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1. Executive Summary
There have been an increasing number of reports of changes in abundance of large
brown kelp and wrack seaweed species around the British Isles in the last decade,
with declines reported in the south for kelp species and increases in northern and
central  areas  for  some kelps  and  wracks.  Accordingly,  effort  has  been  made to
determine  the  extent  and  drivers  of  change  in  the  region.  This  study  examines
recent-past (1960s to the early 2000s) changes in the marine environment around
the British Isles in order to determine the drivers of change in seaweed abundance
previously documented.

Numerous sources of marine environmental data were explored for potential use in
this project, including direct observations made by governmental agencies, satellite-
derived data, and hind-cast model simulations. Each were examined to identify those
that best matched a previously compiled dataset on seaweed abundance over the
period  1974–2010,  for  the  maximum  possible  number  of  parameters.  Hind-cast
model simulations provided the best spatial and temporal coverage in relation to the
seaweed abundance dataset for numerous environmental parameters (temperature,
salinity, dissolved oxygen and nutrient concentrations, productivity indices and light
attenuation),  and thus were used in this study to determine i)  the general abiotic
environment  prevailing  around the British  Isles  over  the recent-past,  ii)  long-term
trends in environmental parameters, iii) the velocities and direction of change, and iv)
the drivers of change in abundance for 14 species of large brown kelp and wrack
seaweed.

The  results  revealed  distinct  environmental  regimes  across  regional  seas
(biogeographic  boundaries  defined  by  the  Joint  Nature  Conservation  Committee)
around the British Isles, over which the brown seaweed species are distributed. Sea
surface temperature increases were evident in all regions from 1967 to 2012, with a
greater rate of increase from the mid-1980s onwards and greater warming in cooler
regions.  In  contrast,  long-term  (1967–2004)  declines  in  all  other  environmental
parameters were identified, though were reduced or absent in more recent decades
(1984-2004). 

Theoretical velocities of change highlighted potential rates of migration required to
sustain desirable environmental conditions over the study period (~ 1–11.8 km yr-1

over 1967–2004). All environmental parameters simultaneously showed an advance
in the velocities required to keep pace (up to 23–35 km yr -1 over 1984–2004), and
vast areas of the British Isles, including significant coastal regions of the North Sea
and  Irish  Sea,  have  experienced  significant  changes  in  marine  environmental
conditions,  in excess of the overall  variability in the marine environment apparent
over the NE Atlantic.

Significant relationships were identified between brown seaweed abundance and all
environmental parameters investigated, though relationships were varied, complex
and  ill-defined,  reflecting  problems  associated  with  the  limited  abundance  data.
Strongest  predictions  of  abundance  were  apparent  for  Sargassum  muticum,
Himanthalia elongata, Laminaria ochroleuca and Alaria esculenta. Across all species,
data indicated that seawater warming may have promoted seaweed abundance over
the recent-past, though the strength of relationships was generally weak. 

We  recommend  establishing  and  maintaining  long-term  monitoring  of  seaweed
populations around the country,  employing consistent  and rigorous methodologies
throughout  to  permit  comparisons  of  change  in  different  regions,  and  integrating
observations with monitoring of potential drivers of change.
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2. Introduction
2.1 Background
Seaweeds are ecologically important primary producers, competitors and ecosystem
engineers that play a central  role in coastal  habitats,  and are intimately linked to
human cultural  and economic systems via the provision of ecosystem goods and
services ranging from food to medicine to storm protection (Harley et al. 2012). Large
brown seaweeds are the main habitat formers in temperate reef ecosystems (Tuya et
al.  2012), with kelp forests (Laminariales)  dominating biomass in the subtidal and
wracks (Fucales) in the intertidal (Yesson et al. 2015a). In the last decade there have
been an increasing  number  of  reports  that  kelps  and wracks,  which characterize
shores  around  the  British  Isles,  are  declining  or  disappearing  here  and  in  other
related areas in  the North East  Atlantic  (Simkanin et  al.  2005,  Lima et  al.  2007,
Fernandez 2011). Accordingly, a recent effort has been made to determine the extent
and drivers of change in the region.  

2.2 Previous studies
Yesson et  al.  (2015a) produced an estimate of  the broad-scale distribution of  15
large brown seaweed species around the British Isles, demonstrating that kelps and
wracks potentially inhabit 19,000 km2 and 11,000 km2, respectively, an area similar in
scale to British broadleaf forest. Yesson et al. (2015b) further examined changes in
the  abundance  of  14  of  these  species  (Table  1)  over  the  period  1974–2010,
comparing  trends  sea  surface  temperatures  (SST).  Regional  patterns  of  both
increase and decrease in abundance were revealed for multiple species (Table 1),
with significant declines in the south for kelp species and increases in northern and
central areas for some kelps and wracks. While significant associations with SSTs
were observed for 10 of the 14 species studied, a mixture of positive and negative
responses were apparent. As such, the need to determine the drivers of change in
large brown seaweed abundance around the British Isles was identified.

Table 1. Changes in brown seaweed species abundance around the British Isles determined
by Yesson et al. (2015b). The table shows the slope of abundance over time. Colours indicate
trends  and  significance.  Red indicates  an unambiguously  negative  trend,  orange a weak
negative trend, green an unambiguously positive trend, pale green a weak positive trend, and
yellow indicates no-significant trend.

South Central North
Group Species SW

Atlantic

Western
Channel &
Celtic Sea

English
Channel

North
Sea (S)

Irish Sea
West

Ireland
North Sea

(N)
Western
Scotland

Scottish
Shelf

Kelp Alaria esculenta 0.0741 -0.0199 -0.0496 0.0500 0.0001

Chorda filum -0.0032 -0.1500 0.0222 -0.2500 0.0000 0.0001

Laminaria digitata 0.0001 -0.0013 -0.0167 0.0708 0.0000 0.0731

Laminaria hyperborea -0.0084 -0.0352 0.0115 -0.0001 0.0001 0.0001 0.0149

Laminaria ochroleuca -0.0317

Saccharina latissima 0.0094 -0.0318 -0.0001 -0.1250 -0.0309 -0.0079 0.0000

Saccorhiza polyschides -0.0324 0.0035 0.0243 -0.0070 0.1434

Wrack Ascophyllum nodosum 0.0000 0.0071 0.2500 -0.0298 0.0091

Fucus serratus 0.0074 -0.0313 -0.0034 -0.0075 0.0000 -0.0379

Fucus spiralis -0.0130 0.0323 -0.0125 -0.0333 0.0000

Fucus vesiculosus 0.0072 0.0395 0.0001 0.1428 -0.0227 0.0113

Himanthalia elongate -0.0094 0.0154 -0.0150 0.0776

Pelvetia canaliculata 0.0000 0.0000 -0.0278 -0.0481

Sargassum muticum -0.0439 0.0314 0.3138

2.3 Current study
This  study  examines  recent-past  (1960s  –  early  2000s)  changes  in  the  marine
environment around the British Isles in order to determine the drivers of change in
seaweed  abundance  documented  by  Yesson  et  al.  (2015b).  Numerous  abiotic
parameters in addition to SST have been investigated to extend the comparisons
made by Yesson et  al.  (2015b),  including  salinity,  dissolved  oxygen  and nutrient
concentrations, productivity indices and light attenuation. 
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3. Aims

The aims of this project are to:

i. collate data on the marine environment of  the British Isles over the
recent-past (late 1960s to early 2000s),

ii. use these data to determine the major changes that have occurred in
the marine environment over this period, 

iii. compare these with known changes in the abundance of large brown
seaweeds over the same period, 

iv. interpret these data to provide an account of the potential  drivers of
change of large brown seaweeds around the British Isles to-date, 

v. provide  recommendations  on  the  steps  required  to  allow  future
projection of the fate of these important marine resources.

4. Methods
4.1. Data Acquisition

Data sources investigated for this project  are summarised in Table 2.  The
objectives when sourcing environmental data were to maximise the spatial
and  temporal  distribution  relative  to  the  seaweed  abundance  dataset  of
Yesson et al. (2015b), and to maximize the number of parameters available.
Three main types of data were available: direct observations, satellite-derived
data, and hind-cast model simulations.  Of these, hind-cast model simulations
were  preferred  given  the  complete  spatial  and  large  temporal  coverage
provided  relative  to  the  seaweed  abundance  data,  the  relatively  high
resolution,  high  frequency  of  observations,  and  large  suite  of  parameters
available. Four hind-cast model simulations (Table 3), hosted as part of the
Marine  Environment  Monitoring  Program  of  Copernicus
(http://www.copernicus.eu),  were  utilised  for  the  present  study,  with  all
parameters retrieved as monthly mean GIS layers (CRS=EPSG:5714) for the
sea surface layer (< 0.001 m depth). See Appendix A for full model details.
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Table 2. Data types investigated for this project, showing the data sources, parameters 
available, and the respective advantages and disadvantages of each data type in relation to 
the aims of this project. SST = sea surface temperature, SSS = sea surface salinity, Chl a = 
chlorophyll a, Kd = light attenuation. 

Data Type Sources Parameters Advantages Disadvantages
Direct 
observations
(point data)

Centre for 
Environment 
Fisheries and 
Aquaculture 
Science (CEFAS)

Scottish 
Environment 
Protection Agency 
(SEPA)

Marine Scotland

SST
SSS
Nutrients
Chl a

direct in-situ 
measurements

long time-series 
for some 
locations

extremely 
heterogeneous in 
space and time

longer time-series 
restricted to SST 
and SSS data

impacted by 
changes in methods
and observers

often missing data 
and/or lack of 
associated meta-
data

Satellite-
derived

OceanColor - 
NASA

SST
Chl a
Kd
productivity  

indices 
etc.

monthly 
resolution data 
available

wide spatial 
coverage

only very recent 
data available 
relative to seaweed 
abundance dataset

km scale resolution

some missing data 
for higher latitudes 
over winter periods

Hind-cast 
model 
simulations

Copernicus SST
SSS
O2

nutrients
productivity 

indices
Kd
etc.

complete spatial 
coverage of 
seaweed 
abundance 
dataset

almost complete 
temporal 
coverage of 
seaweed 
abundance 
dataset

numerous 
environmental 
parameters 
available

modeled as 
opposed to 
measured 
observations

km scale resolution
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Table 3. Details of models and parameters derived for utilisation during this study.

Model Time Period Resolution Parameters (Abbreviation, Unit)
P6004 1960–2004 ~12 km Sea surface temperature (SST, oC)

Sea surface salinity (SSS, p.s.u.)

B6704 1967–2004 ~12 km Dissolved oxygen (O2, mmol m-3)
Dissolved inorganic phosphate (PO4, mmol m-3)
Dissolved inorganic nitrate (NO3, mmol m-3)
Chlorophyll-a (CHL, mg m-3)
Total phytoplankton biomass (PHYTO, mg C m-3)
Net primary productivity (PP, mg C m-3 d-1)
Light attenuation (Kd m-1)

P8512 1985–2012 ~ 7 km Seawater potential temperature (SST, K)
Seawater salinity (1e-3)

B8512* 1985–2012 ~7 km as B6704
*B8512 was not available for use in the present study due to errors in the data hosted on the
Copernicus website despite 3 attempts over 2015 to correct these errors.
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4.2. Trends in the abiotic environment

Recent-past  changes  in  the  marine  environment  of  the  British  Isles  were
examined regionally based on the biogeographic boundaries described by the
Joint Nature Conservation Committee’s (JNCC) regional seas project (Connor
et  al.  2004).  Figure 1 illustrates  the regional  seas included in  the present
study.

Figure  1. Regional  seas  used  to  group  data  during  the  present  study  based  on  JNCC
biogeographic boundaries (Connor et al. 2004). E. Eng. Channel = Eastern English Channel,
W. Channel = Western Channel, W. Scot = Western Scotland, Scot. Cont. Shelf = Scottish
Continental Shelf.

4.2.1. Regional seas abiotic environment 

General  patterns  in  the  abiotic  environment  of  each  regional  sea  were
determined using a combination of P6004 and B6704 (see Table 3), whereby
all parameters from both models were used in the analysis, though the first 7
years of SST and SSS data from P6004 were omitted to allow all parameters
to run from 1967–2004. To detail the abiotic environment prevailing in each
region over  this  time period,  mean trends in  each model  parameter  were
extracted using seasonal decomposition analysis (see example for SST for
the Northern North Sea region in Figure 2) and summarised using principal
components analysis (PCA). 
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Figure  2. Seasonal  decomposition  analysis  by  loess  smoothing,  showing  sea  surface
temperature  (SST)  for  the  Northern  North  Sea  region  as  original  data,  the  seasonal
component,  the  trend  (used  in  all  subsequent  analyses)  and  the  remainder  across  the
duration of P6704 (1967–2004). Y-axes show SST (oC).

4.2.2 Long-term trends

To examine the long-term trends in the abiotic environment of each region,
trend components determined from seasonal decomposition analysis of each
monthly P6004 and B6704 parameter were regressed against time across the
period 1967–2004 using least squares linear regression, and decadal trends
(unit/decade)  calculated.  For  comparison,  the  same  calculations  were
performed across the period 1985–2012 for P8512 SST and SSS data, and
for the latter 20 years of P6004 and B6704, i.e. 1984–2004.

4.2.3 Velocity of climate change   

Velocity of climate change (VoCC, Loarie et al. 2009) was calculated for all
parameters given its  success in  predicting  the magnitude and direction of
species  migrations  under  changing  climate  conditions.  Velocity  of  climate
change was originally developed for SSTs, and computes the instantaneous
horizontal  velocity of  temperature change, which is derived by dividing the
rate of projected temperature change in units of  oC yr-1 by the rate of spatial
climate  variability,  i.e.  the  temperature  differential  of  adjacent  grid  cells,
measured in oC km-1. This index makes no assumption about the tolerances of
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individual  species,  and  thus can  be  interpreted  as  a  relative  index of  the
speeds required to keep pace with climate change rather than a calibrated
index of migration rates (Loarie et  al.  2009).  For the present  study,  VoCC
calculations were performed for all parameters from P6004 and B6704 over
the periods 1967–2004 and 1984–2004 (i.e. the full model extent and final 20
years of data) following Hamann et al. (2015), and for all parameters together
in a multivariate VoCC calculation utilising PCA.

4.3 Drivers of change in seaweed abundance

Abundance observations were available for 14 brown seaweed species on a
modified  ACFOR  scale  (Crisp  and  Southward  1958),  consisting  of  the
categories Abundant, Common, Occasional and Rare (Yesson et al. 2015b).
For  all  comparisons described below,  abundance values were  matched to
model  parameters  from  the  nearest  pixel  to  the  location  of  abundance
observation.  All  model  comparisons  were  made  separately  per  seaweed
species.

4.3.1. Correlating abundance with environment

Direct comparison of seaweed abundance to environmental parameters was
made using generalised linear models, with the response variable abundance
coded as 1–4 (1 = Rare,  4 = Abundant).  For  the periods 1967–2004 and
1984–2004,  abundance  observations  were  matched  to  the  parameters  of
P6004 and B6704 and analysed as follows: 

i) Model  1: abundance  ~  fixed  effects  of  mean  summer  (April–
September)  and  winter  (October–March)  SST,  SSS,  O2,  PO4,  NO3,
CHL, PHYTO, PP, and Kd.

For  the  period  1985–2012,  abundance  observations  were  matched  to  the
parameters of P8512 and analysed as follows:

ii) Model  2: abundance  ~  fixed  effects  of  mean  summer  (April–
September) and winter (October–March) SST and SSS

For Model 1 and Model 2, a ‘global’ model was constructed including all terms
(including  quadratic  terms  to  investigate  unimodal  as  well  as  linear
responses),  and  stepwise  deletion  subsequently  employed  to  delete  non-
significant terms.

4.3.2. Correlating change in abundance with change in environment

Changes in abundance computed by Yesson et al. (2015b) were compared to
the associated changes in environmental parameters apparent over the same
time period. Given the relatively low sample numbers of paired abundance
observations, removal of redundant environmental parameters was required
prior  to  the  running  of  generalised  linear  models.  Comparisons  were
performed as Model 1 for matches to P6004 and P6704, and Model 2 for
matches  to  P8512,  i.e.  models  were  performed  using  changes  in  mean
summer and winter environmental data.

4.3.3 Velocity of climate change comparisons

Changes  in  abundance  were  compared  to  the  VoCC  calculated  for  all
parameters separately for the periods 1967–2004 and 1984–2004, using the
following:
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iii) Model  3: abundance  change  ~  fixed  effects  of  VoCCSST,  VoCCSSS,
VOCCO2, VoCCPO4, VoCCNO3, VoCCCHL, VoCCPHYTO, VoCCPP, VoCCKd as
linear terms.

In  addition,  the  mean  magnitude  of  change  in  abundance  reported  per
species and region (see Yesson et al. 2015b, table 5, p.172) was regressed
against the average VoCC for that region calculated over the periods 1967–
2004 and 1984–2004.
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5. Results
5.1. Trends in the abiotic environment

5.1.1. Regional seas abiotic environment

Principal components analysis (PCA) served to summarise the parameters of
P6004 and B6704 from 1967–2004 (Table 3, Fig. 3). Principal component 1
(PC1)  and  principal  component  2  (PC2)  described  64.3%  and  23.7%  of
variance across all data, respectively. PC1 mainly represented differences in
SSS, PO4, NO3, CHL, PHYTO, PP and Kd across data, whereas PC2 mainly
represented differences in SST and O2 across data, with some influences of
SSS.

Figure 3. Bioplot of PC1 (64.3% of variance) and PC2 (23.7% of variance) derived from PCA
of the trend components of mean monthly SST, SSS, O2, Kd, PHYTO, PP, PO4, NO3, CHL of
P6004 and B6704, over the period 1967–2004. Data are coloured by region. 

Significant differences in the abiotic environment were found between regions
(Fig. 4). PC1 was significantly different (F6,3185 = 3062, P < 0.0001) between all
regions  except  the  Western  Channel  &  Celtic  Seas  and  the  Scottish
Continental  Shelf  (Fig.  4a).  Higher  PC1  values  were  associated  with
increased PO4, NO3, CHL, PHYTO PP and Kd, and decreased SSS, whereas
lower PC1 values were associated with the opposite trends. As such, data
indicated a significant decrease in PO4, NO3, CHL, PHYTO, PP and Kd, and a
significant increase in SSS, across regions from the Irish Sea to the Northern
North Sea (Fig. 4a).
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Figure 4. Boxplot showing the median, minimum, maximum and first and third quartiles of (a)
PC1 (64.3% of variance) and (b) PC2 (27.3% of variance) in relation to JNCC regional seas:
E. Chan = Eastern English Channel; W. Scot = Minches & Western Scotland; S. N. Sea =
Southern North  Sea;  W. Chan = Western Channel  & Celtic  Seas;  Scot.  Shelf  =  Scottish
Continental Shelf; N. N. Sea = Northern North Sea. Letters denote homogeneous subsets
highlighted  by  ANOVA  analysis.  Arrows  indicate  the  relationships  between  principal
components and environmental parameters, e.g., greater PC2 values represent increased O2

and decreased SST and SSS conditions, whereas lower PC2 values represent increased SST
and SSS and decreased O2 concentrations.

PC2 was also significantly different between all regions (F6,3186 = 4221,  P <
0.0001), with greater PC2 values associated with increased O2 concentrations
and decreased SST and SSS, whereas lower PC2 values were associated
with the opposite (Fig. 4b). Thus, a significant decrease in O2 concentrations
and increase in SST and SSS was evident across regions from the Southern
North  Sea,  which  demonstrated  the  greatest  O2 and  lowest  SSTs,  to  the
Western English Channel  & Celtic Seas,  which demonstrated the warmest
SSTs of all regions and the lowest O2 concentrations (Fig. 4b).
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5.1.2. Long-term trends (1967–2004)

Figure  5. Long-term  trends  in  environmental  parameters  per  JNCC  regional  sea,  as
determined from P6004 and B6704 over the period 1967–2004. Plots show trends in SST (a),
SSS (b), O2 (c), PO4 (d), NO3 (e), CHL (f), PHYTO (g), PP (h), and Kd (i) from 1967–2004.
Trends  are  shown  relative  to  the  mean  value  of  each  parameter  per  region  across  the
duration of the model.

Regional  trends  in  environmental  parameters  assessed  from  P6004  and
B6704  over  the  period  1976–2004  are  demonstrated  in  Figure  5.  SST
remained relatively stable with some oscillation from 1967 to the winter of
1976/1977,  after  which a decrease was apparent  until  mid-1979 (Fig.  5a).
This decline was notable in all regions except the Eastern English Channel
and the Western Channel & Celtic Sea. A large decrease in SST was also
observed in all regions from winter 1984/1985 until the end of 1986, to the
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lowest values observed in all  regions over the study period (Fig. 5a). SST
subsequently  increased  to  a  peak  in  1989,  with  a  decline  thereafter  to
1993/1994. From 1994 onwards, a general upward trend in SST with some
oscillations was apparent across all regions until 2004.

A general decreasing trend in SSS was observed from 1967 to the end of
1979 in all regions, after which an increase was apparent until ca. 1984 for
most regions (Fig. 5b). SSS trends then continued to oscillate in a generally
decreasing  manner  until  2004.  Dissolved  O2 concentrations  remained
relatively stable until early 1977, showed a slight increase, which peaked in
1986, followed by a notable decline until  1989 (Fig. 5c). O2 then gradually
rose until 1994 (Fig. 5c), followed by another rapid decrease until early 1996
with recovery by the end of that year. Across all data, a significant negative
correlation was apparent between dissolved O2 concentration and SST (r =
-0.85, t = 91.6, P < 0.001).

Strong correlation was apparent between PO4, NO3, CHL, PHYTO, PP, and
Kd, with correlation coefficients ranging 0.73–0.98 (P < 0.0001 in all cases),
thus trends are presented for PO4, NO3 and Kd only (Fig. 5d–f). An early peak
in PO4, NO3, CHL, PHYTO, and PP was observed in most regions except the
Southern and Northern North Sea around 1967–1969, with peaks tending to
be observed later in Minches & Western Scotland relative to other regions
(Fig.  5d–f).  Trends  then  remained  relatively  stable  until  early  1974,  when
notable increases were apparent in the Eastern English Channel, the Western
Channel & Celtic Sea, the Irish Sea, and for most parameters, Minches &
Western Scotland (Fig. 5d–e). The onset of this rise was typically observed
first  in  the  Eastern  English  Channel  and  Western  Channel  &  Celtic  Sea,
followed by the Irish Sea and Minches & Western Scotland, sequentially. For
the Irish Sea, a trough immediately preceded the marked increases in PO4,
NO3, CHL, PHYTO, and PP observed from June 1977. Following a period of
relative stability stretching from 1979–1985, a decrease in PO4,  NO3,  CHL,
PHYTO, and PP was observed from 1985 to ca. 1991 in the Eastern English
Channel, the Irish Sea and to a lesser extent, Minches & Western Scotland,
with minor peaks around 1985 and 1987/1988. A second major shoulder in
PO4, NO3, CHL, PHYTO, and PP was then evident from around early 1991 to
1997 (Fig. 5d–e) in all regions except the Northern and Southern North Sea
and, excluding PP and PO4, the Scottish Continental Shelf. For the Western
Channel  & Celtic  Sea,  peaks in  these parameters observed in  1994/1995
resulted from gradual growth beginning in ca. 1989. A final peak in PO4, NO3,
CHL, PHYTO, and PP was evident across most regions from 2000–2002, with
subsequent  decline  until  2004  (Fig.  5d–e).  Kd  remained  relatively  stable
across the period 1967–2004, particularly for the Northern North Sea, though
the characteristic trough followed by a rapid increase was apparent in Kd over
1977–1978 in the Irish Sea (Fig. 5f), with other increases observed in 1993
and 1999/2000 in some regions. 
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Figure 6. Decadal trends in environmental parameters (unit decade-1) for the period 1967–
2004. Plots show regional, decadal trends in SST (a), SSS (b), O2 (c), PO4 (d), NO3 (e), CHL
(f), PHYTO (g), PP (h), and Kd (i), as derived from least squares linear regression of the trend
component of monthly mean parameters extracted from P6004 and B6704 (1967–2004 data
only). R2 and the associated significance of regressions are shown per region: *** P<0.001, **
P<0.01, *P<0.05.

Decadal  trends in  environmental  parameters were subsequently calculated
per region for the trends described above over the period 1967–2004 (Fig. 6).
With  few  exceptions,  significant  negative  trends  were  apparent  in  all
parameters apart from SST for all regions from 1967–2004. In contrast, SST
demonstrated  a  significant  positive  relationship  with  time  over  the  period
1967–2004.  The  greatest  decadal  increase  in  SST was  apparent  for  the
Southern North Sea, which experienced a 0.155oC decade-1 SST increase,
whereas  the  smallest  increase  was  observed  for  the  Scottish  Continental
Shelf, with 0.035oC decade-1 (Fig. 6a). Overall, only a small proportion of the
variance in SST was explained by time, with R2 ranging 0.02–0.16 across all
regions (P < 0.001 in all cases). 

Significant negative trends in SSS and O2 were apparent for all regions from
1967–2004,  with  R2 values ranging 0.19–0.33 and 0.08–0.20,  respectively.
The Irish  Sea showed the  largest  decadal  decrease in  SSS (-0.083 p.s.u
decade-1)  and  O2 (-1.050  mmol  m-3 decade-1),  whereas  the  Scottish
Continental Shelf showed the smallest decrease in both parameters (-0.034
p.s.u  decade-1 and  -0.588  mmol  m-3 decade-1,  respectively).  Significant
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negative decadal trends were also apparent in PO4, NO3, CHL, PHYTO, PP
and Kd for the Eastern English Channel, the Western Channel & Celtic Sea,
and  the  Irish  Sea,  with  the  Western  Channel  &  Celtic  Sea  showing  the
strongest regressions (R2 values ranging 0.17–0.30) for all parameters (Fig.
6d–i).  In  contrast,  the  Northern  and  Southern  North  Sea  regions  showed
either  weak  negative  (R2 ranging  0.02–0.06)  or  non-significant  PO4,  NO3,
CHL, PHYTO, PP and Kd decadal trends. Minches & Western Scotland was
the only region to demonstrate positive trends in PO4 and NO3 concentrations,
though these were weak-positive (R2 = 0.02) and non-significant, respectively.
A weak negative trend in CHL and PHYTO was observed for this region, with
no  significant  trend  in  PP  or  Kd.  Finally,  the  Scottish  Continental  Shelf
demonstrated weak negative trends (R2 ranging 0.04–0.06) in PO4, NO3 and
Kd, with no significant trend in CHL, PHYTO or PP from 1967–2004.

5.1.3. Long-term trends (1985–2012)

Figure 7. Long-term and decadal trends (unit decade -1) in SST (a & b) and SSS (c & d) per
region for the period 1985–2012, as determined from P8512. Decadal trends were derived
from least squares linear regression of the trend component of monthly mean SST and SSS
from P8512.  R2 and the associated  significance of  regressions are shown per region:  ***
P<0.001, ** P<0.01, *P<0.05. Trends (panels a & c) are shown relative to the mean value of
each parameter per region across the duration of the model.

Additional  to  assessing  the  long-term  trends  in  parameters  derived  from
P6004  and  B6704  for  the  period  1967–2004,  SST and  SSS trends  were
analysed from the model P8512 for the period 1985–2012 (Fig. 7). General
increases in SST were evident across all regions for the period 1985–2012
(Fig. 7a), with notably larger decadal increases in SST (0.28–0.40oC decade-1)
apparent  over  this  period  (Fig.  7b)  in  comparison  to  1967–2004  (0.035–
0.155oC  decade-1,  Fig.  6a),  and  overall  stronger  regressions  identified
between SST and time (i.e.  R2 = 0.28–0.55 [1985–2012] versus  R2 = 0.02–
0.16 [1967–2004]). The Southern North Sea and Irish Sea demonstrated the
largest decadal trend in SST (0.4oC decade-1), followed by the Northern North
Sea  and  Minches  &  Western  Scotland  (0.39oC  decade-1).  The  smallest
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decadal trend in SST was observed for the Western Channel & Celtic Sea. 

In contrast to SST, the decadal trends in SSS were notably reduced over the
period 1985–2012 (Fig.  7c–d) in comparison to 1967–2004 (Fig.  6b).  SSS
remained relatively constant  over time in the Northern North Sea,  Eastern
English Channel, Western Channel & Celtic Sea and the Scottish Continental
Shelf, from 1985 to 2012, though with an increasing trend from 2010 onwards
(Fig. 7c). In comparison, SSS was relatively variable in the Southern North
Sea, Irish Sea and Minches & Western Scotland (Fig. 7c). Overall, significant
negative  decadal  trends in  SSS were  only apparent  for  the  Northern  and
Southern North Sea regions and the Scottish Continental Shelf for the period
1985–2012 (Fig. 7d), with the greatest regional decrease in SSS recorded as
-0.029 p.s.u decade-1 with an  R2 of 0.19; significantly lower than observed
over the period 1967–2004 (-0.083 p.s.u decade-1,  R2 = 0.33).  In addition,
whereas all regions demonstrated significant negative decadal trends in SSS
from 1967 to 2004, the Eastern English Channel, Western Channel & Celtic
Sea, Irish Sea and Minches & Western Scotland showed no significant trend
in SSS from 1985 to 2012, with data indicating non-significant positive trends
for two of these regions (Fig. 7d).

5.1.4. Long-term trends (1984–2004)

Given differences between the trends in environmental parameters over the
periods 1967–2004 and 1985–2012, and restriction to SST and SSS data for
the latter period (see Table 2), the final 20 years of P6004 and B6704 (ranging
from 1984 to 2004) were analysed to determine more recent trends for all
parameters. 

Decadal  trends  in  SST  over  the  period  1984–2004  ranged  from  0.28oC
decade-1 (Western Channel & Celtic Sea) to 0.61oC decade-1 (Southern North
Sea), with R2 values of 0.16 to 0.46 apparent (Fig. 8a). SST trends were thus
notably larger than determined for the longer period 1967–2004 (Fig. 6a), and
also marginally higher than across 1985–2012 (Fig. 7b). Trends in SSS mostly
remained negative over 1984–2004 (Fig.  8b),  as observed for 1967–2004,
with a comparable magnitude of change (ranging 0.02–0.10 p.s.u decade -1),
though slightly reduced  R2 (ranging 0.06–0.24),  for  those regions showing
negative trends. In contrast to both 1967–2004 and 1985–2012, SSS over the
period 1984–2004 showed a weak-positive trend in the Scottish Continental
Shelf region. Strong-negative trends in O2 concentrations were apparent from
1984–2004 (ranging -1.28 to -2.90 mmol m-3 decade-1,  R2 = 0.12–0.35), ca.
250% the trends apparent over 1967–2004. 

PO4, NO3, CHL, PHYTO, PP and Kd typically showed no significant change
over 1984–2004 (Fig. 8d–i), or very weak significant regressions (R2 ranging
0.02–0.07),  in contrast to the significant  negative trends apparent  in these
parameters  over  1967–2004  for  the  Eastern  English  Channel,  Western
Channel & Celtic Sea, and the Irish Sea (Fig. 6d–i). 
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Figure 8. Decadal trends in environmental parameters (unit decade-1) for the period 1984–
2004. Plots show regional, decadal trends in SST (a), SSS (b), O2 (c), PO4 (d), NO3 (e), CHL
(f), PHYTO (g), PP (h), and Kd (i), as derived from least squares linear regression of the trend
component of monthly mean parameters extracted from P6004 and B6704 (1984–2004 data
only). R2 and the associated significance of regressions are shown per region: *** P<0.001, **
P<0.01, *P<0.05.
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5.1.5 Comparison to direct observations

Given that  long-term trends described above were  based on data derived
from  non-assimilative  hind-cast  simulations  (see  Methods  4.1.3.),  brief
comparisons  of  these  data  were  made  to  direct  observations  for  minimal
sites/parameters to examine congruence. For three sites examined around
England (Amwlch, Fawley and Blyth), SST data taken from the nearest P6004
pixel showed a strong, significant positive correlation (R2 = 0.90–0.95) to SST
recorded at the respective sites as part of the CEFAS Coastal Temperature
Network (CTN) (Fig. 9). For one Scottish site (Firth of Clyde) for which direct
nutrient (PO4 and NO3) observations were available, significant relationships
were apparent to B6704 PO4 and NO3 simulations, with R2 of 0.62 and 0.48,
respectively (Fig. 10).

Figure  9. SST comparisons  between  direct  observations  (CEFAS)  and  hind-cast  model
simulations  (P6004)  for  three  English  sites:  (a)  Amwlch  (1964–2003),  (b)  Fawley  (1984–
2004), and (c) Blyth (1978–1998). Plots show the results of least squares linear regressions
(red lines) with 95% confidence intervals (red dashed lines), the coefficient of determination
(R2), overall significance of the regression (P) and sample size (n).

Figure 10. PO4 (a) and NO3
 (b) comparisons between direct observations (SEPA) and hind-

cast model simulations (P6704) for one Scottish location: the Firth of Clyde. Plots show the
results  of  least  squares  linear  regressions  (red  lines)  with  95% confidence intervals  (red
dashed lines), the coefficient of determination (R2), overall significance of the regression (P)
and sample size (n).
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5.2. Velocity of Climate Change

Figure 11. SST velocity of climate change (km yr-1) over the period 1967–2004. Figure shows
both the magnitude (colour) and direction (arrows) of VoCCSST.

Figure 11 displays an example VoCC plot for SST calculated over the period
1967–2004. All  VoCC plots are provided in Appendix B per parameter and
time period. Significant differences in VoCC of each parameter were observed
between regions (Table 4). 

22



Table 4. ANOVA analyses of VoCC calculated per parameter over the periods 1967–2004 (67) and 1984–2004 (84)
in relation to region (NNS = Northern North Sea, SNS = Southern North Sea, EEC = Eastern English Channel, WCS
= Western Channel & Celtic Sea, IS = Irish Sea, MWS = Minches & Western Scotland, SCS = Scottish Continental
Shelf). Degrees of freedom were 6, 4025 in all cases. The table presents the F-value and associated significance (***
P < 0.001, **P<0.01, *P<0.05) per parameter and time period, and homogeneous subsets (ordered alphabetically
from highest to lowest values) across regions as determined by post-hoc TukeyHSD analysis (α = 0.05). 

SST SSS O2 PO4 NO3 CHL PHYTO PP Kd

67-04 255.9*** 177.9*** 65.92*** 81.84*** 296.8*** 91.93*** 74.36*** 124.2*** 42.91***

84-04 294.5*** 70.93*** 144.7*** 30.05*** 81.55*** 82.96*** 23.9*** 58.12*** 14.89***

Homogeneous Subsets

67 84 67 84 67 84 67 84 67 84 67 84 67 84 67 84 67 84

NNS b b a c ab a c c c d e b ef b c b c c

SNS a a a a b b a a c a e b f c c b c d

EEC b c c b c e a bc a cd b b ab bc a b a d

WCS c e bc c a d b b b b a a a a b a a b

IS c c b c c d b bc b cd bc b bc bc b b a cd

MWS c d b c c c c c d bc cd b cd bc c b c a

SCS c e c c c c c c c d d b de c c b b bc

Figure 12. Regional velocity of climate change (VoCC, km yr-1) for SST (column a), SSS
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(column b) and O2 (column c) calculated for the periods 1967–2004 (full colour) and 1984–
2004  (striped  colour).  Letters  denote  homogenous  subsets  in  relation  to  region  (ordered
alphabetically from highest to lowest values), per parameter and time period. 

A significant difference in the VoCC of each parameter was apparent between
regions over the periods 1967–2004 and 1984–2004 (Table 4). The greatest
VoCCSST was apparent in the Southern North Sea for both time periods, with
greater mean values observed for 1984–2004 (11.83 km yr -1) in comparison to
1967–2004  (2.99  km yr-1)  (Fig.  12a).  VoCCSST was  minimal  in  Minches  &
Western  Scotland  (0.82  km  yr-1)  over  1967–2004,  with  no  significant
difference between this region and the Western Channel & Celtic Sea, Irish
Sea, and Scottish Continental Shelf. Over 1984–2004 the Scottish Continental
Shelf and Western Channel & Celtic Sea similarly demonstrated the lowest
VoCCSST (3.77 and 3.80 km yr-1, respectively). VoCCSSS was greatest in the
Southern (2.31 km yr-1) and Northern (2.12 km yr-1) North Sea over 1967–
2004 and the Southern North Sea (3.22 km yr -1) over 1984–2004, with the
lowest values observed in the Eastern English Channel (0.48 km yr -1) and the
Irish Sea (1.01 km yr-1) over these periods, respectively (Fig. 12b). VoCCO2

was greatest in the Northern North Sea and Western Channel & Celtic Sea
over  1967–2004  (1.21–1.29  km yr-1)  and  in  the  Northern  North  Sea  over
1984–2004 (3.65 km yr-1), with larger VoCCO2 apparent for all regions across
the latter period (range 1.06–3.65 km yr -1) in comparison to the former (range
0.66–1.29 km yr-1) (Fig. 12c).

Figure 13. Regional velocity of  climate change (VoCC, km yr-1)  for PO4 (column a),  NO3
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(column b) and Kd (column c) calculated for the periods 1967–2004 (full colour) and 1984–
2004  (striped  colour).  Letters  denote  homogenous  subsets  in  relation  to  region  (ordered
alphabetically from highest to lowest values), per parameter and time period. 

The  greatest  velocities  in  PO4 change  (VoCCPO4)  were  apparent  in  the
Southern North Sea and Eastern English Channel (3.45–3.48 km yr -1) over
1967–2004, and the Southern North Sea (2.50 km yr -1) over 1984–2004 (Fig.
13a). In general, VoCCPO4 tended to be reduced over 1984–2004 (range 0.65–
2.50 km yr-1) in comparison to 1967–2004 (range 0.81–3.48 km yr -1), with the
largest difference in VoCCPO4 between periods apparent in the Eastern English
Channel, which demonstrated a ca. 3.5-fold lower VoCCPO4 over 1984–2004.
Minches & Western Scotland, the Scottish Continental Shelf and the Northern
North Sea showed no significant regional differences in VoCCPO4 over either
time period. VoCCNO3 was greatest in the Eastern English Channel (3.07 km
yr-1) and Southern North Sea (3.21 km yr -1) and lowest in Minches & Western
Scotland (0.41 km yr-1) and the Scottish Continental Shelf (0.57 km yr -1) over
1967–2004 and 1984–2004, respectively (Fig. 13b). The greatest VoCCKd was
apparent in the Eastern English Channel (1.06 km yr-1) and lowest in Minches
& Western Scotland (0.36 km yr-1) over 1967–2004, with the opposite trends
apparent over 1984–2004 for these two regions (Fig. 13c).  

In addition to individual parameter VoCC calculations, multivariate VoCC that
included all parameters was determined per time period (Figs. 14 and 15).
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Figure 14. Multivariate velocity of climate change (VoCC, km yr -1) for the period 1967–2004.
NA indicates no-analogue climate conditions within the complete study area, i.e. NE Atlantic
region. Principal components analysis (PCA) was used to summarise all start/end data for
SST, SSS, O2, PO4, NO3, CHL, PHYTO, PP and Kd over 1967–2004. Principal component
one (PC1) and PC2 explained 72% and 13% of the variance across all  data, respectively
(cumulative variance = 85%). Start/end layers established with PC1 and PC2 values were
subsequently used in a multivariate calculation of VoCC. Climate thresholds (t) applied for
PC1 and PC2 were 0.064 and 0.027, respectively.
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Figure 15. Multivariate velocity of climate change (VoCC, km yr -1) for the period 1984–2004.
NA indicates no-analogue climate conditions within the complete study area, i.e. NE Atlantic.
Principal components analysis (PCA) was used to summarise all start/end data for SST, SSS,
O2, PO4, NO3, CHL, PHYTO, PP and Kd over 1984–2004. Principal component one (PC1)
and PC2 explained 74% and 11% of the variance across all data, respectively (cumulative
variance = 85%). Start/end layers established with PC1 and PC2 values were subsequently
used in a multivariate calculation of VoCC. Climate thresholds (t) applied for PC1 and PC2
were 0.064 and 0.0056, respectively.
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Figure 16. Multivariate velocity of climate change (VoCC, km yr-1) calculated for the periods
1967–2004 (full colour) and 1984–2004 (dashed colours). Multivariate VoCC was determined
by PCA summary of SST, SSS, O2, PO4, NO3, CHL, PHYTO, PP, Kd and subsequent VoCC
determination using PC1 and PC2. Letters indicate homogenous subsets identified by ANOVA
analysis in relation to region, per time period. NA indicates no-analogue climate conditions
within the entire study region.

For both 1967–2004 and 1984–2004, a significant difference in VoCC was
apparent in relation to region (1967–2004 F6,4025 = 20.26, P < 0.0001; 1984–
2004 F6,4025 = 82.84,  P < 0.0001). Excluding no-analogue pixels, over 1967–
2004, the greatest mean VoCC was apparent for the Eastern English Channel
(12.26 ± 0.89 km yr-1),  though there was no significant difference in VoCC
between  this  region  and  the  Irish  Sea  and  Southern  North  Sea,  whose
velocities ranged 8.39–8.68 km yr-1 (Fig. 16). While the lowest velocities were
apparent  in  the  Northern  North  Sea  (4.56  ±  0.15  km  yr -1),  this  region
demonstrated the greatest number of no-analogue pixels, and thus the lowest
velocities  overall  were  apparent  for  Minches & Western  Scotland  and the
Scottish Continental Shelf, which demonstrated velocities ranging 5.56–5.65
km yr-1,  in  addition  to  the lowest  number of  no-analogue pixels  (2  and 3,
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respectively). Significantly increased multivariate VoCC values were observed
over the period 1984–2004 (Figs. 15 and 16), with mean regional velocities
(excluding  no-analogue  pixels)  ranging  22.93–34.67  km  yr -1.  Again,  when
excluding  no-analogue  pixels,  the  greatest  and  lowest  velocities  were
apparent  in  the  Eastern  English  Channel  and  Northern  North  Sea,
respectively; however, the latter of these regions demonstrated the second
greatest proportion of no-analogue pixels across all regions (see below). 

Figure  17. Regional  proportions  of  no-analogue  climate  conditions  as  determined  from
multivariate velocity of climate change (VoCC) calculations for the periods 1967–2004 (solid
bars) and 1984–2004 (dashed bars).

In contrast to individual parameter VoCC calculations, multivariate calculation
of VoCC resulted in the appearance of no-analogue climate conditions across
the study area, especially for the latter period (contrast Figs 14 and 15) (Fig.
17). The mean proportion of no-analogue pixels over the period 1967–2004
was  6.14  ±  1.6  %,  with  the  greatest  proportion  of  no-analogue  climate
conditions apparent for the Irish Sea (11.58 %) and the lowest for Minches &
Western  Scotland  (0.75  %)  and  the  Scottish  Continental  Shelf  (0.30  %).
Significantly  increased  proportions  of  no-analogue  climate  conditions  were
apparent  over  the  period  1984–2004  for  all  regions  except  the  Eastern
English Channel, with an overall mean of 35.18 ± 7.06 %. The highest no-
analogue proportions were observed in the Southern (59.42 %) and Northern
(54.62 %) North Sea regions, and the lowest in the Eastern English Channel
(10.62 %).

Weighting mean multivariate velocities by the proportion of no-analogue pixels
per  region  served  to  demonstrate  the  overall  magnitude  of  change  when
considering all  environmental  parameters.  Over the period 1967–2004,  the
change from greatest to smallest in descending order was therefore apparent
as follows:  Eastern English Channel  > Irish Sea > Southern  North  Sea >
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Western Channel & Celtic Sea > Northern North Sea > Minches & Western
Scotland > Scottish Continental Shelf. In contrast, over the period 1984–2004,
the greatest  to  smallest  change in  descending order  was observed in  the
Southern North Sea > Irish Sea > Northern North Sea > Western Channel &
Celtic Seas > Minches & Western Scotland > Scottish Continental  Shelf >
Eastern English Channel (Fig. 18).

Figure 18. The relative degree of environmental change per region over the periods 1967–
2004 (a) and 1984–2004 (b) derived from multivariate velocities of change weighted by the
proportion of no-analogue climate conditions. Colours represent the degree of change from
red (most change) to yellow (least change). 

30



5.3. Drivers of change in seaweed abundance

Relationships  identified  between  unique  abundance  records  (i.e.  individual
abundance  records  for  species  at  a  given  location  and  time)  and
environmental  parameters  are  summarised  below  per  species  and
comparison  performed,  demonstrating  the  negative,  positive  and  quadratic
model  terms  identified  and  their  associated  significance  (***P<0.001,
**P<0.01, *P<0.05), the number of observations included in each model (N),
and the proportion of variance in abundance explained by each model (R2).
NAs indicate that models did not resolve.

5.3.1. Kelp species

Alaria esculenta

Negative terms Positive terms Quadratic terms N R2

1967–2004 Kd-summer ** PO4-winter **
Chl-summer *

713 0.09

1984–2004 PO4-winter *** NO3-winter ** 476 0.05
1985–2012 SST-summer**

SSS-winter ***
SSS-summer *** SST-summer *

SSS-summer ***
SSS-winter ***

732 0.22

 Chorda filum

Negative terms Positive terms Quadratic terms N R2

1967–2004 SST-summer *
CHL-winter *
PP-summer **

SST-winter *
PHYTO-summer **
PHYTO-winter **

SST-summer *
O2-winter **
PHYTO-summer *
CHL-summer **
Kd-winter **

1083 0.05

1984–2004 SST-summer **
CHL-winter *

SST-winter **
PHYTO-winter *

SST-summer **
O2-winter ***

951 0.07

1985–2012 SST-winter * SSS-summer *** 1450 0.09

 

Laminaria digitata

Negative terms Positive terms Quadratic terms N R2

1967–2004 Kd-winter *** 1497 0.04
1984–2004 SST-summer * 1072 0.02
1985–2012 SSS-winter ** SSS-summer * SST-summer *

SSS-summer *
SSS-winter **

1508 0.02

Laminaria hyperborea
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Negative terms Positive terms Quadratic terms N R2

1967–2004 O2-summer * Kd-summer * O2-summer *
PO4-summer **
NO3-summer ***
PP-summer *
Kd-summer *

2526 0.04

1984–2004 O2-summer **
PHYTO-summer *

Kd-summer * SST-summer ***
O2-summer **
O2-winter ***
NO3-summer ***
PP-summer **
Kd-summer *

2066 0.05

1985–2012 SSS-winter ** SSS-summer ** SST-summer ***
SSS-summer **
SSS-winter **

3630 0.03

Laminaria ochroleuca

Negative terms Positive terms Quadratic terms N R2

1967–2004 PO4-winter * SST-summer *
SSS-summer *

SST-winter *
SSS-summer *
O2-summer *
O2-winter *
NO3-summer *
CHL-winter *

90 0.69

1984–2004 NA NA 47 NA
1985–2012 NA NA 196 NA

Saccharina latissima

Negative terms Positive terms Quadratic terms N R2

1967–2004 SST-winter **
SSS-summer *
O2-summer *
O2-winter **

SST-summer **
SSS-summer *
Kd-winter *

2706 0.07

1984–2004 O2-winter *
PHYTO-winter *

SST-summer **
SST-winter *
O2-winter *
Kd-winter *

2298 0.07

1985–2012 SSS-winter * SST-summer *** 3284 0.03

Saccorhiza polyschides

Negative terms Positive terms Quadratic terms N R2

1967–2004 PO4-winter *
NO3-winter *
PP-summer *

740 0.05

1984–2004 O2-summer ** O2-summer *
PO4-winter *
NO3-winter *
PHYTO-winter *
PP-summer **
Kd-summer *

632 0.08

1985–2012 SSS-summer ** SSS-summer ** 1347 0.11

5.3.2. Wrack species
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Ascophyllum nodosum

Negative terms Positive terms Quadratic terms N R2

1967–2004 CHL-summer *
Kd-winter ***

SST-winter *
NO3-winter ***
PHYTO-winter *

SST-winter *
NO3-winter **
CHL-summer *

1247 0.07

1984–2004 CHL-summer ** SST-winter *
O2-winter *
NO3-winter **

NO3-winter ** 983 0.08

1985–2012 NA NA 1165 0

Fucus serratus

Negative terms Positive terms Quadratic terms N R2

1967–2004 Kd-winter *** PP-winter ** O2-summer * 1825 0.04
1984–2004 O2-summer***

PP-winter*
Kd-winter ** 1464 0.04

1985–2012 SSS-winter * 1780 0.03

Fucus spiralis

Negative Positive Quadratic terms N R2

1967–2004 SST-winter **
Kd-winter *

SST-summer **
SST-winter *
PHYTO-winter *

1305 0.07

1984–2004 SST-winter ***
SSS-summer *
O2-summer *

SST-summer ***
O2-winter *

1103 0.09

1985–2012 NA NA NA 1218 0

Fucus vesiculosus

Negative terms Positive terms Quadratic terms N R2

1967–2004 CHL-summer ** SSS-winter *
O2-summer *
PO4-winter *
CHL-winter *

SSS-winter *
PHYTO-winter *
CHL-summer *
CHL-winter *
Kd-winter *

1805 0.08

1984–2004 PP-summer * SST-winter ***
SSS-winter **
O2-summer *
O2-winter **
PHYTO-summer *

SSS-winter **
CHL-summer **
Kd-winter ***

1459 0.07

1985–2012 NA NA NA 1171 0

Himanthalia elongata

Negative terms Positive terms Quadratic terms N R2

1967–2004 SST-winter * PO4-summer **
NO3-summer ***

654 0.11

1984–2004 SST-winter * PO4-winter *
NO3-winter **

368 0.11

1985–2012 SST-winter * SSS-summer *** SST-winter **
SSS-summer ***

607 0.28
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Pelvetia canaliculata

Negative terms Positive terms Quadratic terms N R2

1967–2004 NO3-summer **
PP-summer **

SST-winter *
PO4-summer **
NO3-winter *
CHL-winter *
Kd-winter *

O2-winter *
Kd-winter **

1239 0.09

1984–2004 PO4-winter *
NO3-summer **
PP-summer *

PO4-summer **
NO3-winter *

920 0.05

1985–2012 NA NA NA 1018 0

Sargassum muticum

Negative terms Positive terms Quadratic terms N R2

1967–2004 SST-winter *
PO4-winter **
CHL-winter *
PHYTO-summer *
Kd-winter ***

SSS-winter *
NO3-winter *
PHYTO-winter *

SST-winter *
PO4-winter **
NO3-winter *

168 0.39

1984–2004 PO4-summer *
PO4-winter *
Kd-summer *

NO3-summer **
PP-summer*

PO4-winter * 165 0.45

1985–2012 SST-summer ***
SSS-summer **
SSS-winter **

SST-summer ***
SSS-winter **

521 0.41

Seaweed  abundance  showed  significant  relationships  to  environmental
parameters for i)  all  14 species over  the period 1967–2004, ii)  all  species
except  Laminaria  ochroleuca over  the  period  1984–2004,  and  iii)  9  of  14
species over 1985–2012; note, however, only two parameters (SST and SSS)
were available  for  comparisons over  the latter  period.  Across species,  the
proportion of variability in abundance explained by environmental parameters
(i.e. R2) ranged 0.04–0.69 for comparisons made over 1967–2004, 0.02–0.45
for  1984–2004,  and 0.02–0.41  for  1985–2012.  The strongest  relationships
between  abundance  and  environmental  parameters  were  apparent  for
Sargassum muticum,  which  demonstrated  R2 ranging 0.39–0.45 across all
models. In addition, high  R2 values were apparent for  L. ochroleuca for the
period 1967–2004 (0.69),  Alaria esculenta for the period 1985–2012 (0.22),
and  for  Himanthalia  elongata across  all  models  (0.11–0.28).  However,  all
other comparisons yielded  R2 values < 0.10 for all  species, indicating that
environmental  parameters  were  unable  to  explain  more  than  10%  of  the
variance in abundance in many cases.

The most frequent relationship observed between seaweed abundance and
the environment was a positive relationship between abundance and winter
SST. This was true for models run over 1976–2004 and 1984–2004, being
observed for 6 and 5 of the 14 species over these periods, respectively. The
abundance of  Ascophyllum nodosum,  Chorda filum,  Fucus spiralis and  H.
elongata all demonstrated positive relationship to winter SST in both model
comparisons,  with  F.  vesiculosus, Pelvetia  canaliculata and  Saccharina
latissima also showing such trends in  one model  each.  The second most
frequent relationship was a quadratic relationship between abundance and
winter Kd, which was observed for 5 (C. filum,  F. vesiculosus,  L. digitata,  P.
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caniculata,  S. latissima) and 3 (Fucus serratus,  F. vesiculosus,  S. latissima)
species, respectively, over the two models. For the remaining environmental
parameters, all showed significant relationships to the abundance of at least
one seaweed species in both models,  though no dominant patterns in the
direction  of  these relationships (negative/positive/quadratic)  were apparent.
For  example,  the  third  most  frequently  recorded  predictors  of  seaweed
abundance across both models were summer O2, winter PO4 and winter NO3,
with 12 occurrences each distributed across 12 of the 14 seaweed species.
However, these were relatively equally divided between negative, positive and
quadratic  terms,  with  4,  3,  and  5  occurrences  apparent  for  winter  PO4,
respectively. The least frequently recorded predictor of seaweed abundance
was winter PP, which was recorded for F. serratus only. Abundance matches
to  P8512  demonstrated  overall  dominance  of  negative  relationships  with
summer  SST  (6  occurrences),  and  a  mixture  of  relationships  between
abundance and both summer and winter SSS.

No  significant  relationships  were  identified  between  change  in  abundance
calculated  from  paired  abundance  data  and  change  in  environmental
parameters over any time period, or between change in abundance and any
velocity of  climate change (VoCC) parameter.  In  addition,  no  relationships
were apparent between the mean trends in species’ abundance per region
reported by Yesson et al. (2015b) and mean VoCC calculated per region, over
any period.
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6. Discussion
6.1. Summary

This study of change in the marine environment in relation to the abundance
of  14  large  brown  seaweed  species  has  revealed  the  wide  range  of
environmental conditions tolerated by these species around the British Isles.
Increases in SST over the recent-past represented the greatest change in the
marine environment, with the rate of increase significantly greater from the
mid-1980s onwards. Trends in other environmental variables depended on the
time period over which analyses were performed, with longer-term negative
trends seemingly absent  in more recent  decades.  Studying the velocity of
change demonstrated both the magnitude and direction of change that has
occurred,  and  the  simultaneous  consideration  of  velocities  of  all
environmental variables crucially revealed the widespread prevalence of no-
analogue conditions over the study period. Drivers of change in macroalgal
abundance were varied, complex and ill-defined, and reflected the dearth of
consistent, comparable long term data sets available.  

6.2. Discussion of key findings

1. Distinct environmental regimes are apparent between regional seas.

Distinct  environmental  conditions  are  apparent  between  regions,  reflecting
prevailing oceanographic conditions. Regions were most distinguishable by
nutrients,  productivity  and  light  availability,  and  to  a  lesser  extent,
temperature,  oxygen and salinity.  The general  environmental  signatures of
regional seas showed no obvious patterns in relation to changes in brown
seaweed abundance reported by Yesson et al. (2015b), though demonstrated
the range of abiotic conditions that seaweed species are adapted to around
the British Isles.

2. SST increased in all  regions from 1967 to 2012, with a greater rate of
increase from the mid-1980s onwards.

There has been a general trend of increasing SSTs, with an upturn in the rate
of change from the mid-1980s. Regional differences in SST increases were
most pronounced when considering longer-term trends (1967–2004), with the
greatest  warming  indicated  for  colder  regions  such  as  the  North  Sea.
Increasing  SSTs  are  a  well-documented  consequence  of  anthropogenic
climate change at the global scale (IPCC 2013), and have previously been
reported as the most noticeable and robust impact of climate change on the
UK’s shelf  seas (Lowe et  al.  2009).  The globally averaged ocean surface
(upper 75 m) temperature increase from 1971–2010 was 0.11 (0.09–0.13) oC
per  decade  (Rhein  et  al.  2013).  Thus,  longer-term  trends  identified  here
(1967–2004, 0.035–0.155oC per decade) were highly comparable to globally
averaged trends over a similar time period, whereas more recent trends (e.g.
1985–2012,  0.28–0.40oC per  decade)  were notably higher  than the  global
average,  consistent  with  more  prominent  warming  reported  for  the  North
Atlantic (Rhein et al. 2013). A decrease in seawater O2 concentrations has
paralleled  SST  increases,  likely  due  to  the  thermodynamic  properties  of
seawater  (Benson  and  Krause  1984).  While  unlikely  to  directly  influence
seaweed abundance  (Kübler  et  al.  1999),  decreases  in  O2 concentrations
have  been  associated  with  declines  in  commercially  important  fish  and
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shellfish catches and animal mortality in coastal  locations worldwide (Helly
and Levin 2004, Grantham et al. 2004), and may thus have had impacts on
other important marine biota to-date. It is important to note that SST increases
dominated the overall trends in the marine environment of the British Isles,
and thus should continue to be regarded as a potential major driver of change
in the system. 

3. Long-term declines identified in SSS, PO4, NO3, CHL, PHYTO, PP and Kd
were reduced or absent in more recent decades.

In contrast to SST and O2, long-term patterns in other environmental variables
were not as prominent over the recent-past. Whereas SSS declined over both
1967–2004 and 1984–2004,  declines were absent over 1985–2012.  These
dynamics roughly mirror patterns reported from direct observation time-series;
salinity  in  the  Irish  Sea,  for  example,  decreased  from  the  1960s  to  the
1970/80s and then increased in the 1990s (Holt et al. 2012). By the end of the
21st century, Lowe et al. (2009) predict a reduction in salinity of ~0.2 p.s.u. for
the  UK’s  shelf  seas,  though  there  are  high  uncertainties  in  the  forcing
(precipitation, evaporation and river flows) and ocean-shelf transport impacts
on this projection. Overall, general decreases in SSS are indicated over the
recent-past (1967–2004) by this study, which may continue into the future,
though these trends are less robust than e.g. SST increases.

Decreases  in  PO4,  NO3,  CHL,  PHYTO,  PP and  Kd were observed  in  the
Eastern English Channel, Western Channel & Celtic Sea, and the Irish Sea
over 1967–2004, though were not apparent when considering more recent
trends  (1984–2004).  Given  that  inorganic  nutrients  are  critical  drivers  of
primary production (Holt et al. 2012), which both controls and is affected by
light attenuation in the water column (Esra et al. 2002), strong correlations
were  apparent  between  nutrient  concentrations  (PO4,  NO3),  productivity
indices (CHL, PHYTO, PP) and light attenuation (Kd) during this study. The
northwest  shelf  receives nutrients from i)  oceanic  inflow supplied by deep
winter mixing and coastal upwelling, predominantly in the south of the region,
ii) river inputs resulting from human, agricultural and industrial sources, and iii)
atmospheric inputs (Holt et al.  2012). Decreases identified in nutrients and
productivity in southern and westerly regions of the British Isles are consistent
with  projections for  the end of  this  century,  whereby a reduction in  winter
mixing, increased stratification and thus reduced nutrient supply are expected
with on-going ocean warming (Steinacher et al. 2010). 

Conversely, dynamics identified here contrast with reports of enhanced levels
of  phytoplankton  abundance  due  to  increased  nutrient  inputs  from  major
European rivers during past  decades (Richardson 1997).  This discrepancy
may be  linked  to  i)  the  typically  coastal  nature  of  eutrophication  impacts
(Edwards et al. 2001, Anderson et al. 2002, Smith 2003), ii) poor estimation of
nutrient concentrations by the models utilised, or iii) successful mitigation of
eutrophication  by  national  and  EU  legislative  practices.  Long-term  trends
reported here were derived as monthly mean values across entire regional
seas and thus may have under-represented coastal  impacts. In addition, a
comparatively  poor  correlation  was  observed  between  modelled  nutrient
concentrations and in-situ direct observations (R2 = 0.62 and 0.48 for PO4 and
NO3,  respectively),  as compared to  modelled versus measured SST (R2 =
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0.90–0.95).  Several  initiatives  have  also  been  established  to  control
eutrophication  on  the  NW  shelf,  including  the  EU  Urban  Waste  Water
Treatment  Directive  and  Nitrates  Directive,  OSPARs  Strategy  to  Combat
Eutrophication, and the Water Framework Directive (Tett et al. 2007). While
there are few long-term datasets of measured nutrient dynamics around the
UK to help identify the path of eutrophication (Mills and Hydes 2006), data
collected on the Isle of Man demonstrated that concentrations increased from
the 1950s to  the 1970s and then steadied (Gowen et  al.  2002).  Over  the
period  captured  by  the  present  study,  i.e.  1967  onwards,  eutrophication
mitigation strategies may have served to prevent notable increases in nutrient
concentrations. It is likely that a balance between reduced nutrient inputs due
to  ocean  warming  and increased  inputs  due to  enhanced riverine  loading
served to produce the patterns observed.

4.  Theoretical  velocities  of  change  highlight  potential  rates  of  migration
required to sustain desirable conditions.

The  velocities  of  change  (VoCC)  calculated  for  environmental  parameters
during this study can be interpreted as a relative index of the speeds required
to  keep-pace  with  changing  environmental  conditions.  VoCC  incorporates
heterogeneity in the rate and direction in which climate shifts occur (Pinksy et
al.  2013),  and  has  been  shown  to  match  the  heterogeneity  observed  in
biological  range  shifts  (e.g.,  Burrows  et  al.  2011,  Pinksy  et  al.  2013,
Poloczanska  2013).  Maximum  velocities  were  apparent  for  SST over  the
period 1984–2004, with the highest mean regional VoCCSST of 11.83 km yr-1

observed for the Southern North Sea over that period, and 2.99 km yr -1 for the
same region over the period 1967–2004. Maximum mean regional velocities
calculated for other parameters ranged from 1 to 3.6 km yr -1. Velocities were
comparable  to  globally  calculated  VoCCSST over  the  period  1960–2009
(median  VoCCSST in  the  Northern  Hemisphere  oceans  of  3.73  km  yr-1)
(Burrows et al. 2011), though extension of the method to variables other than
SST has not been performed prior to this study, precluding comparisons. 

Velocities calculated for individual environmental parameters are comparable
to rates of range shifts apparent across marine taxa, which average 19.0 km
yr-1 (Sorte et al. 2010). Range shifts of 1.2–12.1 km yr -1 have been reported
across 20 species  of  seaweed (Sorte  et  al.  2010),  with,  for  example,  the
brown alga  Bifucaria  bifurcata demonstrating  a  3.9  km yr-1 migration  over
1964–2002 around Britain and Ireland (Mieszkowska et al. 2005). Seaweed
species thus appear to hold the potential to have matched even the maximum
velocities determined for individual environmental parameters by this study up
to the year 2004. VoCC generated by this study provide an indication of both
the magnitude and direction  of  migration  potentially undertaken by marine
species around the British Isles over the periods 1967–2004 and 1984–2004
for subsequent confirmation and hypotheses testing.

5. Considering all change in environmental parameters reveals the presence
of no-analogue climate conditions. 

This  project  has  performed  the  first  multivariate  VoCC  calculation  for  the
region,  demonstrating that  incorporation  of  all  environmental  variables  into
one calculation advances the velocities that would have been required to keep
pace with change over the last four decades, and introduces widespread no-
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analogue climate conditions, especially when considering the 20 years up to
2004.  This  trend  is  of  particular  concern  given  that  no-analogue  climate
conditions are expressed relative to the whole NE Atlantic region over which
calculations were performed, not just  the regional  seas for which data are
presented. Multivariate VoCC also produced highly heterogeneous directions
of  change  around  the  British  Isles,  in  comparison  with  the  more  uniform
directions  seen with  single  factor  analyses.  Thus,  a  highly  heterogeneous
mosaic of change is apparent for the marine environment over the recent-past
around the British Isles when more than just SST dynamics are considered.

Longer-term multivariate velocities ranged 4.5–12 km yr -1, with approximately
6 % of regions demonstrating no-analogue climate conditions. Velocities were
thus comparable to observed rates of seaweed migrations observed to-date
(1.2–12.1 km yr-1, Sorte et al. 2010), indicating that velocities of change and
migration rates appear to have been in-balance when considering long-term
trends up to  2004.  Over  the last  20 years  of  data (1984–2004),  however,
velocities ranged approximately 23–35 km yr -1, with 11–59 % of regional seas
showing no-climate analogues within the entire NE Atlantic. Thus, more recent
velocities significantly exceeded known migration rates of seaweed species,
and changes to the marine environment of vast areas around the British Isles,
including significant  coastal  regions of  the North  Sea and Irish  Sea,  have
occurred  in  excess  of  the  overall  variability  in  the  marine  environment
apparent over the NE Atlantic. Considering both velocities and the prevalence
of no-analogue conditions, our data indicate that the greatest change in the
marine environment over the period 1984–2004 is likely to have occurred in
the Southern North Sea, Irish Sea and Northern North Sea, with the least
change  in  the  Eastern  English  Channel,  Scottish  Continental  Shelf  and
Minches & Western Scotland. 

6. Large brown seaweed abundance is influenced by several environmental
parameters, though relationships are varied, complex and ill-defined.

This study identified significant relationships between large brown seaweed
abundance  and  all  environmental  parameters  investigated,  extending  the
previous comparisons made by Yesson et al. (2015b). With the exception of a
few species, however, environmental parameters provided a generally poor
prediction  of  the  variability  apparent  in  seaweed abundance.  This  is  most
likely an artefact of the abundance dataset used for comparisons. Specifically,
the categorical nature of abundance data limited the resolution against which
continuous  environmental  parameters  could  be  regressed,  reducing  the
likelihood  of  identifying  strong  relationships.  Such  comparisons  would  be
greatly  aided  by  rigorous  assessments  of  seaweed abundance  performed
using continuous abundance scales (e.g. % cover), over extended periods of
time at the same locations and in the same seasons. 

Despite limitations, significant relationships between seaweed abundance and
environmental parameters were apparent for some species: 

i.  Sargassum muticum,  an invasive wrack from the Pacific, shown to have
reduced abundance in the Western Channel and Celtic Sea and increased
abundance in the Irish Sea (Yesson et al. 2015b), showed consistently high
correlation with environmental parameters across all time periods (R2 = 0.39–
0.45). Drivers of abundance were varied, though negative relationships were
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apparent  with  winter  SST,  and  winter/summer  PO4 and  Kd,  and  positive
relationships with  winter/summer NO3,  highlighting the role of  temperature,
nutrients  and light  availability  in  controlling  the  abundance of  this  species
around the British Isles over the recent-past. 

ii.  Himanthalia  elongata abundance was also related to  temperature and
nutrient conditions, though positive relationships with winter SST over both
1967–2004 and 1984–2004 were contrary to the cold-temperate distribution of
this species (Bush et al. 2013) and trends reported by Yesson et al. (2015b).
In contrast,  our data indicated a negative relationship between abundance
and winter SST over 1985–2012, which along with SSS relationships, resulted
in the best-fitting model (R2 = 0.28) for this species. Thus relationships were
varied and ill-defined, and dependent on the period over which comparisons
were made. 

iii. Laminaria ochroleuca, a southern species in Britain that is expanding its
range (Smale et al.  2014), showed a positive relationship to summer SST,
consistent with its warm-temperate distribution and increases in abundance
predicted  with  seawater  warming (Hiscock et  al.  2004,  Bush et  al.  2013).
While findings were contrary to the decline reported for  L. ochroleuca in the
Western  Channel  &  Celtic  Sea  by  Yesson  et  al.  (2015b),  quadratic
relationships were also apparent with SST, SSS, O2, NO3 and CHL for this
species,  indicating  that  abundance  was  likely  influenced  by  a  myriad  of
environmental factors. 

iv.  Alaria esculenta abundance showed a negative relationship to summer
SST, consistent with reports of declines of this Arctic and cold-temperate kelp
in  the  northeast  Atlantic  (Simkanin  et  al.  2005,  Mieszkowska et  al.  2006).
While  our  data  thus  support  the  proposal  of  A.  esculenta as  an  indicator
species for  monitoring the effects  of  climate change in Britain  and Ireland
(Mieszkowska et al.  2006),  SST relationships were only apparent over the
more recent period 1985–2012 (in addition to mixed SSS influences), over
which other parameters were not available for comparison.

Seawater warming may have contributed to increases in abundance of large
brown seaweeds over the recent-past given the high frequency of positive
relationships between seaweed abundance and winter SST identified here.
These  were  mostly  observed  for  wrack  species  (Ascophyllum  nodosum,
Fucus spiralis, F. vesiculosus, H. elongata, Pelvetia canaliculata), though also
kelps (Chorda filum,  Saccharina latissima). Of these, Yesson et al. (2015b)
reported increases in abundance for  A. nodosum and  F. vesiculosus in the
Northern North Sea, and C. filum, F. spiralis and H. elongata in the Irish Sea
(and  Scottish  Continental  Shelf  for  the  latter  species).  Additionally,  light
attenuation (Kd) was highlighted by this study as important in regulating the
abundance of brown algae around the British Isles for both wrack (F. serratus,
F.  vesiculosus,  P.  canaliculata)  and  kelp  species  (C.  filum,  L.  digitata,  S.
lattisima), though the direction of impact was not consistent across species.
No  other  obvious  environmental  drivers  of  change  were  identified  by  the
present study.

Despite velocities of change typically providing a better prediction of changes
in species distributions and abundance (Burrows et al.  2011, Pinksy et al.
2013,  Poloczanska 2013),  they did  not  match  brown seaweed abundance
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investigated here, further emphasising limitations in the data available. It is
interesting, however, that the regions showing significant increases in wrack
and kelp species, i.e. the Irish Sea and Northern North Sea (Yesson et al.
2015b), have had the greatest change in the marine environment based on
multivariate  velocity  calculations  over  the  period  1984–2004.  This  may
indicate that environmental change has facilitated abundance increases for
large brown seaweeds, though this is impossible to determine with the current
abundance and environmental data available. 

7. Recommendations
1. We recommend establishing and maintaining long-term monitoring of

seaweed  populations  around  the  country,  employing  consistent  and
rigorous methodologies throughout to permit comparisons of change in
different  regions,  and  integrating  observations  with  monitoring  of
potential drivers of change.

2. Novel  methods should  be developed to  facilitate  widespread spatial
and temporal remote monitoring of brown seaweeds, in particular, the
utility of aerial photography, or remote sensing (e.g. LIDAR).

3. Monitoring  of  seaweed  assemblages  should  be  underpinned  by  a
thorough understanding of the population structure of different species
across  their  ranges,  connectivity  within  species,  and  the  relation  of
genotype  to  phenotype.  Population  genomic  approaches  should  be
explored to meet these requirements.

4. In order to estimate species responses to climate change in the UK,
efforts  need  to  be  extended  across  the  full  geographical  ranges  of
species across the North Atlantic, to establish the full climatic tolerance
and connectivity of species across the region.

5. Following  the  establishment  of  a  rigorous  baseline  of  the  state  of
habitat-forming brown seaweeds around the UK under current climate
conditions,  forward  projections  should  be  performed  to  inform
management of these important marine resources under future climate
conditions.
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Appendix A

Product user manuals for hind-cast model simulations
utilised in:

Williamson CJ, Yesson C & Brodie J

 Determining the causes of changes in abundance of the large
brown seaweeds of Britain

Model Product Name

P6004 NORTHWESTSHELF_REANALYSIS_PHYS_004_005

B6704 NORTHWESTSHELF_REANALYSIS_BIO_004_007

P8512 NORTHWESTSHELF_REANALYSIS_PHYS_004_009

B8512 NORTHWESTSHELF_REANALYSIS_BIO_004_011
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Appendix B

Velocity of climate change calculated for all
environmental parameters over the periods 1967–2004

and 1984–2004 in:

Williamson CJ, Yesson C & Brodie J

Determining the causes of changes in abundance of the large
brown seaweeds of Britain
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