekly, bu t th is w as increased to daily 
in the early 1970s. Since then , the h igh sam pling 
frequency has provided a unique opportun ity  
to study long-term  trends in  abiotic and  biotic 
param eters, bu t also ecological phenom ena , such 
as seasonal interactions betw een  different foodweb 
com ponents, niche properties, and  the dynam ics 
and tim ing of the spring bloom  (M ieruch et a l, 
2010; Tian et a l,  2011).

The m easured  param eters com prise phytoplankton, 
tem perature, salinity, and  nu trien t analyses. 
Inorganic nu trien ts are determ ined  follow ing the 
standard  photom etric m ethod  as described in 
G rasshoff (1976). Phytoplankton counts are carried 
out using  the U term öhl m ethod . A  sam ple of 25 ml 
is settled out, unless concentrations are so low  as to 
jeopardize later statistical analyses. In these cases, 
50 m l of settled sam ple are counted. The sam pling 
procedure follows a strict protocol. The w hole bottom

of the counting cham ber is counted  at an  objective 
m agnification of 5 ,10 , and  20 to count organism s of 
different size classes. For very abundan t organism s, 
only tracks of a know n area are counted. This 
indirect m ethod  is only used  if the total num ber of 
cells of a given taxon am ounts to at least 50 cells. 
W herever possible, counts are m ade at the species 
level, bu t for problem atic groups, a predefined set of 
size classes is used. The taxon list now  contains over 
300 entities. Both the phytop lankton  and  chemical 
dataseries are fully quality-controlled, based  on 
original data  sheets and  m etadata  (Wiltshire and 
D ürselen, 2004; Raabe and  W iltshire, 2009). The 
phytoplankton  tim e-series is augm ented  by the 
biological param eters Zooplankton, rocky shore 
m acroalgae, m acro-zoobenthos, and  bacteria, 
providing a unique opportun ity  to investigate long­
term  changes at an ecosystem  scale.

Seasonal and  interannual trends (Figure 6.1.2)

The m ultip le-com parison  plot sum m arizes som e of 
the general changes in  abiotic and  biotic conditions 
seen since 1962. The anom aly plots for tem perature  
and  salinity all show  increases in these param eters 
over the last 50 years. Positive anom alies occurred 
particularly since the late 1980s, w h en  a regim e 
shift w as also observed involving several foodw eb 
com ponents (Wiltshire et a l,  2008). The H elgoland 
tem perature  shifts are largely congruent w ith 
the H adley SST dataset. Analyses by W iltshire 
et a l (2010) have dem onstrated  the statistical
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significance of these changes, w ith  tem perature 
since 1962 am ounting  to 1.7°C (Wiltshire et a l, 
2010). In  tandem  w ith  the increases in tem perature 
and  salinity, nu trien t dynam ics at H elgoland Roads 
have also changed considerably, w ith  phosphate  
concentrations having declined significantly since 
1962. Silicate, w hile exhibiting a m ore complex 
p a tte rn  of anom alies, has also dem onstrated  an 
overall increase. The sim ultaneous changes in 
param eters such as silicate, salinity, and  Secchi 
dep th  (not show n) indicate a change tow ards m ore 
open-w ater, oceanic conditions.

L ong-term  trends are also seen in  the biota, w ith 
diatom s in  particular having exhibited an increase 
in  abundance, w ith  a concom itant increase in 
positive anom alies for to tal dinoflagellates (see 
also W iltshire et a l, 2008). This w as no t a gradual 
change, bu t a rapid shift from  negative to positive 
anom alies around  1998. The exact causes for this 
are still u nder investigation. Breaking this dow n 
to m on th ly  trends, the sw ing seem s to be largely

driven by shifts in au tum n and  w inter. There was 
also a significant shift in seasonal densities of 
individual diatom  species (Guinardia delicatula, 
Paralia sulcata) and  in  the num bers of large diatom s 
(e.g. Cocinodiscus wailesii), w hich are difficult for 
copepods to graze. The large diatom  Mediopyxis 
helysia has recently  been  observed for the first tim e 
and now  occurs alm ost throughout the year, w ith an 
intensive bloom  in spring 2010 (Kraberg et a l, 2011). 
G enerally  speaking, the spring  diatom  bloom  now  
appears to start later, if the preceding au tum n was 
very w arm  (Wiltshire and  Manly, 2004). A lthough 
no t the focus of th is report, it is w orth  no ting  tha t 
species in troductions are also occurring in the 
Zooplankton, w ith  the ctenophore Mnemiopsis leidyi 
be ing  the m ost obvious new  species (Boersma et a l, 
2007). The poten tia l ecological consequences are 
currently being  investigated.
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Figure 6.2.1
Location o f the Scalloway, 
Shetland Isles plankton
monitoring area (Site 31),
plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

6.2 Scalloway, Shetland Isles (Site 31)
Eileen Bresnan

M arine Scotland Science (MSS) operates a Coastal 
Ecosystem M onitoring P rogram m e at a num ber of 
sites around  the Scottish coast. A  variety of physical, 
chemical, and  biological param eters are m onitored  
in  order to generate datasets th a t will allow 
variability and  change in the m arine ecosystem  
to be identified and  investigated. Scalloway 
(60°08.06'N 1°16.95'W) in  the Shetland Isles has 
b een  participating in this m on ito ring  program m e 
since 2002. Sam ples are collected by the N orth  
A tlantic Fisheries College (http://w w w .nafc.ac.uk), 
and  their inpu t to the success of this program m e is 
gratefully acknow ledged.

The Shetland Isles lie over 100 m iles no rth  of the 
UK m ainland. A tlantic w ater from w est of the UK 
enters the N orth  Sea betw een  the O rkney and 
Shetland Islands and  also around  no rtheast of 
Shetland th rough  the N orw egian trench. Scalloway 
is located on the sou thw est coast of the Shetland 
m ainland. The m onito ring  site is m oderately  
exposed, and  sam ples are collected from  a pon toon  
close to the N orth  A tlantic Fisheries College. The 
sam pling site is less th an  10 m  deep. Tem perature 
is m easured  using  a m inilogger, and  surface-w ater 
sam ples are taken  for salinity and  chemical analysis. 
A n in tegrated  tube sam pler is used to collect 
sam ples for phytoplankton  com m unity  analysis. 
Phytop lankton  sam ples are preserved in FugoTs 
iodine and  analysed using the U term öhl m ethod  
(U term öhl, 1958).

Seasonal and  interannual trends (Figure 6.2.2)

Tem perature dem onstrates a distinct seasonality, 
w ith  low est tem peratures in  M arch and  w arm est 
in A ugust. The low est tem peratures are observed 
during spring (ca. 6°C) and  the w arm est 
tem peratures tow ards late summer. The tem perature 
at th is site rarely exceeds 14°C. A  strong  annual 
cycle can be seen in the phytop lankton  com m unity 
at this site. D uring  w inter, phytop lankton  grow th 
is reduced. D iatom s begin  to increase in  spring, 
w hereas dinoflagellates becom e m ore abundan t 
during sum m er. In  contrast to o ther sites in  the 
program m e, the sum m er dinoflagellate Ceratium is 
rarely observed at this site. Instead, m em bers of the 
dinoflagellate genera Gonyaulax and  Alexandrium  
can becom e abundan t. D uring  som e years, small 
thecate dinoflagellates such as Heterocapsa can form 
dense bloom s during  early sum m er.

Since 2006, diatom  abundance has increased 
th roughou t sum m er. This com m unity has been  
dom inated by Thalassiosira, Chaetoceros, and Pseudo­
nitzschia. Increased num bers of dinoflagellates 
during 2008 and  2009 w ere the result of the h igh 
abundance of thecate dinoflagellates such as 
Gonyaulax, Heterocapsa, and  Scrippsiella. Bloom s of 
Karenia mikimotoi have also b een  recorded in  this 
area, and  a b loom  in 2003 resulted in  significant 
m ortalities of farm ed fish. Further inform ation  and 
links to the data collected at this site can be found  at 
the M arine Scotland w ebsite h ttp ://w w w .scotland. 
g o v .u k /T o p ic s /m a r in e /s c ie n c e /M S In te ra c tiv e /  
Them es/Coastal.

M rtn ih  ü i’ Y i^ r

http://www.nafc.ac.uk
http://www.scotland
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6.3 Scapa Bay, Orkney (Site 32)
Eileen Bresnan

Figure 6.3.1
Location o f the Scapa Bay, Orkney 
plankton monitoring area (Site 
32), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

m
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Scapa Bay in O rkney has b een  participating  in 
the M arine Scotland Science Coastal Ecosystem 
M onitoring Program m e since 2002. Sam ples are 
collected by O rkney  Is lands C ouncil M arine 
Services and  their inpu t to the success of this 
program m e is gratefully acknow ledged.

The O rkney Isles are an  archipelago of over 70 
islands w hich lie just over 50 m iles n o rth  of the 
Scottish m ainland. They are separated  from the 
m ain land  by the Pentland Firth, a tidally dynam ic 
area w here the w aters of the A tlantic m eet the 
w aters of the N orth  Sea.

The Scapa Bay m onitoring  site is located at Scapa 
Pier. Tem perature is m easured  using a minilogger, 
and  surface-w ater sam ples are taken  for salinity 
and  chemical analysis. A  10 m  in tegrated  tube 
sam pler is used  to collect sam ples for phytoplankton  
com m unity  analysis. Phytoplankton  sam ples are 
preserved in  LugoTs iodine and  analysed using the 
U term öhl m ethod  (U term öhl, 1958).

Seasonal and  interannual trends (Figure 6.3.2)

Tem perature observes a strong seasonality  at this 
site. The low est tem peratures are observed during 
spring (ca. 6°C) and  the w arm est tem peratures 
tow ards late sum m er. The w ater tem perature  
rarely exceeds 14°C at this site. Exam ination of the 
phytoplankton  data reveals a similar pa ttern  in  the 
seasonality  of the phytoplankton  com m unity  as seen 
in  o ther sites in the m onitoring  program m e. D uring 
w inter, phytop lankton  grow th is reduced. A  spring

diatom  bloom  is succeeded by a sum m er com m unity 
dom inated  by dinoflagellates. A n au tum n  diatom  
bloom  of larger diatom s such as Rhizosolenia and 
Pseudo-nitzschia spp. type cells is also observed. A n 
increase in  the abundance of the d iatom  Skeletonema 
has been  observed since 2005. Since 2006, diatom s 
have becom e m ore abundan t th roughou t sum m er, 
increasing the diatom s:diatom s+dinoflagellates 
ratio at this site. This sum m er diatom  com m unity 
consists of centric d iatom s such as Thalassiosira and 
Chaetoceros.

A decrease in  the abundance of the dinoflagellate 
Ceratium has b een  observed until 2009, and m ore 
recently, b loom s of Prorocentrum cf. m inimum  have 
been  observed during  early sum m er. This site has 
also b een  subject to im pacts from Karenia mikimotoi 
bloom s, w ith  m ortalities of fish and  lugw orm s 
recorded during  2001 and  2006. A  K. mikimotoi 
b loom  in 2003 resulted  in  significant m ortalities of 
farm ed fish in  the area. Previous studies perform ed 
at this site have focused on  the presence of harm ful 
algal species and  shellfish toxicity, as during the 
late 1990s, h igh concentrations of paralytic shellfish 
toxins w ere routinely recorded in shellfish tissue 
from  Scapa Bay (Joyce, 2005; B resnan et al., 2005,
2009). Further inform ation and  links to the data 
collected at this site can be found at the M arine 
Scotland w ebsite http://w w w .scotland.gov.uk/ 
T o p ic s /m a r in e /s c ie n c e /M S In te ra c tiv e /T h e m e s / 
Coastal.

http://www.scotland.gov.uk/
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Figure 6.3.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Scapa Bay, 
Orkney plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme. net/time-series.
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6.4 Stonehaven (Site 33)
Eileen Bresnan

Figure 6.4.1
Location o f the Stonehaven 
plankton monitoring area (Site 
33), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

Vfcjfirtl 4i( Vfar

The S tonehaven m onito ring  site (56°57.8'N 
002°06.2'W) has been  a part of the Coastal Ecosystem 
M onitoring Program m e operated  by M arine 
Scotland Science (MSS) since 1997. This site acts as 
a reference site to fulfill the requirem ents of the EU 
Water Framework Directive and test the development 
of tools to identify"G ood Environm ental S tatus"for 
the M arine S trategy Fram ew ork Directive.

The S tonehaven m onito ring  site is 50 m  deep 
and  is located 5 km  offshore. Sam ples to m easure 
tem perature , salin ity  and nu trien ts are collected 
using  a reversing bottle and digital therm om eter 
from surface (1 m) and  bo ttom  (45 m) depths. 
A  10 m  in tegrated  tube sam pler is used  to collect 
sam ples for chlorophyll and  phytop lankton  
com m unity  analysis. Phytoplankton  sam ples are 
preserved in  LugoTs iodine and  analysed using the 
U term öhl m ethod  (U term öhl, 1958). Z ooplankton 
sam ples for com m unity  analysis are collected using 
a 200 pm  m esh  bongo net. Since 2009, w eekly 
sam ples have also b een  taken  for to tal alkalinity 
and  dissolved inorganic carbon m easurem ents. 
Scanning electron m icroscopy of selected sam ples 
to identify and  enum erate the coccolithophores 
p resen t is also being  perform ed. Sam ples are 
collected weekly, w eather perm itting. Inform ation 
about the Zooplankton com m unity  at th is site can 
be found in  the ICES Z ooplankton  S tatus Report.

Seasonal and  interannual trends (Figure 6.4.2)

The S tonehaven site is a dynam ic site, w ith  strong 
southerly  flow. It is w ell m ixed for m ost of the year. 
Tem perature and  salinity show  a strong  seasonality. 
The low est tem peratures are observed during  spring 
(ca. 6°C) and  the w arm est tow ards late sum m er. The 
tem perature  at this site rarely exceeds 14°C. Salinity 
follows a sim ilar pa ttern , w ith  low est salinity 
observed in  spring and  h ighest in late sum m er. 
N utrien ts show  a seasonal p a tte rn  typical to h igh 
latitudes, w ith  the concentration  of to tal nitrates, 
phosphate , and silicate increasing over w inter, w hen  
phytoplankton  grow th is reduced, and  decreasing 
during the phytop lankton  grow ing period.

The phytop lank ton  com m unity observes a strong 
seasonality  at the S tonehaven m onito ring  site. 
D uring w inter, phytop lankton  grow th is reduced. 
D iatom  cells begin  to increase in  abundance from 
M arch, and  during m ost years, there is a strong 
spring b loom  dom inated  by d iatom  genera such 
as Chaetoceros, Thalassiosira, and  Skeletonema. 
D inoflagellates such as Ceratium becom e a m ore 
im portan t part of the phytop lankton  com m unity 
during sum m er. In som e years, b u t no t all, an 
au tum n diatom  bloom  of larger d iatom s such as 
Rhizosolenia and  Pseudo-nitzschia spp. type cells can 
be observed.
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A num ber of changes have been  observed in 
the phytoplankton  com m unity  at th is site since 
m on ito ring  began. A  period  of reduced annual 
chlorophyll concentrations w as observed from 
2000 to 2004. This corresponds to a period  w hen  
the in tensity  of the spring b loom  w as reduced. 
Chlorophyll concentrations increased again in 
2005, w ith  Skeletonema observed at h igh  cell 
densities du ring  the spring  bloom . This increase 
in  Skeletonema w as also observed at the o ther 
m on itoring  sites in  the program m e.

Since 2000, a decrease has b een  observed in the 
large thecate dinoflagellates, such as Ceratium, 
th a t occur during sum m er, w hereas dense bloom s 
of small Prorocentrum cf. m inimum  cells have 
been  observed in  early sum m er. This change in 
Ceratium has also b een  observed at o ther sites 
in the program m e and  also in  the C ontinuous 
P lankton  R ecorder data  (H inder et a l,  2012).

A prelim inary description of the hydrography, 
chemistry, and phytoplankton  com m unity  can 
be found in  B resnan et al. (2009). A  description 
of a transect survey around  this m on ito ring  site 
can be found  in M cCollin et al. (2011). Further 
inform ation and  links to the data  collected at this 
site can be found at the M arine Scotland w ebsite 
http://w w w .scotland.gov.uk/Topics/m arine/science/ 
M SInteractive/Them es/Coastal.
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Figure 6.4.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 60Q00Û
variables at the Stonehaven 450000
plankton monitoring site. 300000 - 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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6.5 English Channel REPHY sites (Sites 34-35)
Dominique Soudant (primary contact) and Alain Lefebvre

Figure 6.5.1
Locations o f the REPHY English 
Channel plankton monitoring 
area (Sites 34r-35), plotted on 
a map o f average chlorophyll 
concentration, and their 
corresponding environmental 
summary plots (see Section 
2 .2 .1) .

Pi lint 1 SRN Boulogne (site 34) A í So (site 35)
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The French Phytoplankton  and Phycotoxin health , and  to protect the m arine environm ent
M onitoring N etw ork (REPHY) w as set up in  1984 (Belin, 1998). Phytop lankton  along the French coast
w ith  three objectives: to enhance know ledge of has b een  sam pled up to twice a m on th  since 1987 at
phytoplankton  com m unities, to safeguard public 12 coastal laboratories. For tha t purpose, the French
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coast is divided into a hierarchy of sites and  subsites 
com m on to three regional netw orks: the English 
C hannel, the Bay of Biscay, and  the M editerranean 
Sea.

W ithin the English C hannel, the REPHY Point 1 
SRN Boulogne and  A t So sites are b o th  shallow  and 
characterized by a m acrotidal regim e, especially 
the latter, w hich  is also m ore sheltered . Sam pling 
sta rted  in  1987 at A t So and five years later at 
Point 1 SRN Boulogne. Ancillary m easurem ents 
of tem perature, salinity, chlorophyll a and 
phaeopigm ents, inorganic nu trien ts concentrations, 
and  turbid ity  are also routinely m easured  (usually 
15 sam ples per year). O xygen w as incorporated  in 
2007 at b o th  sites.

Seasonal and  interannual trends (Figures 6.5.2, 
6.5.3)

Seasonal cycles of chlorophyll as a m easure of total 
phy toplankton  biom ass are clearly un im odal at bo th  
sites, w ith  m axim a in April. Chlorophyll values are 
ca. 50% greater at A t So, bu t peak  values at b o th  sites 
generally exceed 10 pg  h1. D iatom  seasonal cycles 
at b o th  sites featured  a sum m er h igh  and  a w in ter 
low. M axim um  values at Point 1 SRN Boulogne are

usually  observed in  A ugust after exhibiting relatively 
h igh values from M arch onw ards, and  th en  decline 
sharply until reaching m in im um  values in  late 
autum n. In contrast, the  seasonal m axim um  at At 
So w as earlier in  the year (June), w ith  a sm oother 
decline.The seasonal cycle of dinoflagellates at bo th  
sites w as characterized by m axim a in  July-A ugust 
and  m inim a in D ecem ber-February. A  secondary 
peak  in  M ay w as also observed at Point 1 SRN 
B oulogne. The diatom s:diatom s+dinoflagellates 
ratio covaries at bo th  sites, w ith  m arked m inim a in 
A ugust. D om inan t taxa include Chaetoceros socialis, 
Guinardia delicatula, and  various species of Pseudo­
nitzschia am ong the d iatom s and  Prorocentrum, 
Protoperidinium, and  Gymnodinium  am ong 
dinoflagellates. Phaeocystis globosa is also abundant, 
especially during the first half of the year.

Increasing salinity has b een  observed for bo th  
tim e-series, along w ith  significant chlorophyll 
increases. Total dinoflagellates abundance 
featured  strong increases at bo th  sites (p< 0 .01), 
corresponding to strong decreases in the 
diatom s:diatom s+dinoflagellates ratio at bo th  sites. 
D iatom s w ere increasing (non-significant) at the 
Point 1 SRN site, w hereas no apparen t trend  was 
found in At So.
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Figure 6.5.3
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the REPHY A t  
So plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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6.6 Plym outh  L4 (Site 36)

Claire Widdicombe, Glen Tarran, and Tim Sm yth

Figure 6.6.1
Location o f the Plymouth L4 
plankton monitoring area (Site 
36), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

The phytop lank ton  and  m icrozooplankton tim e- 
series at Plym outh station L4 (Figure 6.6.1; 50°15'N 
4°13'W) w as established in 1992 to com plem ent the 
ongoing  Zooplankton tim e-series (Harris, 2010), 
and  continues to be sam pled at w eekly intervals 
(w eather perm itting). S tation L4 is located in the 
w estern  English C hannel approxim ately 16 km 
southw est of Plym outh, w here the w ater dep th  is 
ca. 50 m  and  conditions are typical of tem perate 
coastal w aters, w ith  m ixing during au tum n and 
w in ter and  w eak stratification during spring and 
sum m er. H ydrodynam ic variability, resulting  from 
the in terchange betw een  w ind-d riven  oceanic 
w aters and  ra in -induced  estuarine outflow, leads to 
a dynam ic and  variable p lank ton  comm unity.

W ater sam ples for microscopy are collected using 
N iskin bottles from a dep th  of 10 m, and  a 200 
m l subsam ple is im m ediately  preserved w ith  
acid LugoTs iodine solution for identifying and 
enum erating  phyto- and  m icrozooplankton species 
com position, and  a second 200 m l subsam ple is 
preserved w ith  buffered form aldehyde for the 
enum eration of coccolithophores (Widdicombe e ta l ,
2010). All analyses are conducted  in  the laboratory 
using  light microscopy and  the U term öhl (1958) 
counting technique. Since April 2007, additional 
w eekly sam ples are also collected from  the surface, 
10 m, 25 m , and  50 m  for the live enum eration  of 
sm all phytoplankton, bacteria, and  heterotrophic 
flagellates by analytical flow  cytometry. Sea surface 
tem perature  (SST) m easurem ents have b een  m ade 
since 1988 using  a m ercury-in-glass therm om eter 
subm erged in an alum inium  bucket contain ing

surface w ater. Triplicate surface chlorophyll a 
sam ples are collected and  analysed using a Turner 
fluorom eter after filtration and  extraction in  90% 
acetone. Surface-w ater nu trien t concentrations 
(nitrate, nitrite, phosphate , and  silicate) are available 
as far back as 2000, and  w ater-colum n profiles of 
tem perature, salinity, and  fluorescence have been  
recorded using a conductiv ity -tem perature-dep th  
(CTD) instrum en t since 2002. All data are generated  
at the P lym outh  M arine L aboratory and  are 
available for dow nload or via the links to Pangea 
and  BODC at the W estern C hannel O bservatory 
w ebsite w w w .w esternchannelobservatory.org.uk.

Seasonal and interannual trends (Figure 6.6.2)

The phytop lank ton  com m unity  at station  L4 
exhibits strong seasonal and  in terannual pa tterns in 
abundance and  com position. Surface chlorophyll a 
concentrations show  a distinct seasonal cycle, w ith  
low est values recorded during au tum n  and  w inter, 
tw o distinct peaks during spring  and  late sum m er, 
and  variable values in betw een . Phytoplankton, 
enum erated  by microscopy, are also less abundan t 
during  au tum n and  w inter, w h en  the com m unity 
com position is relatively stable. A n abrup t change 
betw een  M arch and  early M ay heralds the onset of 
the spring bloom , w hen  phytoplankton  are m ore 
ab undan t and  species com position is m ore variable. 
This continues th roughou t sum m er until autum n, 
w h en  the phytoplankton  com m unity becom es 
relatively stable again. Phytoflagellates num erically 
dom inate  the phy toplankton  (ca. 87%) and  exhibit

http://www.westernchannelobservatory.org.uk
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similar seasonal pa tterns in  total abundance. 
Diatoms, however, follow a pattem  of low abundance 
during w inter, show  a sm all increase during spring, 
bu t peak in  abundance during  sum m er, and  this can 
continue th rough  au tum n.T he floristic com position 
of the diatom s is also highly variable bo th  
seasonally and  in terannually  (W iddicombe et a l, 
2010). C occolithophores, dom inated  alm ost entirely 
by Emiliania huxleyi, regularly b loom  in the w estern  
English C hannel, typically during late sum m er, bu t 
occasionally b loom s have b een  m onito red  at station 
L4 during late spring.

D inoflagellate abundance is generally low  during 
w in ter and  spring m onths, bu t as sea surface 
tem peratures w arm  during sum m er, dinoflagellates 
steadily increase in abundance, often culm inating 
in  intensive, bu t brief, b loom s dom inated  by 
either Karenia mikimotoi or Prorocentrum minimum. 
Colourless dinoflagellates form  a com paratively 
m inor com ponent and  are, on average, sevenfold 
low er in  abundance th an  the m ain  group of 
dinoflagellates. Eiowever, they  too are relatively 
rare during  w in ter and  m ost ab undan t be tw een  late 
spring and  early au tum n  w h en  phytop lank ton  prey 
are m ost num erous. U nsurprisingly, the ciliates also 
peak in abundance betw een  spring  and  autum n, 
w ith  a gradual transition  to and  from low  levels in 
w inter. E num eration  of the sm all phytop lankton  
and  m icrobial fraction by flow cytom etry since 
2007 dem onstrates a different seasonal pattern . 
C oncentrations of Synechococcus cyanobacteria, 
as w ell as picoeukaryotes, are, on average, low er 
during spring and  sum m er and  h ighest during 
autum n. Eiowever, their abundance is highly 
variable, particularly during spring and  sum m er. 
The patterns observed in  the phytoplankton, 
m icrozooplankton, and m icrobial groups are 
reflected in  the m easured  nu trien t concentrations. 
Generally, nitrate and  nitrite, phosphate , and 
silicate are h ighest during  w inter, bu t the onset of 
the spring b loom  and  w eak stratification, coupled 
w ith  continued phytoplankton  grow th th roughou t 
sum m er, rapidly depletes nu trien t concentrations, 
and  levels generally do n o t recover again until 
w inter.

Analysis of the L4 tim e-series dem onstrates a 
generally consistent year-on-year seasonal pa ttern  
in the different phytoplankton, m icrozooplankton, 
and  m icrobial groups. Eiowever, in terannual 
variability of the species com position and m agnitude 
of their abundance is considerable, thus m aking it 
difficult to observe clear long-term  changes in  the 
different com ponents. Eiowever, the data do suggest 
th a t diatom s, in general, are decreasing, w hereas 
coccolithophores and  dinoflagellates are increasing 
at certain tim es of the year. A  series of negative 
anom alies since 2006 im plies th a t d iatom s are 
decreasing, particularly betw een  January and  June, 
w hich  suggests th a t the m agnitude of the spring 
d iatom  bloom  is w eakening. A t the sam e time, 
coccolithophores are becom ing m ore com m on, as 
dem onstrated  by positive anom alies for m ost years 
since 2003, particularly for the period betw een  
April and  June. The observed w arm ing m agnitude 
of ca. 0.5°C in the w estern  English C hannel over 
the past 50 years or so (Sm yth et a l,  20E0) is likely 
to favour dinoflagellates (W iddicome et a l,  20E0). 
A change in  the tim ing, m agnitude, and  floristic 
com position of phytoplankton  com m unities m ay 
have an im portan t im pact upon  Zooplankton, 
m eroplankton, and  carbon export to the ben thos, 
as w ell as the po ten tia l of harm ful species to affect 
com m ercial fisheries and affect hu m an  health , and 
thus validates the im portance of tim e-series studies 
such as at station  L4.
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Figure 6.6.2 (continued 
overleaf)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Plymouth 
L4 plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net! time-series.

http://wgpme
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Figure 6.6.2 continued.
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Preserved p lankton samples 
being settled to concentrate 
cells for microscopic analysis. 
Photo: Plym outh M arine 
Laboratory.
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7. PHYTOPLANKTON AND 
MICROBIAL PLANKTON OF 
THE NORTHEAST ATLANTIC 
SHELF
Joe Silke, Kevin Kennington, Eileen Bresnan, and Caroline Cusack

The N ortheast A tlantic Shelf region includes the 
sites from all coastal w aters of Ireland, the Irish 
Sea, and  w estern  Scottish and  N orw egian  Sea 
w aters. The region w as defined by W GPM E to 
include locations on the no rth ern  m argin  of Europe 
th a t w ere outside the N orth  Sea/English C hannel 
influence. The character of sites in  the region are 
shallow, coastal-w ater sites ranging from  sheltered 
bays on  the sou th  coast of Ireland and fjordic sea 
lochs of Scotland to fully exposed locations on the 
w est coasts of Ireland and  Scotland. Bathym etry 
of the region ranges from  shallow  em baym ents 
to regions of shallow, exposed continen tal-shelf 
w aters. The topography  of the shelf drops rapidly 
to 80-100 m  w ith in  20 km  of the coast, w here it 
extends to the shelf edge as a relatively flat plateau.

W aters are generally fully saline, w ith  all of the bay 
sites fully open  to oceanic w aters. A lthough the 
sites w ould  all be considered m arine, local im pact 
on salinity from regional river-basin discharge m ay 
be observed during seasonal run-off. In term s of 
an thropogenic inputs, the sites ranged  from  isolated 
areas, w ith  little adjacent habitation , to sites close 
to densely  populated  areas, m oderately  industrial 
zones, and, in  som e cases, land  intensively used for 
agriculture.

W ater cu rren ts in  the  reg ion  are d o m in a ted  by 
a no rth -flo w in g  coastal cu rren t w h ich  flows 
d u ring  sum m er in a con tinuous pathw ay  from  the 
n o rth e rn  C orn ish  coast a long  the w est of Ire land 
to M alin H ead  and  onw ards to The M inch, w ith  
average residual velocities >7.5 cm s_1 (Fernand 
et a l,  2006). This pathw ay is po tentially  a rapid 
transport m echanism  for contam inants and  exotic 
species of plankton. The region is also exposed to 
A tlantic w eather system s, w ith  average w ind  speeds 
in January of 12 m  sN  Even during the calm est 
m on th  of June, the average is 7 m  sN  C onsequently, 
w ind plays a significant role in  determ in ing  the 
residual circulation of the region. There is evidence 
th a t circulation around  the sou thw estern  tip of 
Ireland exists. It has also been  d em o n stra ted  
th a t th is  "gatew ay" m ay be closed by prevailing  
sou thw este rly  w inds lead ing  to  a gyre in  the 
northw estern  Celtic Sea. W hen easterly  w inds are 
established, th is gatew ay opens and  Celtic Sea 
w ater flows around  into the m ou ths of the bays of 
sou thw est Ireland. It has been  dem onstrated that 
this m ay determ ine the advection and  dispersion 
of nu trien ts and  phytoplankton, and  is likely to 
play a significant role in  determ in ing  the tim ing 
and  location of harm ful algal events in  the region 
(Raine et a l,  1993). W ater circulation in  the Irish Sea 
is m odulated  by the presence of fronts and  gyres in 
the central w est Irish Sea.
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Figure 7.1
Locations o f the Northeast 
Atlantic Shelf plankton 
monitoring areas (Sites 37-45) 
plotted on a map o f average 
chlorophyll concentration. Blue 
stars indicate locations o f sites 
located in the adjacent North Sea 
and English Channel region (see 
Section 6).

Tim e-series of phytop lankton  data  from  the A tlantic 
Shelf exhibit a typical seasonal p a tte rn  of tem perate 
waters, w ith considerable geographical and tem poral 
variation. The w ell-m ixed w in ter conditions lead  to 
a region-w ide strong  spring b loom  observed at all 
sites. The ensu ing  decrease in  nu trien t levels lead  to 
a variable sum m er period characterized by stratified 
conditions in  coastal areas and  periodic bloom s of 
m ixed or occasionally m onospecific d iatom  and 
dinoflagellate com position. The grow th period tails 
off in autum n, w hen  a secondary b loom  m ay occur 
in  response to increased m ixing and  b reakdow n of 
the sum m er therm ocline.T he seasonal cycle returns 
to a quiescent w in ter phase, w ith  generally mixed 
conditions, light lim itation, and  increased nu trien ts 
return.

Seasonal stabilization and destabilization of the 
w ater colum n in this region accounts for m ost of 
the natural variation in  b o th  phytop lank ton  species 
com position and  biom ass. M uch of the rem aining 
natural variability can be explained by the interaction 
of phy top lankton  w ith  a num ber of oceanographic 
features and  processes, such as the presence of tidal 
and  therm ohaline fronts, w ind, topographically 
associated coastal upw elling, advection landw ard of 
offshore w ater m asses, and  the flow of coastal and 
oceanic currents. In estuarine w aters, the scenario 
is som ew hat reversed, and  a lthough  seasonality 
is im portan t in b road  term s, the structure of

phy toplankton  populations is determ ined  m ore 
by local factors operating  over m uch  sm aller tim e- 
scales in  the order of days and  weeks.

Scottish sites

The no rth ern  sites of this region w ere selected from 
Scottish coastal w aters and  w ere m on itoring  sites 
m ain tained  by M arine Scotland Science as part of 
their C oastal Ecosystem  M onitoring Program m e. 
The m ost northerly, Loch Ewe, is a sea loch on the 
northw est coast of Scotland. M onitoring has been  
perform ed at this site since 2002. Loch Ewe is a 
fjordic sealoch th a t opens to the no rth  and  has a 
strong  tidal circulation. S ituated  on the island of 
N orth  U ist on the W estern Isles, Loch M addy has 
also b een  included in  the program m e since 2003. It 
is a unique site w ith  a diverse saline lagoon system  
opening  into the sea loch, w hich contains a mix of 
rocky reefs and  soft sedim ent habitats. It has been  
designated  a m arine special area of conservation. 
Farther south, w ith in  the Firth of Clyde, is M illport 
on  the island of C um brae. The Clyde is a w ide 
fjord contain ing a deep basin  separated  from  a 
n o rth  channel by a sill. A  front exists above the 
sill th roughou t the year, separating  the tidally 
m ixed w ater in  the no rth  channel from  the m ore 
stratified Firth. Phytop lankton  m onitoring  has been  
perform ed at this site since 2005.
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Irish Sea

Two sites w ere included in the Irish Sea proper, 
w hich w ere located at the Isle of M an and  one of 
the Irish coastal regions along the east coast.

The Isle of M an Cypris Station w as established in 
the 1950s, approxim ately 5 km  w est of Port Erin 
in  w ater of 37 m  depth . Initially, m easurem ents 
of salinity, tem perature, and  soluble reactive 
phosphorus w ere recorded (1954). O ver the years, 
o ther variables w ere also added, including silicate 
(1958), total oxidized n itrogen (1960), chlorophyll 
(1966), and  phytop lankton  (1995).

This p rogram m e continues today and  provides one 
of the longest nu trien t chem istry tim e-series in 
existence. D ata collected from this site have been  
published in several peer-review ed publications. 
M ean annual sea surface tem perature  at the site 
has risen by approxim ately 0.7°C over the duration  
of the tim e-series (1904-2012). These tem perature 
increases follow the broad-scale no rthern  
hem isphere atm ospheric tem perature shifts. Eight 
of the ten  w arm est ranked  years for local SST have 
occurred in  the last 10 years. There is a positive 
correlation be tw een  th e  Port Erin breakw ater 
salinity m easurem ents and  the N orth  A tlantic 
Oscillation (NAO) index, reflecting the tendency  
for w arm er E uropean w inters during NAO positive 
years.

N u trien t salt concentrations are at a m axim um  
during  w inter. There is considerable in terannual 
variation in  the tim ing  of th e  w in ter nu trien t 
maxim a, w hich, at the Cypris S tation, occurs

betw een  January and  M arch. In spring, w ith 
increasing insolation and  phytop lank ton  grow th, 
stocks of nu trien t salts are rapidly depleted, 
reaching a m in im um  around  late spring. Levels 
rem ain  low  until late sum m er and  early autum n, 
w h en  organic-decay cycles regenerate nu trien t salts 
to the w ater colum n. W inter inorganic nu trien t data 
represen t the basal or resting  state w h en  biological 
processes have come to a halt and  the regeneration  
of nu trien ts is com plete (G ow en et a l,  2002).

Irish coastal sites

The rem ain ing  sites are located in  coastal areas 
around  Ireland. These five sites are the com bination 
of a na tional m onitoring  program m e in place since 
1990 for the m onitoring  of harm ful algal bloom s. 
The five sites are m ade up of five coastal stretches 
(east, south, southw est, w est, and  northw est), and 
the individual sam ple sites w here full phytop lankton  
counts w ere m ade w ith in  each of these regions w ere 
quality checked and  com bined to represen t each 
of these regions. The east stretch  represen ts sites 
on the Irish Sea side of Ireland consisting of two 
sheltered  shallow  coastal bays. The sou thern  sites 
are m ore exposed, w ith  openings to the Celtic Sea. 
Sites in  the sou thw est w ere m ade up of locations 
in the long inlets in  this area. These sites w ere also 
in locations im portan t to the aquaculture industry, 
particularly m ussel farm ing. Farther up along the 
w est coast w ere locations of b o th  shellfish farm ing 
and  salm on farm s, w hich have a particular in terest 
in the phytop lankton  m onitoring  program m e and 
provide useful access to sam ples.
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7.1 Loch Ewe (Site 37)
Eileen Bresnan
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Figure 7.1.1
Location o f the Loch Ezoe 
plankton monitoring area (Site 
37), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
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Loch Ewe (Site 37, 57°50.14'N  5°36.61'W ), a sea 
loch on the w est coast of Scotland, has b een  part 
of the M arine Scotland Science Coastal Ecosystem 
M onitoring Program m e since 2002. This site acts as a 
reference site to fulfill the  requirem ents of EU W ater 
Fram ew ork Directive and  to tes t the developm ent 
of tools to identify "G ood Environm ental S tatus"for 
the M arine Strategy Fram ew ork Directive. Sam ples 
have b een  collected by Isle of Ewe Shellfish and 
their input to the success of the program m e is 
gratefully acknow ledged.

The Loch Ewe m onito ring  site is 40 m  deep and 
located at the no rtherly  face of the sea loch. 
Sam ples are collected weekly. Sam ples to m easure 
tem perature , salinity, and  nu trien ts are collected 
using  a reversing bottle and  digital therm om eter 
from  surface (1 m) and  b o tto m  (35 m) dep ths. 
A  10m  in tegrated  tube sam pler is u sed  to collect 
sam ples for chlorophyll and  phytop lankton  
com m unity  analysis. Phytop lankton  sam ples are 
p reserved  in LugoTs iod ine and  analysed  using  
th e  U term öhl m ethod  (U term öhl, 1958).

Seasonal and  interannual trends (Figure 7.1.2)

W ater m ovem ent in  this loch is strongly influenced 
by w ind and  tide. The loch faces n o rth  and  has 
variable exchange w ith  the N orth  M inch, w hich is 
influenced by influxes of Atlantic water. Temperature 
and  salinity show  a strong seasonality. The low est 
tem peratures are observed during spring (ca. 
7°C) and  the w arm est tow ards late sum m er. The 
tem perature  at this site rarely exceeds 14°C. The

tem perature  at this and  o ther w est coast sites can 
be up to 1-2°C  w arm er during spring th an  the sites 
at the east coast, Orkney, and  Shetland. Salinity 
follows a similar pattern , w ith  low est salinity 
observed in spring and  h ighest in late sum m er.

N utrien ts show  a seasonal p a tte rn  typical to high 
latitudes, w ith  concentration  of total nitrates, 
phosphate , and  silicate accum ulating over w inter, 
w h en  phytop lank ton  abundance is reduced and 
concentrations decrease du ring  the phytop lankton  
grow ing period.

The phytop lank ton  com m unity  observes a similar 
seasonal p a tte rn  to o ther sites in  Scotland, w ith 
a strong  spring b loom  dom inated  by diatom s. 
The spring b loom  occurs earlier on the w est coast 
(February/M arch) th an  on the east (M arch/April), 
likely the result of the w arm er w ater tem perature. 
D inoflagellates becom e an im portan t com ponent of 
the phytop lankton  com m unity du ring  sum m er. The 
au tum n  diatom  bloom  is m ore intensive th an  on 
the east coast and  is dom inated  by larger diatom s, 
such as the Rhizosolenia and  Pseudo-nitzschia spp. 
type species.

A nnual average plots show  an  increase in 
dinoflagellates over the last five years. Increased 
num bers of athecate dinoflagellates have been  
observed during sum m er. The pattern  of diatom  
abundance during the spring b loom  is similar 
to th a t on the east coast, w ith  an  increase in 
abundance of Skeletonema observed since 2005 at 
this site. Chlorophyll data dem onstrate  an increase, 
prim arily occurring during w in ter over the last
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three years. Sim ilar to o ther sites, a decrease in  the 
abundance of Ceratium has b een  observed over the 
last decade.T his site also experienced a devastating 
Karenia mikimotoi b loom  in late sum m er 2006 
(Davidson et a l, 2009), w ith  significant m ortalities 
of ben th ic  fauna recorded.

This site w as the focus of an  intensive study of 
the presence of shellfish toxin-producing species 
and  algal toxins (Bresnan et a l,  2005). Further 
inform ation and  links to the data collected at this 
site can be found at the M arine Scotland w ebsite 
http://w w w .scotland.gov.uk/Topics/m arine/science/ 
M SInteractive/Them es/Coastal.

Figure 7.1.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Loch Ewe 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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7.2 Loch Maddy (Site 38)
Eileen Bresnan

Figure 7.2.1
Location o f  the Loch M addy 
plankton monitoring area (Site 
38), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

KLmlh i-é Vrá t

Loch M addy (Site 38, 57°36.09'N  7°08.48'W) is 
located on the Island of N orth  Uist, part of the 
W estern Isles. It is a unique site w ith  a diverse 
saline lagoon system  opening  into the sea loch, 
w hich contains a mix of rocky reefs and  soft 
sedim ent habitats. This system  supports a rich 
diversity of m arine life and, as a result, has been  
designated  a m arine special area of conservation 
(SAC). Loch M addy has b een  participating  in 
the M arine Scotland Science Coastal Ecosystem 
M onitoring P rogram m e since 2003. Sam ples have 
b een  collected by C om ann na  M ara and  Loch 
D uart Salm on and  their inpu t to the success of this 
program m e is gratefully acknow ledged.

Tem perature is m easured  using a m inilogger, and 
surface w ater sam ples are taken  for salinity and 
chemical analysis. A n in tegrated  tube sam pler 
is u sed  to collect sam ples for phytop lankton  
com m unity  analysis. Phytoplankton  sam ples are 
preserved in  LugoTs iodine and  analysed using the 
U term öhl m ethod  (U term öhl, 1958).

Seasonal and  interannual trends (Figure 7.2.2)

Tem perature dem onstrates a distinct seasonality, 
w ith  low est tem peratures in  M arch and  w arm est 
in A ugust. The low est tem peratures are observed 
during spring  (ca. 7°C) and the w arm est tow ards 
late sum m er. The tem perature at this site rarely 
exceeds 14°C. In  com m on w ith  the o ther sites from 
Scotland, this site dem onstrates a sim ilar p a tte rn  in 
the seasonality  of the phytop lankton  comm unity, 
w ith  a spring b loom  of diatom s dom inated  by 
Skeletonema and Chaetoceros. D inoflagellates become 
m ore ab undan t in  sum m er, and  bloom s of the 
dinoflagellate Prorocentrum balticum/minimum  
have been  observed during early sum m er. H igh 
abundance of Karenia mikimotoi w as observed 
at this site during 2006. In  contrast to o ther sites 
a long the w est coast, d iatom  bloom s can occur 
during sum m er, and  the au tum n  diatom  bloom  is 
no t as p ronounced. O w ing to the relative shortness 
of the sam pling program m e, long-term  trends in 
hydrography or biology are no t conclusive at this 
point.

Further inform ation and  links to the data collected 
at th is site can be found  at the M arine Scotland 
w ebsite http://w w w .scotland.gov.uk/Topics/m arine/ 
science/M SInteractive/Them es/C oastal.

http://www.scotland.gov.uk/Topics/marine/
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7.3 M illport (Site 39)

Eileen Bresnan

Figure 7.3.1
Location o f the Millport plankton 
monitoring area (Site 39), 
plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

MCWfet iú ïr k t

M illport (Site 39, 55°44.97'N  4°54.33'W) has been  
participating in the M arine Scotland Science 
Coastal Ecosystem  m onito ring  program m e since 
2005. Sam ples are collected by the U niversity 
M arine Biological S tation  M illport (h ttp ://w w w .gla. 
ac.uk/centres/m arinestation/index.php) and  their 
inpu t to the success of this program m e is gratefully 
acknow ledged.

Tem perature is m easured  using a m inilogger at 
K eppel Pier. A n in tegrated  tube sam pler is used 
to collect sam ples for phy top lankton  com m unity 
analysis at Fairlie C hannel. The sam pling site is 
approxim ately 35 m  deep. Phytoplankton  sam ples 
are preserved in  LugoTs iodine and  analysed using 
the U term öhl m ethod  (U term öhl, 1958).

Seasonal and  interannual trends (Figure 7.3.2)

Tem perature dem onstrates a distinct seasonality  
w ith  low est tem peratures in  M arch and  w arm est in 
A ugust. The phytop lankton  tim e-series at this site 
is relatively short. A  strong phytop lank ton  spring 
b loom , dom inated  by Skeletonema, can be observed 
at th is site. D inoflagellates becom e m ore abundan t 
during sum m er, and  large thecate dinoflagellates, 
such as Dinophysis and  Ceratium, are observed at 
h igher cell densities at this site th an  at o ther sites in 
the program m e. Bloom s of Karenia mikimotoi can be 
observed during som e years. A n increase in  diatom  
cell densities during  au tum n is no t observed at this 
site.

Further inform ation  as well as data collected at this 
site can be found at the M arine Scotland w ebsite 
http://w w w .scotland.gov.uk/Topics/m arine/science/ 
M SInteractive/Them es/Coastal.

http://www.gla
http://www.scotland.gov.uk/Topics/marine/science/
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Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
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plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net/time-series.
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7.4 Cypris Station, Isle o f M an (Site 40)

Kevin Kennington

Figure 7.4.1
Location o f the Cypris Station, 
Isle o f M an plankton monitoring 
area (Site 40), plotted on a 
map o f average chlorophyll 
concentration, and its corres­
ponding environmental summary 
plot (see Section 2.2.1).

The dataset com prises m easurem ents of 
tem perature , salinity, nu trien ts, chlorophyll, 
oxygen, and  phytoplankton  from two locations 
near Port Erin (Isle of M an, Irish Sea). Sea surface 
tem perature  m easurem ents began  to be recorded 
from the breakw ater in Port Erin in  1904. Betw een 
1904 and 2006, SST was recorded twice daily; salinity 
w as also m easured  at this location betw een  1965 
and  2006. Recordings continue at this location via 
a digital tem perature  logger a ttached to the lifeboat 
slip in  Port Erin Bay. A  second station, the so-called 
"Cypris" station  located approxim ately 5 km  due 
w est of Port Erin Bay, w as adop ted  as an offshore 
m onitoring  station  in  1954. The Cypris data  have 
b een  collected at frequencies ranging from  w eekly 
to m onthly, depend ing  on season, boat availability, 
and  w eather, and  com prise m easurem ents of 
tem perature  at 0, 5, 10, 20, and  37 m  since 1954: 
salinity, dissolved oxygen, and  phosphate  at 0 
and  37 m  since 1954; silicate at 0 and  37 m  since 
1958; n itrate and nitrite at 0 and 37 m  since 1960; 
chlorophyll a at 0 m  since 1966; am m onia at 0 and 37 
m  since 1992; to tal dissolved n itrogen  at 0 and  37 m 
from 1996 to 2005; and  to tal dissolved phosphorus 
at 0 and  37 m  from 1996 to June 2002.

At the Cypris station, w ater sam ples w ere 
collected w ith  either a N ansen -P e tte rsen  or an 
N IO  bottle from  1954 to 2005. Phytoplankton 
counts have b een  undertaken  on surface sam ples 
since 1996. The N ansen -P e tte rsen  bottle w as used  
in  conjunction w ith  an  insulated  therm om eter, 
w hereas the N IO  bottle w as used  in conjunction 
w ith  a m ercury reversing therm om eter. From 2006

onw ards, an RTM 4002 X digital, deep-sea  reversing 
therm om eter has b een  used  w ith  an  N IO  bottle. 
Salinity w as determ ined  by titration  against silver 
n itrate until 1965, thereafter using  inductively 
coupled Salinom eters (Plessey 6230N until June 
1998; G uildline Portasal from  July 1998). N utrients 
are estim ated colorimetrically, and  dissolved oxygen 
is determ ined  by the W inkler technique. U ntil 2006, 
chlorophyll a w as estim ated using the trichrom atic 
m ethods recom m ended  by the SC O R -U N ESC O  
W orking G roup 17 (SCOR, 1964). Since th a t year, 
the spectroscopic m ethods of A m inot and  Rey 
(2002) have b een  used. D issolved n itrogen and 
phosphorus w ere m easured  using  the persulphate  
d igestion m ethod  adap ted  from  Valderama (1981). 
The Cypris station  data are frequently  split in to  the 
Cypris I (D. John Slinn) dataset com prising data 
from  1954 to 1992 and  the Cypris II dataset from 
1992 to the present.

D ata from  the Port Erin and  Cypris stations are 
som etim es know n collectively as the "Port Erin Bay 
dataset". D ata from Port Erin Bay form  part of the 
Isle of M an GAL C oastal M onitoring Sites netw ork. 
The data w ere collected by the Port Erin M arine 
Laboratory (part of the U niversity of Liverpool) until 
its closure in  2006. Sam pling has since b een  taken  
over by the Isle of M an G overnm ent Laboratory 
(D epartm ent of Environm ent, Food and Agriculture). 
D ata collected from Port Erin have been  published 
in several peer-review ed publications (see reference 
list).

I ! ) H I É t t T k II li
Mimlh .d Vrñr
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Seasonal and  interannual trends (Figure 7.4.2)

M ean annual sea surface tem perature at the site 
has risen by approxim ately 0.7°C over the duration  
of the tim e-series (1904-2012). These tem perature 
increases follow the broad-scale no rthern  
hem isphere atm ospheric tem perature shifts. Eight 
of the ten  w arm est ranked  years for local SST have 
occurred in  the last 10 years. There is a positive 
correlation betw een  the Port Erin breakw ater 
salinity m easurem ents and  the N orth  A tlantic 
O scillation index (NAO), reflecting the tendency  
tow ards w arm er E uropean w inters during NAO 
positive years.

N o significant long-term  trends in  salinity have 
yet been  established. D ifferentials of annual 
m eans w ith  reference to the 1966-2010 grand 
m ean  have dem onstrated  a no tew orthy period of 
low  salinity a round  the early 1980s and  a period  
of h ig h er salin ity  around  the late 1990s. Salinity 
m easurem ents have been  below  the grand m ean  
since 2002. There is a negative correlation betw een  
the w in ter NAO and  Port Erin w in ter salinity. In 
NAO negative years, local salinity tends to be 
less affected by freshw ater inputs, reflecting low er 
precipitation in  these years.

N u trien t concentrations are at a m axim um  during 
w inter. There is considerable in terannual variation 
in the tim ing of the w in ter nu trien t maxima, which, 
at the Cypris station, occurs be tw een  January and 
M arch. In spring, w ith  increasing insolation and 
phy toplankton  grow th, stocks of nu trien t salts are 
rapidly depleted, reaching a m inim um  around  late 
spring. Levels rem ain  low  until late sum m er and 
early autum n, w hen  organic-decay cycles regenerate 
nu trien t salts to the w ater colum n. W inter inorganic 
nu trien t data  represen t the basal or resting  state 
w h en  biological processes have come to a halt 
and  the regeneration  of nu trien ts is com plete.

Phy top lank ton  analysis at the Cypris station  
b eg an  in 1996 as part of the Isle of M an toxic algae 
m onitoring  program m e. N o significant long-term  
trends in  phytop lankton  abundance have been  
found, w hich m ay be the result of the relatively 
short tim e-span  of the dataseries. The results 
show  th a t phytoplankton  at this site are typical 
of no rth ern  tem perate coastal w aters. The spring 
bloom  is generally dom inated  by diatom s, w ith  peak 
abundance found during April/May. Microflagellated 
algae can also contribute significantly to the spring 
bloom  and can have peak abundance betw een April 
and  Septem ber. D inoflagellates have a peak  in 
abundance during sum m er (July/August), w hereas 
m icrozooplankton (not show n) are m ost abundan t 
b e tw een  M ay and  Septem ber.

1 0 2 /1 0 3
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Figure 7.4.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Cypris Station, 
Isle o f M an plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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7.5 Irish N ational P hytop lankton  M onitoring  (Sites 41-45)

Joe Silke and Caroline Cusack

Figure 7.5.1
Locations o f Ireland's national 
phytoplankton monitoring areas 
(Sites 41-45) area and their 
corresponding environmental 
summary plots (see Section 
2.2.1).

The M arine Institu te in  Ireland carries out a national 
phytoplankton  m onito ring  program m e w hich 
extends back to the late 1980s. This includes a 
harm ful algal bloom s (HABs) m onitoring service that 
w arns producers and  consum ers of concentrations 
of toxic p lank ton  in Irish coastal w aters th a t could 
contam inate shellfish or cause fish deaths.

Cusack effli. (2001,2002) sum m arized the objectives 
of the m onitoring  program m e. This program m e is 
prim arily located along the A tlantic seaboard and 
Celtic Sea. Scientists w orking on th is m onito ring  
program m e have developed an unders tand ing  of 
phytoplankton  populations and  dynam ics around 
the Irish coastline, especially in  relation  to those tha t 
cause shellfish toxicity. Particular em phasis is pu t on 
the detection  and  enum eration  of harm ful species;

how ever, the im portance of phytop lankton  as an 
indicator of w ater quality is also studied and  is a key 
com ponent of the E uropean W ater Fram ework.

Since 1990, data have b een  captured in  a system atic 
m anner and  logged into an electronic database. 
M any of the sites w ere only analysed for toxic and 
harm ful species, because this w as the m ain  purpose 
of the m onito ring  program m e. In addition, however, 
there w ere a selected num ber of sites around  the 
country analysed for to tal phytoplankton. Over 
the years, these sentinel sites changed periodically 
for a num ber of reasons, m ainly the unavailability 
of persons to take regular sam ples. Therefore, in 
order to construct tim e-series for this report, it was 
decided to construct regional groups of all of the 
sentinel sites in  the com plete database, based  on
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a principal com ponent analysis of the dataset. This 
resulted  in  five groups of sentinel sites, w hich are 
p resen ted  in  these m aps and  graphs as regional 
locations (Figure 7.5.2). Based on the data extracted 
and  am algam ated from  these regions, it is deem ed 
to be a good rep resen ta tion  of the phytop lankton  
flora for these regions. The num ber of sites used  to 
construct each region varies from region to region, 
and  also w ith in  each region over tim e as sites came 
and  w ent.

Sites w ere sam pled by a variety of m ethods, either 
surface sam ples, discrete R uttner sam pling bottles, 
or tube sam plers. They w ere preserved on site 
w ith  neu tral Lugol's iodine, and  re tu rned  to the 
laboratory w here 25 m l sam ples w ere settled for 
24 h  in  U term öhl cham bers before analysis on  an 
inverted m icroscope. Species w ere identified and 
enum erated and cell counts were expressed in cells h1.

Average sea surface tem peratures for w estern  and 
sou thern  w aters of Ireland range from 8 to 10°C in 
w in ter to 14-17°C in  sum m er (Lee and  Ramster,

1981; Elliott, 1991), and  tem peratures tend  to be 
several degrees h igher com pared w ith  the eastern  
w aters. This difference is the result of the entry of 
w arm  A tlantic w ater onto  the w estern  Irish Shelf. In 
w inter, Irish coastal and  shelf w aters are vertically 
well mixed, w ith  little difference in  the surface-to- 
bo ttom  distribution of tem perature w ith in  the w ater 
colum n. As the w ater colum n stratifies in sum m er, 
a su rface-to -bo ttom  tem perature  difference of up 
to 6°C is typical of w aters along the A tlantic Shelf 
and  Celtic Sea (Cooper, 1967; Raine and  M cM ahon, 
1998). A long the coast, tu rbu len t tidal currents are 
sufficient to p revent establishm ent of stratification, 
and  the w ater rem ains m ixed th roughou t the year. 
The boundary  betw een  m ixed and  stratified w aters 
in sum m er is m arked  by tidal fronts th a t influence 
the com position and  density  of phytoplankton  
com m unity in  these areas.

Further inform ation on  the sam pling  program m e 
and  results of individual locations can be accessed 
at the M arine Institu te 's HABs w ebsite h ttp ://w w w . 
m arine.ie/habs.

Figure 7.5.2
Combined regions o f Irish 
phytoplankton monitored sites, 
showing the location o f individual 
sites combined into each region 
represented in this report.

*  1 ; C

NiNir. rtWsi C iiw i  
A kB4a n t

...  +

iJyTr
r""

V

*

- O '

L

* *
ï .  W« 1  Court

M >

t í '

iB tlC o w r i  
IrWnM ^

.  r t A .  ¿ i
7  # '

. '*.-*-*• N

Sou Ui iiVi-il GüMI
■ M m

I E }

/  - V  ■■

K
Sw m C SH #!
M o n d

: ï T '  ±

*

r p

http://www


ICES Phytoplankton and  M icrobial Plankton Status Report 2009/2010

Seasonal and  interannual trends along the east
coast (Site 41, Figure 7.5.3)

Seasonal d iatom  abundances peaked  in  June, 
w ith  a second b u t sm aller peak in  Septem ber. The 
seasonal abundance of dinoflagellates also peaked 
in  Septem ber.T he diatom s:diatom s+dinoflagellates 
ratio is low est during the w arm -w ater sum m er 
period, b u t the phytop lankton  rem ain  dom inated  by 
diatom s, such as Leptocylindrus danicus, Chaetoceros 
spp., and  Rhizosolenia styliformis. Total diatom  
abundance has b een  decreasing since 1992, possibly 
correlated w ith  increasing w ater tem peratures 
over the sam e period. L ong-term  trends in  the 
dinoflagellates w ere inconclusive, follow ing a large 
peak  in  the early 1990s.

There is very little shellfish aquaculture along 
the east coast, apart from the fjord-like inlet of 
Carlingford Lough, and  som e m ussel fishing in 
the Wexford and  W aterford areas of the southeast 
coastline. Because of this, there has b een  lim ited 
sam pling activity in  the region by the M arine 
Institu te for phytoplankton.

There have b een  som e historical studies carried out 
in the region, notably  a study by G ow en etal. (2000), 
w here the tem poral d istribution of phytop lankton  
and  chlorophyll data  w ere described from  coastal 
w aters adjacent to the m ou th  of the Boyne estuary 
b etw een  M arch and  O ctober 1997. D uring the 
spring bloom , peak  chlorophyll levels up to 11.4 
m g  h 1 w ere reported  during late A pril-early  May. 
The dom inan t species at this tim e w as the diatom  
Guinardia delicatula, w hich represen ted  m ore than  
90% of total phy toplankton  abundance (excluding 
m icroflagellates). It w as also reported  th a t bloom s of 
Phaeocystis spp. and  o ther microflagellates occurred 
before the spring peak in diatom s.

The presence of Phaeocystis w as also observed 
occasionally in  the M arine Institu te tim e-series w ith  
very h igh  counts of up to 48 x 10° cells I"1 observed 
in spring and  early sum m er m onths. O ther high 
counts including Chaetoceros spp. (up to 6.2 x 10° 
cells L1), Leptocylindrus danicus (up to 4.2 x 10° cells 
L1), Asterionellopsis glacialis (up to 2.4 x 10° cells I"1), 
and  Prorocentrum balticum/minimum  (up to 2.2 x 10° 
cells I4) w ere observed during sum m er.
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M u ltip le -v a r ia b le  com parison  
p lo t (see Section 2 .2 .2 )  sh o w in g  
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properties o f  select cosam pled  
variables a t the east coast o f  
Ireland  p la n k to n  m o n ito rin g  
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h ttp ://w g p m e .n e t/tlm e-serle s.
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Figure 7.5.4
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the south coast o f 
Ireland plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.

Seasonal and  interannual trends along the south
coast (Site 42, Figure 7.5.4)

Seasonal d iatom  abundance peaked in  July/August, 
w ith  a sm aller peak  in  M arch/April. The seasonal 
abundance of dinoflagellates peaked  in October. 
The diatom s:diatom s+dinoflagellates ratio is low est 
in  June, and  has b een  increasing since 1990. Total 
diatom s have also b een  increasing since 1990. 
D inoflagellate abundance w as variable over this 
tim e span, w ith  no clear trend.

clockwise direction, w here it establishes bloom s as 
observed in  years such as 2005 (Silke et a l,  2005). 
O ther large num bers of im portan t dinoflagellates, 
particularly Dinophysis acuminata (up to 125 cells 
m b1 in  July 1992) and  K. mikimotoi (up to 4300 
cells m b1 in  A ugust 1994 and  1995), appear to be 
associated w ith  a region of slack residual flow 
located off the sou thern  Irish coast. The presence of 
bloom s of toxic species establishing in  this area is 
im portan t for the dow nstream  aquaculture bays to 
the sou thw est (Raine and  M cM ahon, 1998).

H istorical inform ation regarding phytop lank ton  is 
sparse for th is region apart from  som e studies on 
Alexandrium  spp. in  Cork H arbour and  descriptions 
of phytop lankton  com m unities in  the Celtic Sea. 
P ingree et al. (1976) and  Fasham  et al. (1983) 
observed th a t the spring b loom  and  the seasonal 
cycle of phytop lankton  production  in  the Celtic Sea 
are related  to the stratification of the w ater colum n. 
Spring bloom s develop in  April sou th  of Ireland 
in  an area of w eak  tidal stream ing, w ith  increases 
in  phytop lankton  b iom ass tracking the spatial 
developm ent of stratification. The Celtic Sea Front 
form s a boundary  betw een  mixed and  stratified 
w aters of the sou thern  Irish Sea, and  there have 
b een  som e observations of exceptional b loom s of 
Karenia mikimotoi during sum m er on the stratified 
side of this front (H olligan et a l,  1980). This m aybe  a 
source for bloom s th a t extend around  the w est coast 
using  the transport m echanism  of the Irish Coastal 
C urren t to move the bloom  around  the coast in a

The no rth  channel of Cork H arbour is also an area 
of particular no te  in  this region because of the 
presence of a population  of Alexandrium tamarense 
and  A. minutum. It has b een  the presence of A. 
minutum  (counts of up to 845 000 cells h1) in  this 
area th a t has resulted  in  the only detection  of PSP 
toxins in shellfish in Ireland th a t exceeded the EU 
threshold  and  required  closure of the shellfishery 
(M arine Institute, unpublished  data; Touzet et a l, 
2007).

N otable b loom s detec ted  from  sam ples analysed for 
the national phytoplankton  m onito ring  program m e 
in this region include Heterocapsa triquetra (36 x 
10° cells I"1), Prorocentrum balticum/minimum  (20 
x 10° cells I4), Phaeocystis pouchetii (16 x 10° cells 
I4), Bacteriastrum (7.5 x 10° cells I"1 ), undeterm ined  
coccolithophorids (4 x 10° cells I4), Leptocylindrus 
danicus (3.3 x 10° cells T1), and  Asterionellopsis 
glacialis (3 x 10° cells I4 ).
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Seasonal and interannual trends along the
southwest coast (Site 43, Figure 7.5.5)

Seasonal diatom  abundance peaked in  M ay and 
July w hereas dinoflagellates peaked  in  Septem ber. 
The diatom s:diatom s+dinoflagellates ratio is low est 
in  A ugust, and  has b een  increasing since 1990. 
Total d iatom s have also b een  increasing since 1990, 
w hereas dinoflagellate abundance has b een  variable 
over this tim e-span , w ith  no clear trend.

This area is dom inated  by a series of em baym ents 
(similar to the Gallician rías of no rthw est Spain) 
along the coast, w hich are glacial-flooded river 
valleys, orien tated  in  a no rthw est-sou thw est 
direction. These sheltered  bays have becom e the 
location for a successful shellfish aquaculture 
industry, p redom inated  by the culture of blue 
m ussels (M ytilus edulis). Rope culture in  these 
bays accounts for 80% of the national production. 
The hydrography of the areas is characterized by 
coastal upw elling, w hich is highly variable in bo th  
its periodicity and  m agnitude. D uring periods 
w h en  there is stable w ater structure in  th is area, 
the m icroalgal flora is typical of the greater Atlantic 
Shelf area. The o ther key feature of this area was 
described by Raine and  M cM ahon (1998), w ho 
no ted  tha t the com position of phytoplankton  
in  sam ples collected from shelf w aters off the 
sou thw est coast be tw een  1992 and  1995 changed 
m arkedly  in  relation to the position  of the Irish Shelf 
Front. It has b een  dem onstrated  th a t the sudden  
appearance of bloom s such as Karenia mikimotoi 
resulted  from  advection of offshore populations 
into the sou thw est bays. The transport m echanism  
of these bloom s w as no t know n until the  presence 
of the seasonal jet-like Irish C oastal C urrent was 
established (Fernand et a l,  2006). The streng th  of 
th is clockwise flow  around  the sou thw est tip of 
Ireland is m odulated  by the presence of the Shelf 
Front, w hich is close to the shore in the presence 
of dom inan t southw esterly  w inds. W hen  these 
w inds relax, the front is w eakened  and  the Irish 
Coastal C urrent can establish, bring ing  populations 
of dinoflagellates from  the Celtic Sea to the m ou th  
of the southw est bays, w here they  can be advected 
inshore by w ind-induced  residual flow in a tw o- 
layered stratified system  (Edwards et a l, 1996).

Historically, there have b een  several studies of the 
p lank ton  in this region, ow ing to the aquaculture 
presence and  im portance to the regional economy. 
A study by Raine et al. (1990) p resen ts results of 
investigations into the d istribution  of phytoplankton  
for coastal w aters off the sou thw est coast of Ireland 
during sum m ers of 1985-1987. In  general, d iatom  
populations w ere associated w ith  the cooler regions,

w hereas dinoflagellates tended  to predom inate  in 
stratified w ater. In  1985 and  1987, during  upw elling 
events, diatom s dom inated  the flora in  the vicinity of 
the Fastnet Rock and  w est of Bantry Bay, particularly 
species such as Chaetoceros spp., Leptocylindrus 
danicus, Guinardia delicatula, and  Thalassiosira spp. 
In 1987, Rhizosolenia alata w as the dom inan t diatom  
species. Farther offshore, w here the w ater colum n 
w as m ore stratified th an  in the previous two years, 
dinoflagellates increased in  num bers, bu t Proboscia 
alata w as still num erically dom inant.

The N ational M onitoring P rogram m e has 
identified som e very dense b loom s of d iatom s and 
dinoflagellates betw een  1990 and  2010. These have 
included Rhizosolenia spp. (75 m illion cells h 1) in 
July 1991, an unidentified Microflagellate sp. bloom  
(53 x 106 cells h 1) in  O ctober 2007, and  a bloom  of 
Skeletonema spp. (26 x 10° cells h 1) in  M ay 1998. 
O th e r less num erically dense, bu t still significant, 
bloom s included periodic bloom s of Phaeocystis spp. 
(up to 17 x 10°cells h1), Leptocylindrus minimus (up to 
12 x 10° cells h1), Cylindrotheca closterium/Nitzschia 
longissima (up to 10 x 10° cells h 1), Skeletonema spp. 
(up to 9 x 10° cells h1),Thalassionema nitzschioides 
(up to 5.5 x 10° cells h 1), Noctiluca scintillans (up to 
5.2 x 10° cells h 1), and  Thalassiosira spp. (up to 4.8 
x 10° cells h1).

Bloom s of Dinophysis acuta and  D. acuminata were 
observed in  the bays during m ost sum m ers, bu t 
never in  particularly dense bloom s or dom inating  
the phytop lankton  com m unity. They are of 
particular note, how ever, because they  resulted  in 
closures of shellfish farm ing m ost years, for periods 
of tim e ranging  from w eeks to several m onths. The 
transport m echanism  of the Irish Coastal C urrent 
and  its control by the Irish Shelf Front is believed to 
be im portan t in  the delivery of Dinophysis to these 
aquaculture bays (Raine et a l,  2010).
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Figure 7.5.5
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the southwest coast 
o f Ireland plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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Seasonal and  interannual trends along the west 
coast (Site 44, Figure 7.5.6)

Seasonal diatom  abundance peaked  in A ugust, 
followed by a dinoflagellate peak  in Septem ber.T he 
diatom s:diatom s+dinoflagellates ratio is low est in 
July. D iatom s, dinoflagellates, and  their ratio have 
b een  increasing since 1990, bu t none of the trends 
w ere statistically significant.

The w est-of-Ireland  region covers the coastline 
from the m ou th  of the S hannon  River no rth  to the 
no rth ern  coastline of C ounty  Mayo. This area is 
m ade up of exposed coastline open to the A tlantic 
Shelf w aters to the w est, and  several coastal 
em baym ents offering sheltered  shallow  w aters, 
w here b o th  shellfish farm ing and  finfish farm ing 
industries have successfully operated.

The spring phy toplankton  of the area is typical of 
th a t investigated by O'Boyle (2002), w ho reported  
th a t the spring b loom  in G alw ay Bay occurred 
in  m id-A pril, w hen  a m axim um  chlorophyll 
concentration  of just over 11 m g h 1 w as recorded. 
The spring b loom  w as dom inated  by diatom  species 
including Thalassiosira spp. and  Chaetoceros spp., 
w ith  m axim um  cell num bers of 167 and  39 cells m b1,

respectively. In  May, th is assem blage w as replaced 
by o ther diatom  species, such as Dactyliosolen 
fragilissima, Leptocylindrus danicus, Leptocylindrus 
minimus, Pseudo-nitzschia spp., and  Ceratualina 
pelagica. M icroflagellates w ere com m on th roughout 
the study period, w ith  cell num bers ranging from  2 
to 27 x IO3 cells m b1.

Sum m er d istribution  of phytoplankton  in  A tlantic 
Shelf w aters w est of Ireland w as reviewed by 
Raine et al. (1993), w ho concluded th a t the pattern  
of change in  phy top lankton  populations can be 
divided into two tem poral phases separated  by the 
full developm ent of the therm ocline, w hich can 
obtain  a dep th  of 35-40 m  by mid-July. In early 
sum m er, before the w ater colum n becom es fully 
stratified, in term itten t vertical m ixing prom otes 
a series of diatom  bloom s th a t are usually 
dom inated  by Chaetoceros spp. and  Rhizosolenia 
setigera, w ith  dinoflagellate num bers rem aining 
low, w ith  the possible exception of Scrippsiella. 
Following stratification, these species are replaced 
by dinoflagellates including Ceratium spp., and 
also the diatom s Proboscia alata and  Leptocylindrus 
mediterraneus.

http://wgpme.net/time-series
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A notable b loom  in 2005 of Karenia mikimotoi 
ex tended along the w est coast for m ost of the 
sum m er and  resulted in  severe benthic in-faunal 
and  pelagic m ortalities of m acroinvertebrates and

fish (Silke et a l, 2005). A  second bloom  was detected  
in a later period of sum m er in  the southw est, and 
w as p resen t the follow ing year on b o th  the east and 
w est coasts of Scotland.

West Coast Ireland
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Figure 7.5.6
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the west coast of 
Ireland plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme. net/time-series

Seasonal and interannual trends along the 
northw est coast (Site 45, Figure 7.5.7)

Seasonal d iatom  abundance peaked in  M arch and 
July, w hereas dinoflagellates peaked in  N ovem ber. 
The diatom s:diatom s+dinoflagellates ratio is 
low est in  N ovem ber/D ecem ber. D iatom s have 
b een  increasing since 1990. D inoflagellates also 
show  a positive, b u t non-significant, trend. The 
diatom s:diatom s+dinoflagellates ratio w as alm ost 
com pletely flat at th is site.

This region represen ts sites from Sligo Bay up to the 
m ost no rtherly  bay in  Ireland: Trabreaga Bay. The 
rugged coastline of C ounties Sligo and  D onegal 
represen ts a diverse environm ent ranging from 
long shallow  sandy bays of Sligo and  sheltered 
coves along the no rth  coast, to exposed bays and 
rocky shorelines in  D onegal. These w aters are all 
fully saline, w ith  little significant freshw ater input 
in  the region.

The distribution of phytoplankton  in th is area 
has been  dem onstrated  to be related to the m ain 
oceanographic features of the region (O'Boyle and 
Raine, 2007). In  th a t study, the au thors p resen ted  
the results of observations along the no rthw est 
coast in  1999. Inshore of the Irish Shelf Front, the 
phy toplankton  species com position w as dom inated  
by diatoms, such as Leptocylindrus danicus, Guinardia 
flaccida, and  Pseudo-nitzschia spp. The flora of the 
shelf region betw een  the front and  the ou ter shelf 
w as characterized by the presence of Halosphaera 
minor, Oscillatoria sp., Ptychodiscus noctiluca, 
Ceratium fusus, and  Amphidoma caudata. Farther 
offshore along the m argins of the continental shelf, 
the  floral assem blage w as m arked by the presence 
of Gonyaulax polygramma, Ceratium fiirca, Oxytoxum 
scolopax, Podolampes palmipes, Prorocentrum 
compressum, and  Prorocentrum dentatum. The 
h ighest Karenia mikimotoi cell concentrations of 
up  to 100 cells m b1 w ere found in  proxim ity to 
bo ttom  density  fronts located inshore. Chlorophyll
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a concentrations (not show n) are generally low 
at 1.0 m g h 1 th roughou t the survey area, w ith  the 
exception of som e inshore coastal stations w here 
values ranged from 1.8 to 3.4 m g h 1, particularly in 
inlets along the w est coast of D onegal.

The data extracted from the M arine Institute 
database dem onstrates th a t coastal areas exhibit 
periodic b loom s of bo th  diatom s and  dinoflagellates. 
The m ost frequent of these w ere Asterionellopsis

spp., w ith  cell counts above 14 x 10° cells h 1. A 
significant dinoflagellate b loom  of Prorocentrum 
balticum occurred off the no rth  coast in 1997, w ith  
counts of up to 11 x 10° cells h1 recorded. O ther 
notable d iatom s in  this area include Chaetoceros 
spp. and  Skeletonema spp., w hich have frequently  
b loom ed w ith  densities recorded up to 17 x 10° cells 
h1. D inoflagellate b loom s are also recorded in  this 
region, including bloom s of Heterocapsa triquetra, 
Gymnodinium  spp., and  Karenia mikimotoi.

Figure 7.5.7
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the northwest coast 
o f Ireland plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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8. PHYTOPLANKTON AND 
MICROBIAL PLANKTON OF 
THE BAY OF BISCAY AND 
WESTERN IBERIAN SHELF
Xosé Anxelu G. Moran, Ana B. Barbosa, Marta Revilla, Antonio Bode, 
Emma Orive, and Dominique Soudant

This region of the N ortheast A tlantic represents a 
gradient betw een  two oceanographic regimes: (i) 
the subtropical w aters of sou thern  Portugal and 
sou thw estern  Spain, and  (ii) the tem perate w aters 
characterizing the no rthw estern  and northern  
Iberian coasts (C antabrian Sea) and  the rest of 
the Bay of Biscay along the French coast. As a 
consequence, seasonal patterns in physico-chemical 
and  biological variables typical of tem perate  pelagic 
ecosystem s ten d  to be m ore conspicuous as we 
move northw ards and  into the Bay. Overall, a strong 
therm al stratification around  sum m er is followed by 
vigorous w in ter mixing, frequently  to the bo ttom  of 
the continental shelf (Lavin et a l, 2006). Freshw ater 
outflow  from num erous rivers and  coastal lagoons 
contributes to the existence of buoyant low -salinity 
plum es, particularly during late w in ter and  spring, 
along the Bay of Biscay (Puillat et a l,  2004) and  the 
w estern  (w estern Iberian Plum e) and  southw estern  
Iberian coasts (Lafuente and  Ruiz, 2007; Relvas et 
a l,  2007).

The w estern  Iberian Peninsula and  the sou thern  Bay 
of Biscay continental shelves lie at the no rthernm ost 
reaches of the no rthw est A frican upw elling  system  
(Aristegui et a l, 2006). U pw elling and  dow nw elling 
favourable periods, seem ingly linked to the N orth  
A tlantic O scillation (NAO) index, are variable 
in  term s of duration , intensity, and  phasing,

bu t generally occur during sp ring -sum m er and 
au tum n-w in ter, respectively (W ooster et a l,  1976; 
Alvarez et a l,  2008). U pw elling-producing w inds 
vary according to coastline orientation, ranging 
from  northerly  w inds along the w estern  Iberian 
coast, easterly w inds in the sou thern  Bay of Biscay, 
and  w esterly  w inds in  sou thw estern  Iberia. A long 
the C antabrian  Shelf, the  in tensity  and  frequency of 
upw elling events decrease eastw ard as tem perature  
and  stratification increase (Lavin et a l,  2006). 
The w hole region is affected by a saline, w arm - 
slope current flowing polew ard during au tum n 
and  w inter, the Portugal C oastal C ounter C urrent 
(PCCC; Á lvarez-Salgado et a l,  2003) also know n 
as the Iberian Poleward C urrent (IPC). Similar to 
upw elling episodes, the influence of the IPC along 
the sou thern  Bay of Biscay decreases eastw ards 
(Pingree and  Le C ann, 1990). O ther im portan t 
hydrographic features include: (i) the presence of 
slope-w ater anticyclonic eddies in  offshore w aters 
of the Bay of Biscay (Pingree and  Le C ann, 1993), 
w hich affect planktonic assem blages (Fernández et 
a l,  2004); (ii) a persisten t frontal structure betw een  
E astern N orth  A tlantic C entral W ater (ENACW) of 
subtropical and  subpolar origin at the subsurface off 
Cape Fisterra (Aristegui e ta l ,  2006); and (iii) o ther 
m esoscale features such as upw elling  filam ents, 
fronts, and  eddies off sou thw est Iberia (Lafuente 
and  Ruiz, 2007; Relvas et a l,  2007). Overall, the
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Figure 8.1
Locations o f the Bay o f Biscay and 
western Iberian Shelf plankton 
monitoring areas (Sites 46-54) 
plotted on a map o f average 
chlorophyll concentration.

region com prises extrem e variability w ith  respect to 
coastal configuration, shelf w idth , coastal upw elling 
intensity, riverine outflow, m esoscale activity, and 
retentive vs. dispersive physical m echanism s (see 
A ristegui e ta l ,  2009).

D ecadal trends in  ocean-clim atic observations 
w ith in  the area show  a generalized sea surface 
w arm ing, shallow ing of the sum m er coastal 
therm ocline depth , w eakening  of the upw elling 
in tensity  during m ost of the year along the 
w estern  Iberian coast, and  intensification in 
upw elling  in tensity  during  peak  sum m er along 
the sou thw estern  Iberian coast (Lemos and  Sansó, 
2006; Álvarez et al., 2008; Relvas et a l,  2009; Pardo 
et a l, 2011; Santos et a l,  2011).

Tim e-series data on phytop lankton  and  microbes 
are available for nine sites d istributed  along the 
continental shelf of this region, w ith reasonably good 
coverage of the sou thern  Bay of Biscay. Available 
sites include two confined coastal ecosystem s at the 
lan d -o cean  interface, the N ervión low er estuary and 
the G uadiana u pper estuary. For these two sites, in 
addition  to general oceanographic drivers described 
above, local conditions (e.g. rainfall and  river- 
flow patterns) and  an thropogenic pressures m ay 
cause departures from w hat is expected in  coastal, 
tem perate  ecosystem s (Cloern and  Jassby, 2010).

Inform ation available for all sites includes abiotic 
variables and  phytoplankton, usually  discrim inated 
into functional groups (e.g. taxa or size classes), 
w hereas data on hetero trophic  bacterioplankton 
are lim ited to two sites.

Seasonal cycles of p lanktonic m icrobes globally 
reflect the stratification-destratification cycle, 
fu rther enhanced  by coastal upw elling events 
and  riverine inputs. There is no com m on seasonal 
cycle of phytop lank ton  using surface chlorophyll 
concentration  w ith in  the region. For instance, 
un im odal and  bim odal annual cycles are found, 
likely related  to site-specific differences in  inorganic 
nutrient loading or light limitation. Sites less affected 
by coastal upw elling (e.g. M en er Roue, AZTI Station 
D2, and  the low er N ervión estuary) show  a classic 
b im odal cycle, w ith  m axim a around  early spring 
and  m id -au tum n . W hen  nutrien ts becom e lim iting 
in the upper layers ow ing to strong sum m er therm al 
stratification, surface chlorophyll concentrations 
decrease in  these locations to values < 0.2 pg  h 1. By 
contrast, if inorganic nu trien ts are available year- 
round , as usually  found in  m ost coastal areas and 
u pper estuarine sites, or u nder frequent and  strong 
upw elling  episodes, phy top lank ton  ten d  to reach 
relatively h igh values (i.e. >1 pg  h 1) also during 
sum m er, as found, for instance, off the city of A 
C oruña (Bode et a l, 2011b) and at O uest Loscolo
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and  Le Cornard. Regardless of the seasonal pattern , 
chlorophyll peaks do no t usually  exceed 3 pg  h 1 
at any of the exposed coastal sites included here. 
The relative im portance of the au tum n  b loom  in 
bim odal annual pa tterns also varies, from  similar 
or even greater in extent th an  the spring one 
to a clearly secondary position. Light lim itation 
becom es im portan t in  the turbid  G uadiana upper 
estuary during m ost of the year, in part explaining 
phytoplankton  un im odal annual cycles.

M ost of the sites lack significant in terannual trends 
in  phy top lankton  biom ass, a lthough  a significant 
increase w as found in  the upper layer (0-50 m) of 
the Basque coast (eastern C antabrian  Sea) for the 
1986-2010 period. In the G uadiana upper estuary, 
a significant declining trend  in  phytoplankton  
abundance for the 1996-2010 period is apparently  
linked to the effects of increased river dam m ing 
(Barbosa et a l,  2010).The overall lack of consistency 
in  phytoplankton  in terannual trends across sites 
could be explained by the lim ited extension of 
available tim e-series (< 12 years at m ost sites) 
and /o r site-specific differences at the level of long­
term  variability in environm ental determ inants, 
phy toplankton  physiology, and  mortality. Indeed, 
over the past two decades, prim ary production  has 
increased significantly at A  C oruña, bu t apparently  
decreased in  the central C antabrian  Sea (Bode et 
a l,  2011b). N itrate and  phosphate  concentrations, 
key phytop lank ton  resources, show  a significant 
increasing trend  only at the Gijón/Xixón site.

C ontributions of larger (nano- and  m icroplankton) 
phytoplankton  groups also differ tem porally  and 
spatially. D iatom s ten d  to show  variable annual 
patterns, ranging betw een bim odal cycles coincident 
w ith  those of chlorophyll (e.g. Gijón/Xixón) to 
unim odal cycles w ith  late sp ring -sum m er m axima 
(e.g. N ervión and  G uadiana estuaries). As expected, 
generally single annual dinoflagellate m axim a are 
usually detected  1-2 m on ths after diatom  bloom s. 
A lthough m ost of the available tim e-series are 
too short to depict significant trends, increases 
in  diatom  abundance w ere significant at the Le 
C ornard and  O uest Loscolo sites on the French 
coast. Also significant or close to significant, bu t 
opposing, tendencies in  diatom  abundance over 
the last decade w ere detec ted  in  the N ervión and 
G uadiana estuaries, increasing and  decreasing, 
respectively. In  the latter site, the diatom  decline 
w as concom itant w ith  significant reductions in 
o ther phytoplanktonic groups, an association also 
seen at several of the French coast sites (sharing

either increasing or decreasing trends), w hereas 
the d iatom  increasing tendency  w as apparen tly  
contrary to th a t of dinoflagellates at Gijón/Xixón. 
Significant increases in  dinoflagellate abundance 
are detec ted  in the A C oruña and  Le C ornard  tim e- 
series.

P icoplankton in  the area is strongly linked to 
oceanographic features such as the IPC or frontal 
areas (Calvo-Dfaz et a l,  2004). C yanobacteria as 
ecologically relevant m em bers of th is class show  
distinct seasonal cycles. M axim um  abundance (up 
to IO5 cells m b1) is usually  found  in sum m er. In  the 
sou thern  Bay of Biscay, h ighest annual abundance 
of Synechococcus during su m m er-au tu m n  is 
accom panied by generally lesser abundance of 
Prochlorococcus, m ore abundan t in  open-ocean  
w aters (Calvo-Diaz and  M orán, 2006). O ne striking 
feature of the la tter is its com plete absence from 
the French continental shelf, w hereas in  the rest of 
the region, it is only detec ted  for half of the year 
(roughly Septem ber-February). The construction 
of a river dam  in the G uadiana estuary prom oted  
a long-term  decline in  cyanobacterial abundance, 
probably ow ing to augm ented  sum m er river-flow 
and  increased reten tion  of w ater and  cyanobacteria 
ben th ic  life stages beh ind  the dam  (Barbosa et a l, 
2 0 1 0 ) .

H eterotrophic bacteriop lankton  abundance ranges 
from  0.2 to 2 x 10° cells m b1 in the two sites w ith  
available data. A  C oruña and  Gijón/Xixón show, 
how ever, clear differences in  seasonal patterns, 
likely because of dissim ilarities in phytop lankton  
annual cycles and  trophic conditions. A  sustained 
bacterial annual m axim um  around  sum m er is found 
at the form er site, w hereas this period of the year 
coincides w ith  m inim um  abundance at the latter 
(M orán et a l,  2011). O pposite tendencies in  bacterial 
b iom ass for the period 2002-2010, increasing at 
Gijón/Xixón and  decreasing at A  C oruña are no t 
significant, bu t suggest that climate-related changes 
in the region m ay be strongly dependen t on local 
conditions.
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8.1 Bay of Biscay REPHY sites (Sites 46-49)
Dominique Soudant (primary contact), M yriam Perrière Rumèbe, and Daniele Maurer
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Figure 8.1.1
Locations o f the REPHY Bay of 
Biscay plankton monitoring areas 
(Sites 46-49), plotted on a map of 
average chlorophyll concentration, 
and their corresponding environ­
mental summary plots (see 
Section 2.2.1).

The French Phytoplankton  and Phycotoxin 
M onitoring N etw ork (REPHY) w as set up in  1984 
w ith  three objectives: to enhance know ledge of 
phytoplankton  com m unities, to safeguard public 
health , and to protect the m arine environm ent 
(Belin, 1998). Phytoplankton  along the French coast 
has b een  sam pled up to twice a m on th  since 1987 
at twelve coastal laboratories. The French coast 
is divided into a hierarchy of sites and  subsites 
com m on to three regional netw orks: the English 
C hannel, the Bay of Biscay, and  the M editerranean 
Sea. M en er Roue, O uest Loscolo, Le C ornard, and 
Teychan Bis are four REPHY sites in the Bay of Biscay. 
These sites are all shallow, m eso- to m acrotidal, w ith  
differing wave exposure from sheltered  in  Teychan 
Bis to m oderately  exposed at O uest Loscolo and  Le 
Cornard.

From 1987 onw ards, the basic environm ental 
variables salinity, tem perature , and  turbid ity  are 
m easured together w ith phytoplankton composition 
and  abundance.V ariables such as inorganic nu trien t 
concentrations chlorophyll a, pheopigm ents, and 
oxygen w ere included in  the tim e-series of m ost of 
the sites later in  different years.

Seasonal and interannual trends (Figure 8.1.2- 
8.1.5)

Seasonal cycles of chlorophyll as a m easure of 
to tal phytop lankton  biom ass are bim odal at M en 
er Roue (Figure 8.1.2), O uest Loscolo (Figure 
8.1.3), and  Teychan Bis (Figure 8.1.5), w ith  m axima 
generally found in May/June and  Septem ber/ 
O ctober, w hich, at the latter site, are even of greater 
m agnitude than  the spring peak, and  un im odal
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at Le C ornard  (Figure 8.1.4), w ith  an  annual 
m axim um  in June. A lthough dinoflagellates at the 
sites usually exhibited unim odal cycles, peaking 
around  A ugust, the  Teychan Bis site w as bim odal, 
w ith  a strong M ay peak follow ed by a w eaker 
A ugust increase. D iatom s at M en er Roue, O uest 
Loscolo, and  Le C ornard w ere bim odal, w ith  peaks 
in  May/June and  Septem ber/O ctober in  accordance 
w ith  chlorophyll cycles. D iatom s at Le C ornard 
w ere unim odal, w ith  a strong peak in  M arch and 
a slow, steady decrease onw ards. D om inan t diatom  
species com m on to all sites include Skeletonema 
costatum and  Leptocylindrus minimus, w ith  L. 
danicus im portan t at O uest Loscolo and  Teychan 
Bis. Asterionellopsis glacialis m ay be frequent in 
bloom s at Teychan Bis year-round. Pseudo-nitzschia 
sp. b loom s appeared  m ore frequently  in  the last 
two years. D inoflagellates include several species

of Prorocentrum and Protoperidinium. Lepidodium  
chlorophorum m ay form  sum m er b loom s locally.

L ong-term  trends for in situ tem perature, salinity, 
and  chlorophyll are no t significant at any of the Bay 
of Biscay REPHY sites. However, som e significant 
tendencies have b een  identified in the large 
phytoplankton  groups. Total diatom  abundance 
has increased significantly at the O uest Loscolo 
(p< 0.05) and  Le C ornard (p< 0.01) sites. Total 
dinoflagellate abundance has also increased at bo th  
sites, bu t only Le C ornard 's trend  w as significant 
(p< 0.05). At the M en er Roue and  Teychan Bis 
sites, d iatom s and  dinoflagellate totals w ere bo th  
decreasing (but w ithou t statistical significance). 
The diatom s:diatom s+dinoflagellates ratio w as 
decreasing at the Teychan Bis site (p< 0.05) and  at 
the O uest Loscolo site (non-significant).

Figure 8.1.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Men er Roue 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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Figure 8.1.4
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Le Cornard 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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Figure 8.1.5
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 

0_25 variables at the Teychan Bis 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme. net! time-series.
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8.2 AZTI Station D2 (Site 50)
Marta Revilla, Ángel Borja, Almudena F mitán, and Victoriano Valencia

Figure 8.2.1
Location o f the A Z T I Station D2 
plankton monitoring area (Site 
50), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
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A long the Basque coast (sou theastern  Bay of Biscay), 
the longest series on phytop lankton  biom ass 
(chlorophyll a concentration) has b een  obtained  at 
station  D2 (Site 50, 43°27'N  01°55'W ). This station 
is located 13.1 km  offshore and  at a w ater dep th  
of 110 m . D ata are collected since 1986 by AZTI- 
Tecnalia, w ith in  the project "Variaciones", funded 
by the D epartm en t of E nvironm ent, Territorial 
P lanning, Agriculture and  Fisheries of the Basque 
G overnm ent. Surveyed m on ths and  to tal num ber 
of surveys per year are variable (3-12). O n  average, 
eight surveys per year are conducted. Details on 
sam pling and  analytical m ethods are available in 
Revilla et al. (2010). Generally, CTD continuous 
vertical profiles have b een  obtained. H ere, long­
term  series on chlorophyll, salinity, and tem perature  
are p resented .

Additionally, phy top lank ton  abundance and 
com position, together w ith  general environm ental 
conditions (e.g. oxygen, nutrients, and  optical 
properties) are show n from  2002 to 2010. This 
is part of the Littoral W ater Q uality  M onitoring 
and  C ontrol N etw ork of the Basque Country, 
conducted by AZTI-Tecnalia for the Basque W ater 
A gency (URA). For this purpose, the station  D2 
is sam pled every three m on ths from February 
to N ovem ber. W ater sam ples for phytop lankton  
analyses (U term öhl, 1958) are collected at the 
surface w ith  a clean bucket and  im m ediately  fixed 
w ith  glutaraldehyde. Field and  laboratory m ethods 
are described in  detail by G arm endia et al. (2011).

The offshore station  D2 is considered to be 
unaffected by anthropogenic influence, ow ing to its 
distance from  the m ain  pollution sources on land. 
The m ain  fertilization factor for the surface w aters 
of this area is the continental run-off com ing from 
the rivers around  the sou theastern  Bay of Biscay 
(Valencia and  Franco, 2004; Diaz et a l, 2007; Ferrer 
et a l, 2009). Surface salinity is 34.8 ± 0.67 (average 
± standard  deviation) from 1986 to 2008 (n = 174), 
w hich  indicates a low  average freshw ater content 
(2.3%).

Seasonal and  interannual trends (Figure 8.2.2)

At station D2, sea surface tem perature  (SST) 
p resen ts a distinct seasonal cycle, and  chlorophyll 
in surface w aters (0-1 m) is inversely correlated to 
SST. The cold season can be defined as N ovem ber- 
April, w ith  m on th ly  averaged SST ranging from 
12.5 to 16.5°C and  surface chlorophyll ranging from 
0.6 to 1.0 pg  H .T h e  w arm  season can be defined as 
M ay-O ctober (15.6-22.7°C, m onthly averaged SST). 
D uring the w arm  m onths, the m ean  chlorophyll 
concentration  is below  0.5 pg  h1 in  surface w aters.

The surface w aters at D2 station  have w arm ed up 
over the past 20-30 years (1.4 ± 1.1 x 10~2 °C y e a r1). 
The change could be faster for inshore w aters, at 
around  2.4 x 10~2 °C y e a r 1 (G onzález et a l,  2008; 
Revilla et a l, 2009). W arm ing patterns have also 
b een  described for o ther neighbouring  areas (e.g. 
G oikoetxea et a l, 2009; Bode et a l, 2011b). In the
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sou thern  Bay of Biscay, Llope et al. (2007) linked 
the recen t w arm ing  of the ocean surface w ith  
increasing stratification and w eaker/shallow er 
w in ter mixing, w hich could reduce nu trien t inputs 
and  cause stoichiom etric changes. In this scenario, 
it has b een  hypothesized th a t prim ary production  
will be progressively low er and  phytoplankton  
assem blages will change (Llope et a l,  2007).

A t station  D2, Revilla et al. (2010) found  a slight 
decrease in  the surface chlorophyll concentration  
betw een  1986 and  2008 (-3.8 ± 4.7 x IO '3 pg  h 1 
y e a r '1). Further studies dem onstrated  th a t the 
photic-layer-averaged chlorophyll (0-50 m) had  
follow ed an  opposite, increasing trend  (6.2 ± 2.5 
x IO '3 pg  I'1 yea r '1). In addition, the location of the 
chlorophyll subsurface maxim um  could have moved 
progressively deeper in  the w ater colum n, from 
10 m  at the beg inn ing  of the series to 30 m  in the 
last decade.T hese trends could be related to climatic 
factors, such as the East A tlantic (EA) p a tte rn  (ICES, 
2 0 1 1 ) .

The analysis of the annual anom alies at station  D2 
dem onstrates a significant increase (p< 0.05) in  the 
photic-layer-averaged chlorophyll over the 1986- 
2010 period. In situ surface tem peratures taken  
im m ediately  at the site had  an  increasing (but n o n ­
significant) trend, w hereas H adlSST date-m atched  
data from the larger region did p resen t a significant 
increasing trend  (p< 0.05). These findings support 
previous results in the area th a t w ere obtained  by 
o ther m ethods for trend  analyses. Those w ere non-

param etric m ethods based  on seasonal variability 
rem oval and  regression analysis, or KZA filter 
(Revilla et a l,  2010; ICES, 2011).

D ecadal variations in climatic conditions have been  
described in  th is geographical area, w ith  an  increase 
in the positive phase of the EA occurring since 
1997 (Borja et a l,  2008; G oikoetxea et a l,  2009). 
In the no rth ern  part of the Iberian Peninsula, the 
EA p a tte rn  is the m ost im portan t variation pattern  
explaining tem perature  variability. In particular, 
in the sou theastern  Bay of Biscay, a positive EA 
involves w arm er and  drier w inters, as well as 
stronger dow nw elling, caused by the southw esterly  
w inds. A t a larger scale, the positive phase of the EA 
is associated w ith  above-average precipitation over 
no rth ern  Europe and  Scandinavia, and  w ith  below - 
average precipitation across sou thern  Europe 
(deCastro e ta l ,  2008).

A t station  D2, the oceano-m eteorological variability 
coup led  to  th e  EA p a tte rn  could explain the 
decrease in phytop lankton  biom ass in  surface 
w aters and  its increase in  deeper w aters in 
response to stronger dow nw elling and  reduced 
cloudiness (ICES, 2011). N evertheless, in  o ther 
areas of the n o rth  Iberian Peninsula, the response 
of phytoplankton  to climate variability could be 
different in relation to the relative influence of o ther 
hydrographic factors (e.g. upw elling activity and 
run-off) at the local scale (Bode et a l,  2011b).
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Figure 8.2.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the A Z T I Station 
D2 plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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8.3 Nervión River estuary (Site 51)
Emma Orive, Javier Franco, A itor Laza-Martinez, Sergio Seoane, and Alejandro de la Sota
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Figure 8.3.1
Location o f the Nervión River 
Estuary plankton monitoring 
area (Site 51), plotted on a 
map o f average chlorophyll 
concentration, and its corres­
ponding environmental summary 
plot (see Section 2.2.1).
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The N ervión River estuary (also nam ed  N erv ión- 
Ibaizabal estuary) has been  m onitored  for 
phytoplankton  taxonom ic com position and 
abundance since 2000. The N ervión catchm ent 
is densely  populated , and  this study form s part 
of a b roader m onito ring  program m e perform ed 
to follow the w ater quality evolution after the 
im plem entation  of a sew erage schem e in the area 
(García-Barcina et a l, 2006). Phytoplankton  sam ples 
are taken  aproxim ately m on th ly  from M arch to 
S eptem ber at eight stations (1-8, from the ou ter to 
the inner estuary) located along the longitudinal 
axis. Sam ples are analysed for cell identification 
and  counted  w ith  the U term öhl m ethod; in 
addition, individuals from  selected genera am ong 
those form ing bloom s or know n to contain harm ful 
species are isolated from  live sam ples and  grow n 
in cultures for a m ore detailed m orphological 
and  genetic characterization. S tations 1 and  2 are 
located in  the outer estuary (Abra of Bilbao), which, 
w ith  a w id th  of ca. 3 km  and  a m axim um  d ep th  of 
ca. 30 m, contains m ost of the estuarine w ater. This 
estuarine area is dom inated  by m arine w ater during 
m ost of the m onito ring  period  and  phytoplankton  
species are m ainly of m arine origin.

Seasonal and  interannual trends (Figure 8.3.2)

The apparen t increase in  to tal d iatom s and 
flagellates from  2000 to 2010 can be a ttribu ted  
to  th e  im provem en t in  w ater quality during 
th is period, and  is likewise evident in the

d ia to m s :d ia to m s + d in o f la g e l la te s  ratio .
D inoflagellates are relatively scarce in the estuary, 
as determ ined  by signature p igm ents from 
estuarine phytop lank ton  (Seoane et a l, 2005). 
Fucoxanthin is usually  the dom inan t p igm ent in 
the to tal phytoplankton. H aptophytes are alm ost 
always presen t in  the ou ter estuary (Seoane et 
a l,  2009), and  bloom s of Apedinella spinifera and 
Heterosigma akashiwo have b een  observed. D iatom s 
seem  to constitute the bulk of chlorophyll a am ong 
fucoxanthin-contain ing microalgae. A lloxanthin 
is also relatively abundan t, in  agreem ent w ith  the 
abundance of cryptophytes, w hich  form  frequent 
bloom s bo th  in  the outer and  inner estuary (Laza- 
M artinez, 2012). However, in  the picoplankton, 
chlorophyll b is alm ost always the dom inant pigm ent 
(Seoane et a l,  2006). FISH analysis (unpublished 
data) revealed the dom inance of prasinophyceans 
in this size fraction.

Cell density can be high in  spring in the outer estuary 
because of the spring d iatom  b loom  in adjacent 
coastal w aters. D uring this period, w hich can be 
very short and  start at different tim es each year, the 
ou ter estuary is dom inated  by large m arine diatom s 
responsible for the annual m axim a of chlorophyll 
a. However, the m axim um  abundance for m ost 
phy toplankton  classes, in  term s of cell num bers, 
is generally registered in  sum m er. The size of the 
cells, generally larger in spring, can account for the 
absence of a clear relationship  betw een  chlorophyll 
a values and  the num ber of cells. Sum m er m axim a 
in cell num bers can be partially attribu ted  to the
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Figure 8.3.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Nervión River 
estuary plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.

export to the ou ter estuary of eurihaline taxa tha t 
reach bloom  proportions in  the inner and  m iddle 
estuary. In sum m er, these estuarine segm ents are 
a source of small centric diatom s and  flagellated 
forms, belonging  to C hlorophyta, Cryptophyta, 
and  H aptophyta, to the ou ter estuary (Seoane et 
a l,  2006; L aza-M artinez et a l,  2007). In  addition  to 
these eurihaline species, the outer estuary contains 
m arine form s w hich  grow  be tte r in  this area during 
sum m er th an  in  the oligotrophic coastal w aters 
(Orive, 1989; Orive é ta l ,  2010).

The shift be tw een  flagellates and  diatom s in the 
outer estuary in sum m er is driven by river run-off 
after rainy periods and  by stability of the w ater 
colum n. The raph idophycean Heterosigma akashiwo,

w hich is know n to support h igh  irradiance levels 
w ithou t experiencing photo inh ib ition  (M artinez et 
a l,  2010), has b een  observed in  b loom  proportions 
in the ou ter estuary coinciding w ith  very sunny  days 
and  elevated tem peratures.

Lately, m uch a tten tion  is be ing  paid  to potentially  
toxic epiphytic dinoflagellates, w hich can appear 
in the w ater colum n as part of the phytoplankton. 
In addition  to several species of the genera 
Coolia and  Prorocentrum, toxic form s of the genus 
Ostreopsis have b een  found in  the outer estuary and 
o ther localities of the sou theastern  Bay of Biscay 
th a t constitute the upper reported  limit for the 
d istribution of this pantropical genus in  the A tlantic 
O cean (Laza-M artinez e ta l ,  2011).
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8.4 RADIALES Gijón/Xixón Station 2 (Site 52)
Xosé Anxelu G. Moran and Renate Scharek

Figure 8.4.1
G — j  Location o f the RADIALES

Gijón/Xixón Station 2 plankton 
monitoring area (Site 52), 
plotted on a map o f average 

S chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

•g BL59

E l i

«F*
1A
w

-P i.i
ID
03

il UJ
u

I 2  i  *  3  * 7  H ?  Il l  11 [ ï

M o n t h  o f  VtfAT

Sam pling at the Gijón/Xixón transect started 
in  M arch 2001, shortly after the opening  of the 
O ceanographic C enter of Gijón/Xixón, the latest 
laboratory of the Spanish Institute of O ceanography 
(IEO) to be built. P icoplankton began  to be collected 
one year later.The Gijón/Xixón oceanographic tim e- 
series is part of the IEO program m e RADIALES 
(h ttp ://w w w .seriestem pora les-ieo .com /) and 
com prises three stations in  the central C antabrian  
Sea (southern  Bay of Biscay) located over the ca. 
37 km  w ide continental shelf off the city of Gijon/ 
Xixón (Asturias, Spain). O nly Station 2 data w ere 
used  for th is site sum mary.

W ater sam ples are collected m onth ly  on board 
RV"José de Rioja" from N iskin bottles in  a rosette 
sam pler a ttached  to a CTD probe.T he three stations 
are sam pled for p icoplankton at 10 m  intervals 
from  the surface dow n to 50 m, and  additionally 
at 5 m  at S tation  1, at 75 and  100 m  at Station 
2, and  at 75, 100, and  150 m  at Station 3. Larger 
phytoplankton  (nano- and  m icrophytoplankton) is 
sam pled at 0,30, and  75 m  at S tation 2. A utotrophic 
and  heterotrophic picoplanktonic groups are 
distinguished by flow cytom etry analysis of 1% 
paraform aldehyde plus 0.5% glutaraldehyde 
preserved, ultrafrozen sam ples. A utotrophic 
p icoplankton groups or picophytoplankton 
(.Synechococcus and  Prochlorococcus cyanobacteria 
and  two groups of picoeukaryotes) are 
d istinguished by red and orange fluorescence and 
size signals of thaw ed, unsta ined  sam ples, w hereas 
hetero trophic bacteria are first dyed w ith  SYTO

13 fluorochrom e. N ano - and  m icrophytoplankton 
are fixed w ith  acetic-acid Lugohs solution (1% 
final concentration). Q ualitative and  quantitative 
analysis of n ano - and  m icroplankton is perform ed 
w ith  an  inverted m icroscope using the U term öhl 
technique (U term öhl, 1958). Cells are classified 
to species or genus level if possible or assigned to 
h igher taxonom ic levels divided into size classes.

The site displays the typical oceanographic 
conditions of a tem perate  shelf sea, w ith  a well- 
m ixed w ater colum n from N ovem ber th rough  
April, broken  occasionally by the presence of low- 
salinity w ater at surface layers and  conspicuous 
stratification in late spring and  sum m er, w ith  a 
pycnocline usually developing at 10-20 m  dep th  
(Calvo-Dfaz and  M orán, 2006). O ther hydrographic 
features include the presence of a saline and  w arm  
polew ard slope current, especially du ring  w inter 
(Pingree and  Le C ann, 1990; A lvarez-Salgado et 
a l,  2003) and  short-lived, upw elling  pulses m ore 
frequently  found in  late sum m er and  early au tum n 
(McClain et a l, 1986; Llope et a l,  2006). W arm ing 
trends have b een  described for the region for bo th  
surface (deCastro et a l,  2009) and  deeper w aters 
(G onzález-Pola et a l,  2005), sim ilar to those 
described for the w hole N orth  A tlantic basin  (e.g. 
Johnson and  G ruber, 2007).
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Figure 8.4.2 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) 
showing the seasonal and 
interannual properties of 
select cosampled variables at 
the RADIALES Gijón/Xixón 
Station 2 plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.

Seasonal and  interannual trends (Figure 8.4.2)

Total phy toplankton  b iom ass (chlorophyll) 
dem onstrates a unim odal distribution, w ith  the 
annual m axim um  associated w ith  the spring bloom  
in M arch and April, and  m inim um  values usually 
recorded in  July. As previously described (Calvo- 
Diaz and  M orán, 2006), a m arked seasonality  in 
p icophytoplankton becom es evident, w ith  late 
sum m er-early  au tum n  m axim a in  abundance (>105 
cells m b1) and  predom inance of cyanobacteria 
(>80% of to tal abundance), and  m inim a in  early 
spring (< IO 4 cells m b1), coincident w ith  very small 
num bers of Synechococcus. O ne p rom inen t feature is 
the absence of Prochlorococcus for roughly half of the 
year (M arch-July), probably due to a com bination 
of low  tem peratures and  h igh m ortality  rates in 
w inter, w ith  w ater-m ass advection playing a role in 
its reappearance in  late sum m er (Calvo-Dfaz et a l,
2008). The abundance of this cyanobacteria appears 
related to w ater tem perature, consistent w ith  the 
predicted increase in  p icophytoplankton absolute 
and  relative abundance in a w arm er N orth  A tlantic 
(M orán et a l, 2010).

during the spring b loom  in April 2007, increased 
to nearly  half of the cell concentration  of diatom s. 
Representative diatom  species form ing spring 
or au tum n  diatom  bloom s are Chaetoceros spp., 
Hyalochaete spp., Pseudo-nitzschia spp., Rhizosolenia 
setigera, Rhizosolenia pungens, and  Guinardia 
delicatula.

Unlike m ost au totrophs, hetero trophic  bacteria 
(0.2-2.7 X 10° cells m b1) show  a clearly bim odal 
distribution, w ith  peaks in April and  O ctober 
and  relative m inim a in February and  July. H ighly 
consistent changes in the relative d istribution of 
the flow cytom etric groups of cells w ith  low  and 
h igh nucleic acid conten t probably reflect distinct 
species succession (M orán et a l,  2011). Bacterial 
abundance off Gijón/Xixón has increased since the 
beg inn ing  of the tim e-series. A lthough this trend  is 
no t significant (grey line in  Figure 8.4.2), an analysis 
decom posing the m on th ly  tim e-series variance has 
dem onstrated  a significant increase in  in tegrated  
bacterial biom ass, w ith  the 2009 annual m ean  value 
being  30% higher th an  tha t of 2002 (M orán et a l,
2011).

D iatom  spring bloom s occur around  April and, in 
som e years, late su m m er-au tu m n  diatom  bloom s 
are also found, w hich can be as p ronounced  as or 
even m ore p ronounced  (in term s of cell abundance) 
th an  the spring bloom . As expected for an  open 
coastal area, big dinoflagellates (>20 pm) do 
no t form  m arked bloom s. Small dinoflagellates 
(< 20 pm) form ed a b loom  in late au tum n  2006, and

By 2012, w e will have com pleted a decade of 
m icrobial records in th is site. A lthough it will 
probably still be too short to draw  concluding 
associations w ith  the observed increases in oceanic 
tem perature, our w orking hypothesis is th a t small 
p lank ton  will becom e increasingly im portan t in  the 
near future.
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8.5 RADIALES A Coruña Station 2 (Site 53)
Antonio Bode, M anuel Varela, and Xosé Anxelu G. Morán

Figure 8.5.1
Location o f the RADIALES 
A  Coruna Station 2 plankton 
monitoring area (Site 53), 
plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

i
J 4 } ft 7 I

M onth o í Year

The A C oruña section is part of the tim e- 
series p rogram m e RADIALES (http ://w w w . 
seriestemporales-ieo.com). Station 2 of the A Coruña 
section, w hich w as used for this sum m ary, is located 
off the northw estern  Iberian coast at 43°25.3'N  
8°26.2'W. Phytoplankton sam ples w ere collected 
at the dep th  equivalent to irradiance levels 100, 
50, 25, 10, and  1% of surface photo  synthetic active 
irradiance (PAR) using  N ishin bottles. Sam pling 
(starting in  1989) is m ade at m onth ly  frequency. 
CTD casts were m ade sim ultaneously w ith sam pling 
(Sea-Bird rosette from 2000 onw ards) or just before 
bottle deploym ent (1989-1999) and  tem perature, 
salinity, in situ chlorophyll fluorescence, and  PAR 
irradiance profiles w ere recorded. A liquots of w ater 
for large phytop lank ton  sam ples w ere preserved in 
LugoTs iodine. S tarting in  2004, p icoplankton w as 
sam pled and  analysed as described by Calvo-Diaz 
and  M orán (2006). A dditional w ater sam ples w ere 
collected for determ ination  of chlorophyll (GF/F 
filters, acetonic extracts, fluorometry) and  nu trien ts 
(nitrate, nitrite, am m onium , phosphate , and  silicate 
by segm ented  flow analysis). D etailed description 
of sam pling  and  analytical procedures can be found 
in  Casas etal. (1997).

The phytop lank ton  cycle in  this area dem onstrates 
the general characteristics described for the 
tem perate  zone (Margalef, 1964;Varela e ta l ,  2001). 
There is an  alternation  betw een  a m ixing period 
in  w in ter and  a stratification period  in sum m er, 
w ith  b loom s in the transition  phases: m ixing- 
stratification (spring bloom s) and  stratification-

m ixing (autum n bloom s). In  this section, as in  the 
w hole coastal region off Galicia (northw estern  
Spain), this classical p a tte rn  of seasonal stratification 
of the w ater colum n in tem perate  regions is m asked 
by upw elling events, especially during  sum m er 
(e.g. Casas et a l,  1997). These upw elling  events 
provide phytop lankton  populations w ith  favorable 
conditions for developm ent well beyond the typical 
spring b loom  of m ost seas in this latitude. As a 
consequence of these disturbances of the w ater 
colum n, phytop lankton  abundance dem onstrates 
a unim odal distribution, w ith  annual m axim a in 
sum m er and  predom inance of diatom s th roughout 
the year. O nly during  stratification periods, 
coinciding w ith  a decrease in  upw elling  intensity, is 
there a relative increase of dinoflagellates (M argalef 
et a l, 1955; Varela et a l, 1996; Casas et a l,  1997, 
1999).

Seasonal and  interannual trends (Figure 8.5.2)

Phytop lankton  b loom s can be observed from 
spring to autum n, including sum m er, w h en  m ajor 
phytoplankton  abundance w as also detected. 
D iatom s always dom inate  the m icrophytoplankton 
community. Several species of the genus Chaetoceros, 
especially C. socialis as well as Leptocylindrus 
danicus, Pseudo-nitzschia pungens, and Skeletonema 
costatum, are generally dom inan t during  bloom s 
in all seasons. D uring spring, Cerataulina pelagica, 
Lauderia annulata, Detonula pumila, and  Guinardia 
delicatula are m ore typical, w hereas in autum n,

http://www
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outbursts of Asterionellopsis glacialis, P. delicatissima, 
and Thalasssiosira levanderi were more representative 
of the diatom  com m unity. All of the above- 
m en tioned  species can be found in  the sum m er 
upw elling  bloom s, a lthough  L. danicus, S. costatum, 
P. pungens, and  Nitzschia longissima atta ined  h igher 
abundance in this season. D uring w in ter mixing, 
the phytop lankton  com m unity  is characterized by 
species th a t are p resen t th roughou t the year, b u t in 
very low  densities, as w ell as resuspended  diatom s 
from  the sed im ent (Casas et a l,  1999). The diatom  
species com position is similar to those found  in 
o ther G alician coastal areas (Bode e ta l ,  1996;Varela 
and  Prego, 2003; Varela et a l,  2005, 2006; Prego et 
a l,  2007).

In  contrast to studies conducted  in  neighboring 
tem perate  areas, dinoflagellates never dom inated  
during sum m er stratification periods, probably 
because of the very frequent upw elling events, 
w hich caused destabilization of the w ater colum n. 
In  these stratified periods, a relative increase in 
dinoflagellate populations w as recorded. Small 
species (< 20 pm) of naked  dinoflagellates are the 
m ost abundant, w ith  average values around  60 cells 
m b1, followed by Prorocentrum balticum, Katodinium  
glaucum, and  large (>20 pm) unidentified  thecate 
species exhibiting concentrations low er th an  7 cells 
m b1. In o ther periods, the com position is similar 
to total densities around  50 cells m b1 in  au tum n 
and  upw elling  periods, and  ca. 30 in spring and 
w inter. Heterocapsa niei is typical of w in ter mixing. 
P. balticum and  P. minimum  are frequently  observed 
during spring and  au tum n  bloom s, w hereas 
Scrippsiella trochoidea and  Ceratium lineatum are 
m ore characteristic of sum m er upw elling. As in

the case of diatom s, dinoflagellate species in  the 
A  C oruña transect are reported  for o ther coastal 
areas of Galicia (Figueiras and  Nieli, 1987; Figueiras 
and  Pazos, 1991; Bode andVarela, 1998; Varela et a l, 
2005, 2008, 2010).

P icophytoplankton abundance at the surface, 
ranging  over two orders of m agnitude (103-1 0 5 
cells m b1), tends to be h igher during sum m er, in 
w hich cyanobacteria (m ostly Synechococcus, w ith  
Prochlorococcus m uch  less abundan t and  detected  
only from  Septem ber th rough  January) m ay 
contribute up to 80% of to tal cell counts. Similar 
to bo th  large and  small phytoplankton, surface 
hetero trophic  bacteria (0.1-2.2 x 10° cells m b1) show  
consistent unim odal distributions in  A C oruña, w ith  
m axim a found th rough  spring and  sum m er, and 
m inim a in  February.

R ecent studies of the historical data in the A  C oruña 
section dem onstra ted  a significant decrease in 
d iatom  abundance at in terannual scales, along 
w ith  an  increase in dinoflagellates (albeit n o n ­
significant). These results are consistent w ith  the 
decreasing upw elling in tensity  in  the area (Bode 
et a l,  2011b; Varela et a l, 2012). The series revealed 
th a t there is no significant long-term  trend  in 
phy toplankton  biom ass, b u t prim ary production  
increased significantly, despite significant decadal 
changes in  upw elling  in tensity  (Bode et a l, 2011b). 
A n increase in the use of rem ineralized nu trien ts 
from  organic m atte r has b een  proposed to explain 
the increase in  production  (Pérez et a l, 2010). 
A dditional annual observations are required  for 
dem onstra ting  the apparen t trend  of decreasing 
bacterial biom ass at A C oruña S tation  2.
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Figure 8.5.2
Multiple-variable comparison 
plot (see Section 2.2.2) 
showing the seasonal and 
interannual properties o f select 
cosampled variables at the 
RADIALES A  Coruna station 
2 plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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8.6 Guadiana estuary (Site 54)
Ana B. Barbosa, Rita B. Domingues, and Helena M . Galvao
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Portuguese Foundation  of Science and  Technology 
(FCT) and  the E uropean U nion. A bundance of 
hetero trophic  bacteriop lankton  and phytoplankton  
and  bacterial production  w ere less frequently  
determ ined. W ater quality and  phytop lankton  
are also regularly m o n ito red  by th e  Portuguese 
W ater In s titu te  (INAG). Since 2008, w ater quality 
and  hydrodynam ics have b een  m easured  by an 
au tonom ous instrum en ted  platform  positioned at 
the estuary entrance (Garel et a l,  2009).

D ata displayed in  this site are average m onthly  
values (1996-2010) collected at station  "Alcoutim" 
(37°28'N 7°28'W; D atum  WGS84) at subsurface 
levels (ca. 0.5 m). The station  is located ca. 38 
km  from  the G uadiana river m ou th  w ith in  the 
u pper G uadiana estuarine region and has a m ean  
d ep th  of 9 m. Details on sam pling and  analytical 
m ethods are given in  Barbosa et al. (2010). Sam ples 
w ere usually collected from the A lcoutim  pier 
using  a sam pling bottle, and sam pling frequency 
w as usually  m onth ly  during  au tu m n -w in te r and 
biw eekly during the sp ring -sum m er productive 
period. Physical-chem ical variables were 
analysed using standard  m ethods. Chlorophyll a 
concentration, used as a proxy for phytop lankton  
biom ass, w as analysed using  a spectrophotom etric 
m ethod , after GF/F sam ple filtration and  acetone 
extraction. A bundance of picoplankton (< 2 pm) and 
nanophy top lank ton  (2-20 pm) w as estim ated using 
epifluorescence microscopy, after gluteraldehyde 
preservation and  proflavin staining. A bundance of 
m icrophytoplankton (>20 pm) w as analysed using

The G uadiana estuary (GE) is located in 
so u th w es te rn  Iberia and  is a 22 km 2 m esotidal 
ecosystem  (average depth: 6.5 m), ranging from 
partially stratified to w ell-m ixed. GE is located in 
a M editerranean climate area, classified as highly 
sensitive to climate change, and  is currently 
considered one of the best preserved and  m ost 
vulnerable estuaries of the Iberian Peninsula. The 
G uadiana River w atershed  is the fourth  largest river 
basin  in  the  Iberian  P eninsu la  and  dem o n stra tes  a 
torrential hydrographic regim e, w ith  concentrated 
rainy periods and  a prolonged dry season, 
usually  from M ay to Septem ber. M anaging w ater 
availability u nder such dem and ing  conditions led 
to the construction of hund reds of dam s, alm ost 90 
of w hich have a volum e capacity over 1 hm 3. Recent 
construction  of the large A lqueva dam , built in  the 
upper estuary in 1999 and completed in 2002, further 
increased freshw ater flow regulation  up to 81% (see 
Barbosa et a l,  2010, and  references therein).

Phytop lankton  m onito ring  in  GE began  in  1996 
and  w as m otivated  by an anticipated increase in 
cyanobacterial b loom s caused by the construction of 
the A lqueva dam . Physical-chem ical variables (e.g. 
tem perature , salinity, in tensity  of photosynthetic 
available radiation, light extinction coefficient, 
dissolved oxygen, concentration  of dissolved 
inorganic m acronutrients, particulate suspended  
matter) and phytoplankton abundance, composition, 
and  biom ass w ere routinely m onitored  at different 
stations in  the upper, m iddle, and  low er estuary 
in  the fram ew ork of projects funded  by the

Figure S. 6.1
Location o f the Guadiana estuary 
plankton monitoring area (Site 
54), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).
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inverted microscopy, after Lugoi preservation (see 
Barbosa et a l, 2010 for details).

Seasonal and  interannual trends (Figure 8.6.2)

Phytoplankton  seasonal patterns, studied  before, 
during, and after the constmction of the Alqueva dam, 
revealed b im odal to un im odal annual cycles, w ith  
chlorophyll a m axim a usually  occurring be tw een  
M arch and  O ctober. Seasonal pa tte rn s show  an 
alternation  betw een  a persisten t light lim itation 
and  episodic nu trien t lim itation (Rocha et a l,  2002; 
D om ingues et a l,  2005, 2011a,b,c, 2012; Barbosa et 
a l,  2010). Phytoplankton  succession, w ith  spring 
diatom  bloom s and sum m er-early  fall cyanobacteria!

bloom s, is driven by changes in  nu trien ts, w ater 
tem perature, and  turbulence, clearly dem onstrating  
the role of river flow  and  climate variability.

D iatom , green algae, cyanobacteria, and  total 
phy toplankton  abundance displayed significant 
in terannual declining trends over the period 1996- 
2010. L ight in tensity  in  the m ixed layer is a prevalent 
driver of phy top lankton  in terannual variability. Yet, 
increased w ater re ten tion  by the A lqueva dam  led 
to in terannual decreases no t only in turbid ity  bu t 
also in  nu trien t inputs, prom oting  a shift from 
persisten t light lim itation tow ards a m ore nu trien t- 
lim ited m ode (see Barbosa et a l,  2010; D om ingues 
e ta l ,  2012).

Figure 8.6.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Guadiana 
estuary plankton monitoring 
site. Additional variables from  
this site are available online at 
http://wgpme.net/time-series.
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Prorocentrum micans 
(Dinophyceae).
Photo: Claire Widdicombe, 
Plym outh M arine Laboratory.
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9. PHYTOPLANKTON AND 
MICROBIAL PLANKTON 
OF THE MEDITERRANEAN 
SEA
Yves Collos, Josep M . Gasol, M laden Solic, Dominique Soudant, 

and Adriana Zingone

A lthough located w ith in  a narrow  latitudinal range 
(less th an  3°), the seven w estern  M editerranean 
sites included in  this report (from w est to east: 
Blanes Bay, Thau, Lazaret, D iana, N aples, Kastela 
Bay, and Stoncica) vary w idely m orphologically 
(from one offshore site to m ore or less open  bays, 
gulfs, and  lagoons) and  in  trophic status (from 
oligotrophic to eutrophic). Coverage in  tim e ranges 
from 18 to 38 years for physical variables such as 
w ater tem perature  and  salinity, and  from  26 to 35 
years for biological variables such as to tal diatom s 
and  total dinoflagellates. Three sites (Blanes, 
Kastela, and  Stoncica) also report bacterial counts 
and  production, bu t for m ore lim ited tim e-spans.

In situ w ater tem pera tu re  increases significantly 
w ith  tim e at Thau (1972 on), b u t no t at the o ther 
four sites w here data are available. In situ salinity 
increases significantly w ith  tim e at th ree sites 
(Blanes, Lazaret, D iana), b u t no t at the o ther sites 
w here data w ere available. C oncerning chemical 
variables such as nutrients, the only significant 
changes have b een  observed in  Thau lagoon, 
w ith  significant decreases in  am m onium , nitrate, 
and  phosphate , a lthough  a tendency  tow ards 
o ligotrophication is reported  to occur at several 
sites (Blanes, Kastela).

As for biological variables, to tal d iatom s increased 
at Lazaret (1987 on) and  N aples (1984 on) 
and  decreased in Thau lagoon (1975 on). Total 
dinoflagellates decreased at D iana (1987 on). Total 
flagellates (not dinoflagellates) increased at N aples 
(1984 on).

The picocyanobacteria Synechococcus are reported  
for two sites only, w ith  a significant increase at Thau 
(1991 on) and  no change in  Blanes Bay (1997 on). 
Picoeukaryotes are also reported  for these two sites 
only. T heir cell densities are approxim ately  an 
o rder of m agnitude h igher at Thau th an  in  Blanes 
Bay. In  addition, there is a striking contrast in the 
seasonal cycle, w ith  m in im um  densities in  A ugust 
for Blanes and  January for Thau, and  m axim um  
densities in  February for Blanes and  A ugust for 
Thau, w hich probably indicates th a t w e are pooling 
together as"picoeukaryotes"taxonom ically  different 
types of organism s.

Bacteria, e ither m easured  by DAPI or by flow 
cytometry, are seen  to decrease in Blanes Bay, 
K astela Bay, and  Stoncica. Bacterial hetero trophic  
p roduction  is also show ing a tendency  to decrease 
w ith  tim e at these sites, w hich are the only ones 
for w hich a tim e-series exist. H eterotrophic 
nanoflagellates are decreasing at the two C roatian 
sites sites, w ith  a similar tendency  show n at the 
C atalan  Blanes Bay site.
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Figure 9.1
Locations o f the Mediterranean 
Sea monitoring areas (Sites 55 -  
61) plotted on a map o f average 
chlorophyll concentration. The 
star for Site 61 is not visible as it 
is beneath the star for Site 60.

Previous attem pts to synthesize phytoplankton  
trends in  the M editerranean indicate a decrease 
in  phytop lankton  biom ass (chlorophyll a) over 
tim e-scales of two decades (CIESM, 2003, 2010) 
and  an  increase in  cell num bers. This ap p aren t 
con trad ic tion  is the result of a decrease in 
phytoplankton  average cell size, a decrease 
determ ined  using data prim arily from coastal sites. 
The only offshore data used in  the study indicated  a 
general increase in  phytoplankton  biom ass, m ainly 
due to pico- and  nanop lan k ton  over a 9-year period 
(CIESM, 2010).

D ata available in  this report originate m ostly 
from  coastal sites, w ith  influences from  terrestrial 
environm ents th a t m ight induce site-specific 
variability. In addition, sites harbouring  aquaculture 
(Leucate, Thau, D iana) represen t h igh grazing 
environm ents w here phytoplankton  bloom s m ay 
be "erased" by grazing pressure on tim e-scales of 
days/w eeks and  m ay m ask relationships betw een  
phy toplankton  standing  stock and  b o tto m -u p  
processes. Still, large perturbations, such as the 
decrease in  soluble reactive phosphorus in  Thau 
lagoon, could be related  to significant changes in 
phy toplankton  com m unity  structure (em ergence 
of picocyanobacteria and  Alexandrium catenella/ 
tamarense). Such dom inance of coastal site features 
is likely to be the reason w hy no w ith in-basin  
synchrony is apparent, in contrast to Zooplankton 
studies based  on  m ore open-ocean  tim e-series 
(M ackas et a l,  2012).
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9.1 Blanes Bay (Site 55)
Josep M . Gasol, Ramon Massaria, Rafel Simó, Celia Marrasé, Silvia G. Acinus, 

Carlos Pedros-Alió, Carles Pelejero, M . Montserrat Sala, Eva Calvo, Dolors Vaqué, 

and Francesc Peters

Figure 9.1.1
Location o f the Blanes Bay 
plankton monitoring area (Site 
55), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

I Ü V V

Blanes Bay is an  open, east-facing bay in  the 
northw est M editerranean  C atalan coast ca. 70 
km  n o rth  of the city of Barcelona. It w as selected 
as a m onito ring  site because it is a good example 
of an  oligotrophic (relatively nu trien t-poor) 
coastal ecosystem  th a t is relatively unaffected 
by hu m an  influence. It is also one of the sites for 
w hich m ore inform ation exists on the ecology of 
the M editerranean  planktonic environm ent, w ith 
papers on phytop lankton  dating  back to the 1940s 
(Margalef, 1945).

The site is placed at ca. 0.5 m iles offshore over a 
w ater dep th  of 20 m . A n oceanographic, fully 
operated  buoy is placed nearby  (h ttp ://a tlan tis . 
ceab.csic.es/~oceans/index_en.htm l), and  the 
station  is close to an  autom atic m eteorological 
station  and  a directional wave buoy. The station  is 
just placed at the lim it be tw een  the rocky coast of 
th e"C o sta  B rava"and the sandy coast southw ards, 
w ith  very lim ited riverine influence. The dom inant 
sou thw estern  w ater circulation tha t characterizes 
this location drives away the w ater from Tordera 
River, w hich outflow s sou th  of the site, a river 
system  th an  only brings substantial am ounts of 
w ater in  w in ter (Guadayol et a l,  2009). The site 
is near a subm arine canyon, w hich facilitates the 
arrival of offshore seaw ater to th is coastal site.

The phytoplankton  of Blanes Bay w as studied 
intensively in  the 1950s for its phytop lankton  
(Margalef, 1945, 1948, 1964), and  again later, 
during the 1990s, w ith  a focus on phytoplankton  
and  biogeochem istry (Cebrián et a l,  1996; A gawin 
et a l, 1998; D uarte et a l,  1999, 2004; Lucea et a l,  
2005; O lsen et a l, 2006). Since 1998, there has 
b een  a continuous effort and  focus on microbial 
b iodiversity and  biogeochem ical function  (Schauer 
et a l,  2003; M assana et a l,  2004; A lonso-Sáez et a l,  
2007; U nrein  et a l,  2007). O w ing to these scopes, 
it is now  know n as the "Blanes Bay M icrobial 
O bservatory". D NA  (and RNA) has b een  stored 
since 1998, and  studies on archaeal, bacterial, and 
protist diversity are underw ay. O ceanographic data, 
nutrients, chlorophyll, bacterial and  heterotrophic 
nanoflagellate abundance, p icophytoplankton (by 
flow cytometry), and  bacterial activity are som e 
of the core variables m onitored  consistently  over 
tim e. Variables for w hich a lim ited tim e-series 
exists include n an o - and  m icrophytop lankton  
species d istribution, H P L C -determ ined  p igm ents 
(G utiérrez-R odriguez et a l,  2011), prim ary 
production  and  respiration, organic su lphur 
(DMS, DMSP) concentrations and  fluxes (Simó 
et a l, 2009), ectoenzym atic activities, C 0 2  system  
param eters, particulate and  dissolved organic 
nu trien t concentrations, viral abundance, and 
im pact on  m icrobial foodw ebs (Boras et a l,  2009). 
O ther variables have b een  in troduced at specific 
tim es over the last years, and  a few synthesis papers 
have b een  published  (e.g. A lonso-Sáez et a l, 2008; 
Simó et al., 2009).

http://atlantis
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Seasonal and  interannual trends (Figure 9.1.2)

As at m ost o ther coastal sites, this site experiences 
a strong seasonal forcing, w ith  w arm  and  no t very 
productive (CHL ca. 0.2-0.3 m g n r 3) sum m ers and 
cold and  richer w inters (average CHL >0.7 m g n r 3). 
T hough w ind is m uch less forceful in  sum m er, it 
does constrain w ater tow ards the coast, facilitating 
organic m atter accum ulation (Vila-Reixach et a l,
2012) sim ultaneously w ith  nu trien t deficiency and 
nu trien t lim itation (particularly P) of microbial 
grow th (Pinhassi et a l, 2006).

Consequently, m on th ly  average tem perature 
correlates positively w ith  Secchi disk depth , and 
negatively w ith  chlorophyll a and  w ith  S i0 4, 
P O 4 ,  N O 2 ,  and  N O 3 concentrations. Sum m er 
dem onstrates clearer w aters, w ith  low  chlorophyll 
and  low  nutrients. Salinity does no t exhibit a clear 
seasonal cycle, bu t tends to be low er in  spring and 
autum n, w hich are the typical rainy seasons in  such 
a M editerranean-clim ate area. Bacterial production  
is h igher in  sum m er (positively correlated w ith  
tem perature  and  Secchi dep th  and  negatively 
correlated w ith  chlorophyll a and  w ith  m ost nu trien t 
concentrations). H eterotrophic bacterial abundance 
also tends to be h igher in  sum m er, bu t is very 
m uch buffered by predators and  viruses (U nrein et 
a l,  2007; Boras et a l,  2009) and  stays fairly stable. 
H eterotrophic nanoflagellates are m ore abundan t 
in  sum m er, w hereas autotrophic nanoflagellates 
are m ore abundan t in w inter. The ratio betw een  the 
two types exaggerates this difference.

The picophytoplankton has been  well characterized 
w ith  a dom inance of picoeukaryotes in  w in ter vs. 
Synechococcus in sum m er. Prochlorococcus appears 
only at the end  of sum m er and  th roughou t early 
w inter, probably supplied w ith  advected oceanic 
w ater. The m ain  phytop lankton  groups have been  
characterized by H PLC and  consist of diatom s in 
spring, p rasinophytes and  cryptophytes in  w inter, 
Synechococcus and  dinofagellates in  sum m er, and 
pelagophytes and  Prochlorococcus in  autum n, 
b u t w ith  hap tophy tes appearing  all year long 
(G utiérrez-Rodrfguez et a l,  2011).

Som e of the techniques have changed from one 
of the three m ain  periods to the others, w hich 
m ay influence in terpre tation  of the data. This is 
in  particular the case for salinity, w hich displays 
a long-term  shift th a t m ight be associated w ith  a 
change in  the sensor used.

Tem perature and  Secchi dep th  show  a slight n o n ­
significant positive trend  w ith  tim e. Chlorophyll a 
exhibits no clear trend, and  all inorganic nu trien ts 
(exemplified in  P 0 4 and  N H 4) show  negative 
trends albeit non-significant, all indicating  a very 
slow  tendency  tow ards oligotrophication (see 
also Sarm entó  et a l,  2010), consistent w ith  the 
im plem entation  of w astew ater trea tm en t plants 
and  P reduction  policies over the last few  decades.

The global tem perature  climatologies (HadlSST) 
indicate a sm all tem perature  increase th a t agrees 
w ith  the data  m easurem ents, and  the ocean colour 
estim ate of CHL (G lobColour Case-2) indicates 
a decrease th a t is barely observable. W inds are 
observed to increase over the sam pled area 
according to the ICOADS, although  w ith  little 
changes during the period of observation.

Bacterial abundance is one of the variables tha t 
suffered from m ethodological inconsistencies. 
M easured  by tw o sets of operators in  two different 
periods by DAPI counts, it dem onstrated  dissim ilar 
trends. The m ost consistent trend  is th a t observed 
from  2002 to 2012 because it is observed in DAPI 
counts, b u t also in flow cytom etry counts, including 
b o th  fractions, the LNA and  H N A  bacteria. This 
trend  goes tow ards bacteria be ing  less abundan t 
w ith  tim e in  this ecosystem.

H eterotrophic and  photo trophic  nanoflagellates 
show  also the sam e declining trend. Bacterial 
p roduction  exhibits a sim ilar trend.

Finally, the data show  a som ehow  clear trend  
tow ards increased cyanobacteria and  picoeukaryote 
concentrations and  a decreased contribution 
of nanophy top lank ton  and  cryptophytes, as 
de term ined  by flow cytometry. Synechococcus 
enum erated  by DAPI show  the sam e trend.

All in all, th is site show s a tendency  tow ards 
oligotrophication, w ith  decreased colour, 
chlorophyll, nu trien ts, increased transparency, 
decreased bacterial abundance and  production, and 
increasing contribution  of cyanobacteria and  small 
eukaryotic algae to to tal chlorophyll. M ost trends 
are consistent, a lthough  the still lim ited extension 
of the dataset precludes statistical confirm ation of 
the observed tendencies.
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Figure 9.1.2 (continued on 
facin g  page)
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Blanes Bay 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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9.2 Thau Lagoon (Site 56)

Yves Collos, Béatrice Bec, and Eric Abadie

Figure 9.2.1
Location o f  the Thau Lagoon 
plankton monitoring area (Site 
56), plotted on a map o f average 
chlorophyll concentration, and 
its corresponding environmental 
summary plot (see Section 2.2.1).

Thau Lagoon is a shallow  m arine lagoon located on 
the French M editerranean  coast (43°24'N 3°36'E), 
w ith  a m ean  d ep th  of 4 m  and  a m axim um  depth  
of 8 m. The lagoon is connected  to the sea by three 
narrow  channels. Three oyster farm ing zones are 
located along the northw estern  shore. The lagoon 
represen ts 10% of French oyster production  
and  is the m ain  oyster production  centre in  the 
M editerranean, w ith  an estim ated stand ing  stock of 
20 000 t of oysters (Crassostrea gigas). Because of the 
w eak tidal range (< 1 m), the residence tim e of w ater 
m asses (1-5 m onths) m ainly depends on w ind and 
barom etric effects. However, it can be estim ated 
that, in sum m er, the oyster stand ing  stock can 
filter the w hole lagoon in 24 h  and  thus change the 
biogeochem istry of the w ater m asses (Souchu et a l, 
2001 ).

System atic observations of physical (tem perature, 
salinity) and  chem ical (nutrient concentrations) 
properties have b een  m ade since 1972, and  of 
biological (phytoplankton >5 pm) properties since 
1987, w ith  som e m onth ly  additional data for 
1975-1976 from an  unpub lished  doctoral thesis 
(H énard, 1978). P icophytoplankton (picoeukaryotes 
and  picocyanobacteria) has b een  counted  by flow 
cytom etry since 1991 (Vaquer et a l,  1996; Bec et a l, 
2011). The lagoon harbours Ostreococcus tauri, the 
sm allest eukaryote in  the w orld (Courties et a l,  
1994). Sam pling frequency is twice a m onth , bu t 
can increase to once a w eek or m ore during  periods 
favourable to harm ful algae. Several stations are 
sam pled, bu t data  p resen ted  here belong  to station 
B at the surface.

W ell-identified phytop lankton  species include 
Cylindrotheca closterium, Dactyliosolen fragilissimus, 
Dinophysis acuminata, Dinophysis sacculus, Guinardia 
striata, Gyrodinium spirale, Heterocapsa triquetra, 
Leptocylindrus danicus, Leptocylindrus minimus, 
Nitzschia longissima, Peridinium quinquecorne, 
Protoperidinium bipes, Rhizosolenia punges/setigera 
complex, and  Thalassionema nitzschioides. O ther 
groups of diatom s n o t identified to the species 
level include Chaetoceros spp., Pseudo-nitzschia spp., 
Rhizosolenia spp., and  Skeletonema spp.

* % /\
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Seasonal and  interannual trends (Figure 9.2.2)

O n a seasonal scale, d ia tom s generally  show  
m axim a in June and  Septem ber, w hereas 
dinoflagellates show  m axim a in  M arch and 
N ovem ber. The w ater tem perature  and  chlorophyll 
a concentrations b o th  show  a m axim um  in A ugust 
and  a m inim um  in D ecem ber.

O ver the last 38 years, m ean  annual w ater 
tem perature  has increased by ca. 1.5°C, bu t this 
increase w as no t evenly distributed  am ong seasons. 
O n a seasonal basis, the highest rate of increase was 
in  spring (+ 3.0°C), followed by sum m er (+2.0°C) 
and  au tu m n  (+1.7°C). In  w inter, no significant 
increase over the sam e period  could be found.

Concerning nutrients, a major perturbation has been 
a large decrease in soluble reactive phosphorus, 
w ith  sum m er values decreased from  10 to 1 pM, 
w hereas w in ter values decreased from 3 pM  in 1972 
to undetec table levels in  1995.

The recent (1995) and  alm ost sim ultaneous 
appearance of b o th  picocyanobacteria (mostly 
Synechococcus) and  the toxic dinoflagellate 
Alexandrium catenella, follow ing eight years of 
m onitoring  w ithou t reported  presence in Thau, 
seem s to be related  to such reduced nu trien t loading 
and  the increase in  w ater tem perature  (Collos et a l,
2009).

L ong-term  (1987-2010) trends for phytop lankton  
have seen a slight b u t non-significant increase 
in total diatom s, w hile significant increases have 
b een  found w ith in  individual species: Dactyliosolen 
fragilissimus (p< 0.01), Guinardia striata (p< 0.01), 
Leptocylindrus danicus (p< 0.01), and  Rhizosolenia 
punges/setigera complex (p< 0.05). A m ong the 
dinoflagellates, Dinophysis acuminata cell densities 
have increased (p< 0.01), and  Dinophysis sacculus 
has decreased (p< 0.05) betw een  1987 and  2010. 
O ther groups such as Euglenophytes have decreased 
(p< 0.05).
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Figure 9.2.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Thau Lagoon 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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9.3 Mediterranean REPHY sites (Sites 57-58)
Dominique Soudant

Figure 9.3.1
Locations o f the REPHY
Mediterranean Sea plankton
monitoring areas (Sites 57-58), 
plotted on a map o f average 
chlorophyll concentration, and 
their corresponding environ­
mental summary plots (see 
Section 2.2.1).

Lazaret a  (site 57) Diana Centre (site 58)
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The French Phytoplankton  and Phycotoxin 
M onitoring N etw ork (REPHY) w as set up in  1984 
w ith  three objectives: to enhance know ledge of 
phytoplankton  com m unities, to safeguard public 
health , and to protect the m arine environm ent 
(Belin, 1998). Phytoplankton along the French coast 
has b een  sam pled up to twice a m on th  since 1987 
at twelve coastal laboratories. For th a t purpose, 
the French coast is divided into a hierarchy of sites 
and  subsites com m on to three regional netw orks: 
the English C hannel, the Bay of Biscay, and  the 
M editerranean  Sea. Lazaret A  and  D iana Centre 
(Figure 9.3.1) are two M editerranean  REPY sites. 
Lazaret A  is located in  w ell-m ixed w aters, w ith  a 
m ed ium -dep th , sandy bo ttom  w ith in  Toulon Bay.

D iana C enter is located in  shallow, less-m ixed 
w aters of a coastal lagoon in Corse and  features a 
m uddy  bottom .

As w ith  the Bay of Biscay and  English C hannel 
REPHY sites, sam pling started  in  1987, w ith  
salinity, tem perature , turbidity, and  oxygen 
m easured  concom itantly from the beg inn ing  
or one year thereafter. Chlorophyll a and 
pheopigm ents started  at D iana Centre in  1988 
and  at Lazaret A  in  1999. This latter site is 
sam pled twice a m on th  on average, w hereas fewer 
sam ples (17 on average from 10 m onths) are taken  
annually  at D iana C entre.
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Figure 9.3.2
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the REPHY Lazaret 
A  plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.

Seasonal and interannual trends (Figures 9.3.2-
9.3.3)

Chorophyll annual cycles show  m axim um  values 
in  late w in ter at b o th  sites, b u t equally h igh  values 
are also observed in late sum m er at D iana Centre. 
At this latter site, chlorophyll values are w ell above 
1 pg  h1 for m ost of the year, w hereas chlorophyll 
rem ains below  th is value th rough  the year at 
Lazaret A. D iatom  abundance tends to fluctuate 
year-round, exhibiting m axim a in late sum m er 
(Septem ber) at b o th  sites, w ith  relatively high 
values also in February (Lazaret A) and  D ecem ber 
(Diana Centre). D inoflagellates peaked early in 
the year (w inter-spring) at Lazaret A, w hereas 
those at D iana C entre peaked in  O ctober and 
D ecem ber. D iatom s include Chaetoceros at bo th  
sites, w ith  species such as Skeletonema costatum and

Pseudo-nitzschia m ore abundan t at Lazaret A  and 
Asterionellopsis glacialis, Dactyliosolen fragilissimus, 
and  Hemiaulus sp. at D iana Centre. C om m on genera 
of dom inan t dinoflagellates are Prorocentrum, 
Bysmatrum, Scrippsiella, and  Ensiculifera, a lthough 
species m ay b e  different at bo th  sites.

Salinity has b een  steadily increasing for m ore 
th an  two decades at b o th  M editerranean  REPFiY 
sites. A  significant (p< 0.05) increase in  total 
phy toplankton  (as chlorophyll) is observed at 
Lazaret A, probably ow ing  to a concom itan t 
significant (p< 0.01) increase in  d iatom  abundance, 
w hereas a long-term  decrease in  dinoflagellate 
abundance w as conspicuous (p< 0.01) at bo th  
sites. C onsequently, a significant increase in the 
diatom s:diatom s+dinoflagellates ratio was observed 
at b o th  sites, m ore m arked at Lazaret A.
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9.4 G u lf o f N ap les LTER-MC (Site 59)

Adriana Zingone and Diana S arno

Figure 9.4.1
Location o f the Gulf o f Naples 
LTER-MC plankton monitoring
area (Site 59), plotted on a QH3-d-j
map o f average chlorophyll 
concentration, and its corres­
ponding environmental summary 
plot (see Section 2.2.1).

The first research on m arine microalgae in  the 
Gulf of N aples preceded the foundation  of the 
Stazione Zoologica in  1876 (Costa, 1838). Since 
then , m ore th an  a century passed until the first 
ecological investigations w ere m ade on phyto- 
and  Zooplankton assem blages, dating  back to the 
1970s and , in  a m ore con tinuous way, th e  1980s. 
In  1984, a regular sam pling project at a fixed station, 
M areChiara (MC), w as started  w ith  the aim  of 
understand ing  diversity, evolution, and  functioning 
of p lank ton  organism s, their dynam ics in  relation 
to environm ental conditions, and  their rôle in  the 
biogeochem ical cycles. In  2006, the M areChiara 
site joined the E uropean (w w w .lter-europe.net) 
and  in ternational (w w w .ilternet.edu) netw orks of 
Long-Term  Ecological Research as LTER-MC.

The sam pling site is located ca. 3 km  from the 
coastline near the 75 m  isobath  (40°48.5'N 14°15'E) 
and  at the boundary  betw een  two subsystem s, 
w hose exchanges are very dynamic: the coastal 
eutrophic area, influenced by land  run-off from  a 
very densely  popu lated  region, and  the offshore 
oligotrophic area, similar to the open  Tyrrhenian 
w aters. Sam pling has b een  ongoing since January 
1984, w ith  a m ajor in terrup tion  from  January 1991 
until February 1995. Sam pling frequency w as 
fortnightly  until 1990, and w eekly from  1995 to the 
p resen t (Ribera d'Alcalà et al ,  2004).

The w ater colum n at the site is thoroughly  mixed 
from D ecem ber to M arch and  stratified during 
the rest of the year. The annual cycle of surface 
tem perature  is characterized by low est values in 
February-M arch (~14°C) and h ighest values in 
A ugust (~26°C). Ranges for nu trien t concentrations 
(annual average, 0-10 m) are 0.5-3 m M  n r 3 for TIN,

0.2-0.4 m M  n r 3 for P 0 4, and  2-A. m M  n r 3 for S i0 4. 
Tem perature, salinity, and  chlorophyll dem onstrate 
h igh  in terannual variability. Significant trends 
during  1984-2006 have b een  recorded in  the 
increasing sum m er tem peratures and  in the 
decreasing annual chlorophyll a concentrations 
(Zingone et a l,  2010; M azzocchi et a l, 2012).

Phytop lankton  are num erically dom inated  by 
d iatom s and  sm all flagellates. In  term s of biom ass, 
diatom s are still predom inant, bu t dinoflagellates are 
the second m ajor group. C occolithophores are the 
least rep resen ted  group in  term s of b o th  abundance 
and  biom ass. Biomass m ay start increasing over 
the w ater colum n in February-early  M arch, m ainly 
ow ing to d iatom  peaks, bu t these w in ter bloom s 
have decreased in  frequency and  abundance 
over the tim e-series, probably in  relation  to m ore 
unstable w eather conditions in this season in  recent 
years (Zingone et a l,  2010). A nnual peak  values for 
to tal biom ass (both d iatom s and  dinoflagellates) 
are achieved in  the u pper layers in  late spring 
(Ribera d'Alcalà et a l, 2004), w hereas an increase 
over the w hole w ater colum n is recorded in  au tum n 
(Zingone et a l,  1995).

Approxim ately 700 different phytoplankton  species 
have b een  identified at Station LTER-MC, w hereas 
abundance values exist for 344 taxa, including 
supraspecific and  suprageneric groups. Of these, ca. 
20 taxa constitute 90% of the to tal cell counts over 
the tim e-series. The m ost abundan t d iatom s are 
Leptocylindrus danicus, Skeletonema pseudocostatum, 
Chaetoceros tenuissimus, C. socialis, and  several 
species belonging  to the genera Chaetoceros, 
Thalassiosira, and  Pseudo-nitzschia. A m ong the 
o ther groups, the m ost rep resen ted  besides small

http://www.lter-europe.net
http://www.ilternet.edu
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flagellates are Emiliania huxleyi, cryptophyceans, 
and  naked, sm all (< 15 pm) dinoflagellates.

Seasonal and  interannual trends (Figure 9.4.2)

A large num ber of species show  regular tim ing in 
their occurrence over the years, despite m arked 
in terannual variations in environm ental param eters 
and  m eteorological conditions (Zingone and  Sarno, 
2001; Zingone et a l, 2003; Ribera d 'Alcalá et a l, 2004). 
Seasonal pa tterns investigated over shorter periods 
have also b een  found to be distinct for selected 
flagellates, i.e. the  prasinophyte Micromonas pusilla 
(Zingone et a l,  1999), cryptom onads (Cerino and

Zingone, 2006), and for flagellate groups studied 
w ith  m olecular m ethods (M cDonald et a l, 2007).

O ver the tim e-series, an increase in  to tal abundance 
has b een  accom panied by an  increase of small 
species, w hich  has resulted  in  a decrease in  the 
average size of the phytoplankton  assem blages 
(Ribera d'Alcalà et a l, 2004). Recent sam pling and 
historical data  w ere used to com pare d istribution of 
the dinoflagellate genus Ceratium in L igurian and 
South  Tyrrhenian w aters, dem onstrating  th a t the 
Ligurian Sea populations are currently  m ore similar 
to the South  Tyrrhenian ones th an  before, probably 
related  to increasing tem peratures during  recent 
decades (Tunin-Ley et a l,  2009).
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9.5 K astela Bay and Stoncica (Sites 60-61)

Mladen Solic, Nada Krstulovic, Danijela $ antic, and Stefanija Sestanovic

Figure 9.5.1
Locations o f the Kastela Bay and 
Stoncica plankton monitoring 
areas (Sites 60-61), plotted on 
a map o f average chlorophyll 
concentration, and their corres­
ponding environmental summary 
plots (see Section 2.2.1).

Stonfica (site 61]K.isk'la Bay (site 60)
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K astela Bay has an average dep th  of 23 m  and 
com m unicates w ith  the adjacent channel th rough  
an  inlet 1.8 km  w ide and  40 m  deep. The River 
Jadro, w hich discharges into the eastern  part of 
the bay, is the m ost im portan t freshw ater source, 
w ith  an average annual inflow  of 10 n r  s_1. Wide 
oscillations in chem ical and  physical param eters 
in  this area are the result of strong land influence. 
W ater circulation in the bay is generated  m ostly  by 
the local w ind, w hich is related to the passage of 
m id-latitude cyclones over the area. The average 
w ater renew al tim e is approxim ately 1 m onth , 
w hereas u nder strong  w ind conditions, it can be as 
short as 5 d. D uring the w arm  period of the year 
(July-Septem ber), w indforcing is relatively w eak 
and  the freshw ater inflow  low, because the renew al 
tim e is ra ther long.

The S tonïica site is located sou theast of Cape 
Stoncica on Vis Island (4302'38"N ; 16017'7"E) ca. 
50 km  offshore, and  is 100 m  deep. Located just 
out of the m iddle Adriatic island coastal w aters and 
influenced by the largest east Adriatic river N eretva, 
this station  feels these freshened w aters in its 
surface layer, b u t also the open  Adriatic circulation 
and  w ater m asses during dryer periods. In  contrast, 
the  deep layers are flooded by the open Adriatic 
w ater m asses, m ostly  Levantine In term ediate W ater 
(LIW) and  N orth  Adriatic D ense W ater (NAdDW), 
w hich  are characterized by sm aller oscillations of 
chem ical and  physical param eters com pared w ith  
the coastal area. Therefore, this station  is quite 
suitable for detecting  environm ental changes in 
the open  Adriatic Sea in  relation to its circulation, 
w ater m asses, and  their long-term  changes and 
anom alies.
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Sam pling w as done on a m onth ly  basis. Bacteria 
and  hetero trophic nanoflagellates (HNF) w ere 
enum erated  by epifluorescence m icroscopy 
("O lym pus" BX50 at a m agnification  of xlOOO), 
u sin g  the standard  DAPI stain ing technique 
(Porter and  Feig, 1980). Bacterial cell production  
w as m easured  from  D NA  synthesis based  on 
incorporation  rates of 3H -thym idine (Fuhrm an and 
A zam , 1980).

Seasonal and  interannual trends in Kastela Bay 
(Figure 9.5.2)

L ong-term  bacterial and  heterotrophic 
nanop lank ton  (HNAN) data  from  Kastela Bay 
have b een  analysed in several papers (Solic et a l, 
1997, 1998, 2009, 2010). A fter increasing trends of 
all param eters during the 1980s (data no t show n), 
decreasing trends (particularly in the coastal waters) 
w ere established ow ing to "de-eu trophication" or 
"oligotrophication". The sw itch from  eutrophic 
to oligotrophic conditions w as accom panied by 
quantitative (decrease in  bacterial abundance,

bacterial production, and  chlorophyll a, and 
an  increase in  H NF abundance and  bacterial- 
specific grow th rate), structural (phytoplankton 
species com position , phy to p lan k to n  size 
struc tu re , seasonal cycles), and  functional (trophic 
relationships, b o tto m -u p  vs. to p -d o w n  control) 
changes w ith in  the m icrobial com m unity.

Seasonal and  interannual trends in Stoncica 
(Figure 9.5.3)

L ong-term  bacterial and  H N A N  data from  Stoncica 
have been  analysed in  several papers (Solic et a l, 
1997, 2008, 2009). Since 1995, b o th  have a slight 
(but non-statistically  significant) decrease. N on- 
seasonal fluctuations during the last 15 years 
coincided w ith  som e specific m eteorological 
and  hydrographical conditions (strong influence 
of N orth  Adriatic D ense W ater in  1997, strong 
Levantine In term ediate W ater ingression in  2004 or 
extrem ely w arm  w inter, and  the Po River run-off in 
2000 / 2001).
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p lo t (see Section 2 .2 .2 )  sh o w in g  
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Figure 9.5.3
Multiple-variable comparison 
plot (see Section 2.2.2) showing 
the seasonal and interannual 
properties o f select cosampled 
variables at the Stonöica 
plankton monitoring site. 
Additional variables from this 
site are available online at 
http://wgpme.net/time-series.
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Thalassiosira nordenskioeldii 
(Bacillariophyceae).
Photo: Fisheries and 
Oceans Canada.
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10. PHYTOPLANKTON OF THE 
NORTH ATLANTIC BASIN
Martin Edwards and Rowena Stern

The C on tinuous P lan k to n  R ecorder (CPR) survey 
is a long-term , subsurface, m arine p lankton  
m onitoring  program m e consisting of a netw ork 
of CPR transects tow ed m onth ly  across the m ajor 
geographical regions of the N orth  A tlantic. It has 
been operating in the N orth Sea since 1931 w ith some 
standard  routes existing w ith  virtually u n b roken  
m o n th ly  coverage back  to  1946. A fter each tow, 
the CPR sam ples are re tu rned  to the laboratory 
for routine analysis, including the estim ation of 
phytoplankton  b iom ass (Phytoplankton C olour 
Index, PCI) and  the identification of up to 500 
different phytop lank ton  and  Zooplankton taxa 
(Warner and  Hays, 1994). D irect com parisons 
betw een  the Phytoplankton  C olour Index and 
o ther chlorophyll a estim ates, including SeaWiFS 
satellite estim ates, indicate strong  positive 
correlations (Batten et al., 2003; Raitsos et al., 2005). 
The second step  of the phy top lank ton  analysis 
involves counting  phytoplankton  cells u nder high 
m agnification (x450) to identify and  count taxa. Each 
CPR sam ple represents ~3 m 3 of filtered seawater. 
U sing this analysis m ethod , 200 phytop lankton  taxa 
have b een  routinely identified and counted  by the 
CPR survey since 1958.

Because of the m esh  size of CPR silks, m any 
phytoplankton  species are only sem i-quantitatively 
sam pled ow ing to the sm all size of the organism s. 
There is, thus, a bias tow ards recording larger 
arm oured flagellates and  chain-form ing diatom s, 
and  sm aller-species abundance estim ates from  cell 
counts will probably be underestim ated  in  relation 
to o ther w ater sam pling m ethods. However, the 
proportion  of the population  th a t is retained 
by the CPR silk reflects the m ajor changes in 
abundance, distribution, and  specific com position 
(i.e. the percentage reten tion  is roughly constant 
w ith in  each species even w ith  very sm all-celled 
species; Edwards et a l,  2006). The CPR now  has 
a w ater sam pler housed  on board  certain un its to 
provide additional data  and  sam ple the w hole size- 
spectrum  of p lank ton  using  m olecular techniques 
from  bacteria and  viruses to flagellates and  o ther 
taxa no t norm ally identified using  standard  CPR 
analysis.
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Figure 10.1
Locations o f Continuous 
Plankton Recorder ( CPR)
standard areas (outlined in red). 
The top panel shows these areas 
on a map o f average chlorophyll 
concentrations (see Section 2.3.2). 
The bottom panel shows the CPR 
transect and sampling coverage 
(grey dots) available within each 
o f these areas.

For the purpose of the assessm ent in this report, 
the  N orth  A tlantic Basin has b een  geographically 
subdivided into different spatial regions (Figure 
10.1). The 40 geographical regions show n in the 
figures are know n as CPR standard  areas and  are 
referenced by their alphanum eric identifiers (e.g. 
"B 2","D 8"). Included in this assessm ent are som e 
trends in the phytop lankton  and  m icrozooplankton, 
as well as trends in m arine pathogens derived from 
m olecular analysis of sam ples in  the CPR sam ple 
archive.

The CPR data from  the standard  areas were 
processed using  standard  report m ethods (see 
Section 2.1) as applied to the o ther p lank ton  tim e- 
series p resen ted  in this report. For the purpose 
of view ing the long-term  CPR trends in  a spatial 
context, the  standard  report graphics (see Section 
2.2) w ere truncated  into the form s described in 
Figure 10.2 and used  in the "SpatialTrends P lots"of 
this section (Figures 10.3-10.9).
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Figure 10.2
Examples o f CPR standard area 
data shown in the standard 
report plot format (left column, 
see Section 2.2.2) and their 
corresponding truncated forms 
(right column) as presented in the 
"Spatial Trends Plots"shown later 
in this section.

The truncated form incorporates 
the standard annual anomaly 
trend representation (e.g. the 
green and grey slope lines) as 
described in Section 2.2. Positive 
significant trends (p< 0.01 or 
p< 0.05) are indicated with a red 
box outline, negative significant 
trends are indicated with blue 
box outline. Solid box outlines 
indicate p< 0.01, dashed boxed 
outlines indicate p< 0.05. Non­
significant trends are outlined in 
grey. Trend directions ("+", "-") 
are also indicated in all cases.
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10.1 Basin-scale trends in phytoplankton

To sum m arize the long-term  trends in 
phytoplankton  in  the N orth  A tlantic Basin, we 
used  indices of phytop lank ton  th a t included the 
CPR Phytop lankton  C olour Index and  the sum  
of the abundance of all counted  diatom s ("Total 
D iatom s") and  all counted  dinoflagellates ("Total 
Dinoflagellates"). Bulk indices like these are less 
sensitive to environm ental change, and  will quite 
often m ask the subtleties th a t individual species 
will give you; however, it is though t th a t these bulk 
indices represen t the general functional response of 
phytoplankton  to the changing environm ent. In the 
N orth  A tlantic, at the ocean basin-scale and  over 
m ultidecadal periods, changes in  phytoplankton  
species and  com m unities have b een  associated w ith  
N orthern  H em isphere Tem perature (NHT) trends, 
the A tlantic M ultidecadal O scillation (AMO), the 
East A tlantic Pattern  (EAP), and  variations in  the 
N orth  A tlantic Oscillation (NAO) index. These 
have included changes in species distributions and 
abundance, the occurrence of subtropical species in 
tem perate  w aters, changes in  overall phy toplankton  
biom ass and  seasonal length , changes in  the 
ecosystem  functioning, and  productivity of the 
N orth  A tlantic (Edwards etal., 2001, 2002; Reid and 
Edwards, 2001; B eaugrand et a l, 2002; Edwards and 
R ichardson, 2004).

C ontem porary  observations using ten  years of 
b lended  satellite and  in situ chlorophyll records 
indicate th a t global ocean n e t prim ary production  
has declined over the last decade, particularly in the 
oligotrophic gyres of the w orld 's oceans (Behrenfeld 
et a l,  2006). In  contrast, trends based  on 50 years 
of Phytoplankton  C olour Index records (a proxy 
for chlorophyll) indicate there has b een  an steady 
increase in  phy toplankton  biom ass for the w hole 
tem perate  N ortheast A tlantic (Richardson and 
Schoem an, 2004), w hich is visible in  Figure 10.3. 
Both studies correlate these increases w ith  sea 
surface tem peratures (Figure 10.4). This increase 
in  phytoplankton  biom ass is presum ably  the result 
of an  initial increase in  phytoplankton  m etabolic 
rates caused by these w arm er tem peratures in 
otherw ise cooler-w ater regions. This positive 
response to w arm ing  is no t unlim ited, how ever, as 
nu trien t lim itations can take effect as w arm ing  of 
the surface layers increase w ater-colum n stability, 
enhancing  stratification, and  requiring m ore energy 
to mix deep, nu trien t-rich  w aters into surface 
layers. Particularly w arm  w inters will also limit the 
degree of deep convective m ixing and  thereby  limit 
nu trien t rep len ishm ent necessary for the following 
spring phytoplankton  bloom . The am oun t of 
nu trien ts available in  surface w aters directly dictates

phy toplankton  grow th and  is the key determ inant 
of the p lank ton  size, com m unity, and foodweb 
structure.

Clim ate variability has a spatially heterogeneous 
im pact on  phytoplankton  in  the N orth  Atlantic and 
no t all regional areas are correlated to the sam e 
climatic index. For example, trends in  the AM O are 
particularly prevalent in  the oceanic regions and  in 
the Subpolar Gyre of the N orth  A tlantic, and  the 
NAO has a h igher im pact in  the sou thern  N orth  
Sea w here the a tm osphere -ocean  interface is m ost 
pronounced . This is also apparen t w ith  respect to 
the N orthern  H em isphere Tem perature, w here 
the response is also spatially heterogeneous w ith  
areas of the N ortheast A tlantic and  shelf areas of 
the N orthw est A tlantic w arm ing  faster th an  the 
N orth  A tlantic average and  som e areas like the 
Subpolar Gyre actually cooling. Similarly, regime 
shifts or abrupt ecosystem  shifts do no t always 
occur in the sam e region or at the sam e tim e. The 
m ajor regim e shift th a t occurred in phytop lankton  
colour in the late 1980s w as particularly prevalent 
in the N orth  Sea and  w as no t seen in oceanic 
regions of the N orth  A tlantic. However, a similar 
regim e shift occurred in  the phytoplankton  colour 
ten  years later in  the Icelandic Basin and  in  oceanic 
regions w est of the British Isles. The different 
tim ing and  differing regional responses to regim e 
shifts have b een  associated w ith  the m ovem ent 
of the 10°C therm al boundary  as it m oves no rth  
in the N orth  A tlantic (Beaugrand et a l, 2008).

In exam ining the long-term  trends in  the three 
phytoplankton indices (PCI, Total Diatoms, and Total 
D inoflagellates), the general p a tte rn  is an increase 
in PCI for m ost regions in the N orth  Atlantic (Figure 
10.3), w ith  differing tim ings for the m ain  stepwise 
increase being  later in  oceanic regions com pared 
w ith  the N orth  Sea. W ithin the dinoflagellates 
(Figure 10.6), there has b een  a general increase in 
abundance in  the N orthw est A tlantic and  a decline 
in the N ortheast A tlantic over a m ultidecadal 
period. In  particular, som e regions of the N orth  
Sea have experienced a sharp decline over the 
last decade, m ainly caused by the dram atically 
reduced abundance of the Ceratium genus in  the 
N orth  Sea. However, Ceratium abundance has 
recovered in  the N orth  Sea over the last two years. 
For the diatom s (Figure 10.5), there is no t really a 
p redom inan t trend  for the N orth  A tlantic Basin 
as a w hole, bu t som e regions show  a strong cyclic 
behaviour over the m ultidecadal period. The tim e- 
signal resem bles an oscillation of ca. 50-60 years 
and  a m inim um  around  1980, reflecting changes 
in the AM O  signal. In  summary, a lthough  climate 
w arm ing  is a m ajor driver for the overall biom ass
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of phytoplankton, d iatom s are less influenced  
by tem p era tu re  and  show  a strong correlation 
w ith  the AM O signal and  w ind in tensity  in  m any 
regions. The increase in  d iatom s associated w ith 
the positive phase of the AM O and  the decline in 
dinoflagellate abundance over the last ten  years 
in  the N ortheast A tlantic can be reflected as an 
increase in the diatom s:diatom s+dinoflagellates 
ratio. Figure 10.7 show s a strong positive increase 
in  this ratio in  the N orth  Sea, bu t a strong 
negative decrease in the L abrador Sea region.

Indirectly, the progressive freshening of the 
Labrador Sea region, a ttribu ted  to climate w arm ing 
and  the increase in  freshw ater inpu t to the ocean 
from m elting  ice, has resulted in  the increasing 
abundance, bloom s, and  shifts in seasonal cycles 
of dinoflagellates because of the increased stability 
of the w ater colum n (Johns et a l,  2001). Similarly, 
increases in  coccolithophore b loom s in the Barents 
Sea and  harm ful algal bloom s (HABs) in  the 
N orth  Sea are associated w ith  negative salinity 
anom alies and  w arm er tem peratures, leading to 
increased stratification (Edwards et a l,  2006; Smyth 
et a l,  2004). It seem s likely th a t an  im portan t 
environm ental im pact caused by climate change is 
an  increase in  the presence of halm e stratification in 
regions susceptible to freshw ater inputs, resulting 
in  an increase in  b loom  form ation.

Globally, eu trophication  is considered a m ajor 
th rea t to the functioning of nearshore ecosystem s, 
as it has b een  associated w ith  the occurrence 
and  perceived increase of HABs. HABs are, in 
m ost cases, a com pletely natural phenom enon  
and  occur regularly th roughou t recorded history. 
D isentangling these natural b loom  events, 
caused by natural hydroclim atic variability, from 
unnatu ra l b loom  events caused by global climate 
change or eutrophication, can be very difficult. For 
example, increasing tem perature, nu trien t inpu t 
fluctuations in  upw elling areas, eu trophication  in 
coastal areas, and  enhanced  surface stratification 
all have species-specific responses. Prediction of 
the im pact of global climate change is, therefore, 
fraught w ith  num erous uncertainties. There is som e 
evidence th a t biogeographical range extensions 
caused by regional climate change have increased 
the presence of certain HABs in  som e regions 
(Edwards et a l, 2006). Regional climate w arm ing 
and  hydrographic variability in  the N orth  Sea has 
also b een  associated w ith  an  increase in  certain 
HABs in  som e areas of the N orth  Sea, particularly 
along the N orw egian C oastal C urrent (Edwards 
et a l, 2006). The abundance of Prorocentrum spp. 
and  Noctiluca scintillans abundance is strongly 
correlated w ith  increasing SST, and  the increase in

a num ber of d iatom  species in the N orth  Sea over 
the last decade has b een  associated w ith  increasing 
w ind in tensity  (H inder et a l, 2012), w hich has been  
increasing across the m ajority of the N orth  A tlantic 
Basin (Figure 10.8). Phenological studies have also 
found strong  correlations betw een  the m ovem ent 
of dinoflagellates (up to 1 m on th  earlier) in their 
seasonal cycle and  regional climate w arm ing 
(Edwards and  R ichardson, 2004). In summary, at 
the large ecoregional and  provincial scale, trends 
in phytop lankton  are associated w ith  hydro- 
climatic variability. This is n o t to say, how ever, tha t 
eutrophication  is no t a problem ; it may, in  fact, be 
the prim ary driver in certain coastal regions and  at 
the m ore localized scale.

10.2 Basin-scale trends in 
microzooplankton

Tintinnids are ciliates, often grouped under 
microzooplankton, and they are an im portant group 
of m arine m icrograzers of nanophytop lankton . 
T intinnids help transport nu trien ts to h igher trophic 
levels and  rem ove 10-27%  of phytoplankton  from 
coastal w aters (Verity, 1987). They show  a pelagic 
distribution, highest betw een 20 and 30°N or S, and 
there is often a correlation in  tin tinn id  abundance 
and  chlorophyll a (Dolan et a l, 2006). The CPR 
tin tinn id  tim e-series (1993-2010) are significantly 
shorter th an  the o ther CPR variables (1958-2010), 
bu t som e initial trends em erge (Figure 10.9). 
T intinnids in  the w estern  N orth  A tlantic, bordering  
N ew foundland  and  Labrador (standard area D8), 
are exhibiting an  overall positive increase, w hereas 
standard  area boxes in the sou thern  (C l, D2) and 
no rth ern  (B2) N orth  Sea show  an  overall decline.

Total tin tinn id  m easurem en ts do no t reflect 
individual genus or species patterns. Tintinnid 
species have specific abundance and  seasonality 
(Urrutxurtu, 2004), w hich m ay be m asked by 
assessing phenology  at a h igher taxon level (i.e. 
"totals"). Several genera of tin tinnids, such as 
Tintinnopsis, w ere found  to expand their w in ter 
seasonal presence into UK coastal w aters (H inder 
e t al ,  2011). Surprisingly, the total tin tinn id  patterns 
in this study do no t follow PCI trends or SST (which 
are universally increasing), b u t their phenology  can 
potentially  be related to dinoflagellate abundance, 
w hich m ay be a food source. As the CPR tin tinnid  
tim e-series are relatively short, these trends m ay 
becom e m ore evident as m onitoring  continues.
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10.3 Phytoplankton biodiversity and 
invasive species

A t the ocean basin  scale, biodiversity of 
phytoplankton  is related  to tem perature, and  an 
increase in  w arm ing  over the last few decades 
has b een  follow ed by an  increase in diversity, 
particularly for dinoflagellates (Beaugrand et a l, 
2010). Phytoplankton as a w hole show  a relationship 
betw een  tem perature and  diversity, w hich is linked 
to the phytoplankton  com m unity  having a h igher 
diversity, bu t an  overall sm aller size-fraction and 
a m ore com plex foodw eb structure (i.e. m icrobial- 
based  vs. d ia tom -based  production) in  w arm er, 
m ore stratified environm ents. C limate w arm ing 
will, therefore, increase planktonic diversity 
th roughou t the cooler regions of the w orld 's oceans 
as tem perature  iso therm s shift polew ard. A part 
from  therm al boundary  limits m oving progressively 
polew ard and, in  som e cases, expanding, the rapid 
climate change observed in  the Arctic m ay have 
even greater consequences for the establishm ent of 
invasive species and  the biodiversity of the N orth  
A tlantic.

The thickness and areal coverage of sum m er ice 
in  the Arctic have b een  m elting  at an increasingly 
rapid rate over the last tw o decades, reaching the 
low est-ever recorded extent in  Septem ber 2007. 
In  spring, follow ing the unusually  large ice-free 
period in 1998, large num bers of a Pacific diatom  
Neodenticula seminae w ere found  in sam ples taken  
by the CPR survey in the Labrador Sea in the N orth  
A tlantic. N. seminae is an  abundan t m em ber of the 
phytoplankton  in the subpolar N orth  Pacific and 
has a w ell-defined palaeo history based  on deep- 
sea cores. A ccording to the palaeological evidence 
and  m odern  surface sam pling in  the N orth  Atlantic 
since 1948, th is w as the first record of th is species 
in  the N orth  A tlantic for at least 800 000 years. The 
reappearance of N. seminae in the N orth  Atlantic, and 
its subsequent spread southw ards and  eastw ards to 
o ther areas in the N orth  A tlantic, after such a long 
gap, could be an indicator of the scale and  speed 
of changes th a t are taking place in the Arctic and 
N orth  A tlantic oceans as a consequence of climate 
w arm ing  (Reid et a l,  2007). The diatom  species 
itself could be the first evidence of a transarctic 
m igration in  m odern  tim es and  be a harb inger of 
a potential inundation  of new  organism s into the 
N orth  Atlantic. The consequences of such a change 
to the function, climatic feedbacks, and  biodiversity 
of Arctic system s are, at present, unknow n.

10.4 Trends in marine pathogens

As sea surface tem peratures increase, predictions 
favour an increase in the num ber and  range of 
pathogenic m icroorganism s. Such changes are 
difficult to determ ine over short periods, as one 
cannot separate short-term  variations from  long­
term  clim ate-change trends. In  a unique long­
term  tim e-study, Vezzulli et al. (2011) investigated 
the spread of the pathogenic bacteria Vibrio, the 
causative agent of cholera, in  the N orth  Sea using 
54 years of CPR-collected sam ples. U sing DNA 
extract from  CPR sam ples, the relative proportion  
of Vibrio bacteria in  relation  to total bacteria was 
calculated. This Vibrio A bundance Index (VAI) was 
found  to have steadily increased over four decades, 
and  the trend  w as correlated w ith  SST and  copepod 
abundance, b u t no t PCI. Vibrio thrives best in  w ater 
tem peratures over 18°C (Vezzulli et a l,  2004). 
W ithin the sou thern  Rhine region of the N orth  Sea, 
an  area w hich frequently  has sum m er SST values 
over 18°C, the correlation betw een SST and VAI was 
significant. W ithin the no rth ern  H um ber region, 
an  area w here SST never exceeds 18°C, there was no 
significant increase or clear trend. Vibrio attach  to 
chitin surfaces, such as the shells of copepods and 
o ther chitinous Zooplankton. The correlation w ith  
copepod abundance indicates th is relationship is 
b o th  a pathw ay for the pathogen  and  a potential 
m onitoring  proxy.
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A coccolithophore bloom  
(Prymnesiophyceae) in the Bay 
of Biscay, as visible from space. 
Photo: NASA/GSFC Rapid 
Response program.
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11. SPATIO-TEMPORAL ATLAS 
OF THE NORTH ATLANTIC
William K. W. Li, Todd D. O'Brien, and Xosé Anxelu G. Moran

In  the foregoing chapters, tem poral change w as 
visually indicated in the in terannual trend  plots 
w ith  a slope line represen ting  the linear regression 
of the annual anom alies vs. year. The color and 
form  of this line indicated the significance level of 
this regression (e.g. a solid green line if p< 0.01, a 
dashed  green line if p< 0.05, a th in  grey line if n o n ­
significant, see Section 2.2). Because the process of 
change cannot be assum ed to be linear, the slope is 
not an inferential predictor. D epending on the length 
of the observation period, the slope can be expected 
to be different at the sam e m onito ring  site. Thus, 
the slope is u sed  here as a simple descriptor of the 
current state (through 2010) of the m icrobial system  
in relation to its past state for two starting  points in 
the past (1981 and  2001), represen ting  10 and  30 
years of m onitoring. In  this section, we m ap and 
tabulate this statistic for selected com m on variables 
across the 61 m onitoring  sites and  40 CPR standard  
areas in troduced in the foregoing chapters. For the 
10-year trend  analysis, we considered only those 
tim e-series for w hich there existed at least 7 years 
of observations in  the period 2001-2010. Similarly, 
for the 30-year trend  analysis, w e considered only 
those tim e-series for w hich there existed at least 21 
years of observations in  the period 1981-2010.

The spatio -tem poral sum m ary tables p resen ted  in 
this section list the site nam es and  the regression 
slopes of select variables from  the 61 m onitoring  
sites (Tables 11.1 and  11.3) and  the 40 CPR standard  
areas (Tables 11.2 and  11.4).The cells in these tables 
are colour-coded according to one of six regression 
result classes, depend ing  on  the sign of its slope 
(positive or negative) and  the strength  of the 
slope's statistical significance (strongly significant, 
significant, or no t significant). The code is: dark 
red (positive slope, p< 0.01); pink (positive slope, 
p< 0.05); light p ink  (positive slope, p >0.05); light 
cyan (negative slope, p >0.05); cyan (negative slope, 
p< 0.05); dark blue (negative slope, p< 0.01). The 
sam e color coding w as used  in  the spatio-tem poral 
m aps (Figures 11.2-11.16), w ith  a star sym bol used 
to represen t the location and  trends of each of 
the 40 CPR standard  area regressions and  a circle 
sym bol used  to indicate the location and  trends of 
each of the 61 m onito ring  sites.

The salient pa tterns th a t appear from th is large- 
scale consolidation are described as follows. At 
the shorter tim e-scale of ten  years, the m ajority 
(>50%) of the 61 m onitoring  sites listed in  Table 
11.1 show  decreasing sea surface tem perature, 
increasing w ind speed, and  chlorophyll a 
concentrations, decreasing to tal d iatom  abundance, 
increasing total dinoflagellate abundance, 
decreasing diatom s:diatom s+dinoflagellates ratios,
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Figure 11.1
Spatio-temporal map o f 10-year 
trends in sea surface temperature 
plotted on a background of 
average sea surface temperature 
(see also Figure 11.2).

increasing p icophytoplankton abundance (both 
picoeukaryotes and  Synechococcus), and  decreasing 
bacteria abundance. In contrast, m any of the 10- 
year CPR standard  area trends (Table 11.2) show  an 
opposite trend, w ith  a m ajority exhibiting increasing 
SST, decreasing w ind speed, and  decreasing 
phytoplankton  colour index (a chlorophyll a proxy), 
diatom s, and  dinoflagellates.

The spatial d istribution patterns of these trends 
varied from variable to variable.The com bined CPR 
and  m onitoring  site spatio -tem poral m ap for 10- 
year sea surface tem perature  (Figure 11.2) indicated 
cooling along m ost of the E uropean coastlines and 
w arm ing  in  the central A tlantic basin  and  along 
m uch of the N orth  A m erican coast. A  similar e as t- 
w est d istribution of opposite trends is also visible 
in  w ind speed (Figure 11.3), w ith  increasing w ind 
speed in  m any of the eastern  regions and  decreasing 
w ind speeds in  m any of the w estern  regions. This 
east-w est trend  w as no t as visibly p resen t in  the 
rem ain ing  variables, however. Chlorophyll trends 
(Figure 11.4), for example, form ed sm all clusters 
of sam e-sign  trends. D iatom  abundance (Figure
11.5) and  dinoflagellate abundance (Figure 11.6) 
featured  sim ilar regionalized clusters like the 
chlorophyll, bu t varied in  correlation direction w ith  
chlorophyll (i.e. in som e regions, diatom s increased 
w ith  increasing chlorophyll, w hereas in  others, 
they  decreased w ith  increasing chlorophyll). The

diatom s:diatom s+dinoflagellates ratio (Figure 11.6) 
follow ed this sam e regional clustering pattern . 
A lthough  relatively few sites exist for Synechococcus 
and  picoeukaryotes, the regionalized trend  
clustering appears to be p resen t (Figures 11.7 and
11.8).

A t the longer tim e-scale of 30 years, the m ajority 
of the m onito ring  sites listed in  Table 11.3 show  
increasing sea surface tem perature, chlorophyll a 
concentrations, and  to tal d iatom  abundance, bu t 
decreasing total dinoflagellate abundance and 
diatom s:diatom s+dinoflagellates ratio. This same 
m ajority  p a tte rn  w as found  in the CPR standard  
areas (Table 11.4), w ith  the exception of an 
increasing diatom s:diatom s+dinoflagellates ratio. It 
should  be no ted  th a t the absence of 30-year trend  
inform ation for picophytoplankton and  bacteria 
stem s from  the fact th a t these sm allest size classes 
have only recently b een  incorporated  into tim e- 
series (i.e. they  did no t m eet the m inim um  of 21 
years criteria for the 30-year analysis).

O ne striking result of the 30-year analysis is found 
in  the sea surface tem pera tu re  trends. O u t of the 
101 locations listed in  Tables 11.3 and  11.4, only 
one site indicated  cooling. O f the 100 w arm ing  
locations, 96 had  significant trends (nine w ith  p< 
0.05 and  85 w ith  p<0.01). In  the 30-year spatio- 
tem poral m ap (Figure 11.11), the one cooling site

1 6 8 /1 6 9
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and  three of the four non-significant w arm ing 
trend  sites are found  in  the G ulf of M aine region. 
The cooling trends along the E uropean coastline 
are replaced w ith  strong (p< 0.01) w arm ing trends 
in  the 30-year analysis.

D espite losing points from  som e of the shorter 
(< 21 year) sites, the regional clustering of like 
trends (seen in  the 10-year m aps) is also p resen t in 
the 30-year m aps, in  som e instances expanding in 
spatial coverage.Trends seen  in  the 10-year analysis 
reverse in  som e 30-year sites and  streng then  
in  others. The apparen t lO -year/30-year trend  
differences in  the large phytoplankton  groups 
(diatom s, dinoflagellates, and  their ratio) is difficult 
to interpret, bu t m ay be the result of reduced 
natural variability in  environm ental factors as a 
tim e-series grows in  length. A  m ain  finding of the 
SCOR G lobal C om parisons of Z ooplankton  Time-

series w orking group (WG125) w as th a t 30 years 
w as a rough  m inim um  for looking at longer-term  
trends, responses to climate forcing, and  synchrony 
b etw een  sites (see Batchelder et a l, 2012; M ackas et 
a l, 2012). A lthough the m ajority of the Zooplankton 
survey sites w ere in  shelf and  open  w aters, a 
large po rtion  of the phy top lank ton  and  m icrobial 
p lan k to n  sites (w ith exception of th e  CPR data) 
are located  in  shallow  coastal w aters, bays, 
estuaries, and  lagoons. In  these  environm ents, 
local hydrographic forcing (e.g. tides, river ru n ­
off, an thropogenic nu trien t inputs) are likely to 
contribute heavily to increasing the variability 
w ith in  these tim e-series. Likewise, functional 
groups such as to tal diatom s or to tal dinoflagellates 
can often m ask the subtleties or responses given by 
individual species. N evertheless, functional groups 
underlie the functional approach to understand ing  
ecosystem  change.

Table 11.1
Table o f 10-year trends and linear 
regression slope values listed 
by monitoring site and variable 
name. Cell colors indicate slope 
(blue/cyan = negative, red/pink = 
positive). Statistical significance 
is indicated by color and symbol 
(dark red (+++) /blue (— ) = 
p< 0.01, medium pink (++) /cyan 
(—) = p< 0.05). Lightest pink (+) 
/  cyan cells (-) indicate slope of 
nonsignificant trend (p >0.05).
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Table 11.2
Table o f 10-year trends and linear regression slope values listed by CPR standard area and variable name. Cell colors indicate slope 
(blue/cyan = negative, red/pink = positive). Statistical significance is indicated by color and symbol (dark red (+++) /blue (— ) = 
p< 0.01, medium pink (++) /cyan (—) = p< 0.05). Lightest pink (+) /  cyan cells (-) indicate slope o f non-significant trend (p >0.05).



ICES Phytoplankton and Microbial Plankton Status Report 2009/2010

Sen Surface Temperature

Figure 11.2
Spatio-temporal map of 10-year 
trends in sea surface temperature 
present within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark rediblue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.

Wind Speed
Í0 -JBS7  iFffllrf

Figure 11.3
Spatio-temporal map of 10-year 
trends in wind speed present 
within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.4
Spatio-temporal map of 10-year 
trends in the Phytoplankton 
Colour Index present within the 
CPRstandard areas (starsymbols) 
and chlorophyll a present within 
the other monitoring sites (circle 
symbols). Symbol colors indicate 
slope (blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.5
Spatio-temporal map of 10-year 
trends in total diatom abundance 
present within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.

Total Diatoms
10-Vivr Irtnd

Figure 11.6
Spatio-temporal map of 10-year 
trends in total dinoflagellate 
abundance present within 
the CPR standard areas (star 
symbols) and other monitoring 
sites (circle symbols). Symbol 
colors indicate slope (blue/cyan 
= negative, red/pink = positive) 
and statistical significance (dark 
red/blue = p< 0.01, pink/cyan = 
p< 0.05). Symbols with a white, 
unfilled, centre indicate slope 
with a nonsignificant (p >0.05) 
trend.

Total Dinoflagellates
TO-pew fnnd

Figure 11.7
Spatio-temporal map of 10-year 
trends in the diatoms: 
diatoms+dinoflagellates ratio 
present within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.8
Spatio-temporal map of 10- 
year trends in picoeukaryote 
abundance present within 
the phytoplankton monitoring 
sites. (This variable is not 
currently available from the 
CPR programme.) Symbol 
colors indicate slope (blue/cyan 
= negative, red/pink = positive) 
and statistical significance (dark 
red/blue = p< 0.01, pink/cyan = 
p< 0.05). Symbols with a white, 
unfilled, centre indicate slope 
with a nonsignificant (p >0.05) 
trend.

Synechococcus
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Figure 11.9
Spatio-temporal map of 10- 
year trends in Synechococcus 
abundance present within the 
phytoplankton monitoring 
sites. (This variable is not 
currently available from the 
CPR programme.) Symbol 
colors indicate slope (blue/cyan 
= negative, red/pink = positive) 
and statistical significance (dark 
red/blue = p< 0.01, pink/cyan = 
p< 0.05). Symbols with a white, 
unfilled, centre indicate slope 
with a nonsignificant (p >0.05) 
trend.
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Figure 11.10
Spatio-temporal map of 10-year 
trends in bacteria abundance 
present within the phytoplankton 
monitoring sites. (This variable 
is not currently available from 
the CPR programme.) Symbol 
colors indicate slope (blue/cyan 
= negative, red/pink = positive) 
and statistical significance (dark 
red/blue = p< 0.01, pink/cyan = 
p< 0.05). Symbols with a white, 
unfilled, centre indicate slope 
with a nonsignificant (p >0.05) 
trend.
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Table 11.3
Table of 30-year trends and linear regression slope values listed by monitoring site and variable name. Cell colors indicate slope (blue/ 
cyan = negative, red/pink = positive). Statistical significance is indicated by color and symbol (dark red (+++) /blue (— ) = p< 0.01, 
medium pink (++)/cyan (—) = p< 0.05). Lightest pink (+) /  cyan cells (-) indicate slope of nonsignificant trend (p >0.05).
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Figure 11.11
Spatio-temporal map of 30-year 
trends in sea surface temperature 
present within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.12
Spatio-temporal map of 30-year 
trends in wind speed present 
within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.13
Spatio-temporal map of 30-year 
trendsin thePhytoplankton Colour 
Index present within the CPR 
standard areas (star symbols) 
and chlorophyll a present within 
the other monitoring sites (circle 
symbols). Symbol colors indicate 
slope (blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p< 0.01, pink/cyan = p< 0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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Figure 11.14
Spatio-temporal map of 30-year 
trends in total diatom abundance 
present within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark rediblue = 
p <  0.01, pink/cyan = p <  0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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figure 11.15
Spatio-temporal map of 30-year 
trends in total dinoflagellate 
abundance present within 
the CPR standard areas (star 
symbols) and other monitoring 
sites (circle symbols). Symbol 
colors indicate slope (blue/cyan 
= negative, red/pink = positive) 
and statistical significance (dark 
red/blue = p <  0.01, pink/cyan = 
p <  0.05). Symbols with a white, 
unfilled, centre indicate slope 
with a nonsignificant ( p  >0.05) 
trend.
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Figure 11.16
Spatio-temporal map of 30-year 
trends in the diatoms:diatoms+ 
dinoflagellates ratio present 
within the CPR standard 
areas (star symbols) and other 
monitoring sites (circle symbols). 
Symbol colors indicate slope 
(blue/cyan = negative, red/ 
pink = positive) and statistical 
significance (dark red/blue = 
p <  0.01, pink/cyan = p <  0.05). 
Symbols with a white, unfilled, 
centre indicate slope with a non­
significant (p >0.05) trend.
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