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Modeling and measurements show that Atlantic marine tempera-
tures are rising; however, the low temporal resolution of models
and restricted spatial resolution of measurements (i) mask regional
details critical for determining the rate and extent of climate
variability, and (ii) prevent robust determination of climatic impacts
on marine ecosystems. To address both issues for the North East
Atlantic, a fortnightly resolution marine climate record from
1353–2006 was constructed for shallow inshore waters and com-
pared to changes in marine zooplankton abundance. For the first
time summer marine temperatures are shown to have increased
nearly twice as much aswinter temperatures since 1353. Additional
climatic instability began in 1700 characterized by ∼5–65 year
climate oscillations that appear to be a recent phenomenon. En-
hanced summer-specific warming reduced the abundance of the
copepod Calanus finmarchicus, a key food item of cod, and led to
significantly lower projected abundances by 2040 than at present.
The faster increase of summer marine temperatures has implica-
tions for climate projections and affects abundance, and thus
biomass, near the base of the marine food web with potentially
significant feedback effects for marine food security.

coralline algae ∣ rhodolith ∣ maerl ∣ seasonal

Prior to instrumentally derived temperature records that
began in the 1850s, knowledge of seasonal and regional-scale

marine temperature changes at high latitudes is limited. Thus
at present, hemispheric Atlantic climatic patterns are deduced
from multiproxy and instrumental networks using statistical (1, 2)
and modeling (3) approaches. Whereas such approaches show
that the Atlantic Multidecadal Oscillation (AMO), the North
Atlantic Oscillation (NAO), and Atlantic Meridional Overturn-
ing Circulation (AMOC) have a substantial influence on Atlantic
climate (e.g., ref. 4) they are still unable to capture details that
are critical for determining the spatiotemporal distribution of
climate oscillations (5, 6) and their associated impacts (7). For
example, whereas the AMO, which models suggest reflects multi-
decadal variation in the AMOC (8), is the dominant influence on
summer climate in the United Kingdom (9), at higher European
latitudes, seasonal terrestrial tree-ring climate records (6, 10)
are not representative of high-latitude sea surface temperatures
(11). Limited spatiotemporal resolution, absent proxy validation
and organism effects have restricted the distribution of current
inshore proxy-derived sea surface temperature (SST) records
(12–16). Therefore to date, we have a poor understanding of
season specific temperature variability. Similarly, SST, AMO, and
AMOC variations are not well represented at high spatiotempor-
al resolution beyond the instrumental record in North East
Atlantic shallow inshore waters (for example 55°50’N 05°50’W).
This information is needed to better understand rates of regional
climate variability (5).

Marine responses to such climate fluctuations are reflected
in the productivity of marine ecosystems from phytoplankton
to fish population dynamics (17). Therefore a key requirement
for preserving biodiversity and supporting sustainable fishing is

to understand the climatic effects in the lower levels of food
webs (18). At present, general circulation models treat the marine
environment in a simplified way, lacking the detail required for
investigating the impacts of climate on marine ecosystems (7)
beyond phytoplanktonic trophic levels. Thus the utility of high
resolution marine temperature histories coupled with seasonal
records of productivity provide a unique tool for probing climate-
marine ecosystem relationships more accurately. With models
suggesting that Atlantic SST will continue to rise (19) we need
to understand how such changes are likely to affect food security.

The first biweekly resolution record of high-latitude, North
East Atlantic, inshore, shallow-water temperature from 1353–
2006 is presented and related to seasonal resolution inshore
zooplankton changes. Mg∕Ca ratios obtained from red coralline
algae (Lithothamnion glaciale) were converted to in situ marine
temperatures using Mg-temperature calibrations performed here
and in ref. 20. Red coralline algae are validated (14) archives of
palaeoclimate information at subannual time scales (20, 21),
which band annually (20, 22) and have a worldwide shallow-water
distribution (23). As zooplankton amplify hydroclimatological
forcing (24) this investigation targeted historic relationships
between North East Atlantic algae-derived in situ temperatures
and abundances of the copepod Calanus finmarchicus, the most
abundant copepod species higher than 50° N (25) and an impor-
tant food source for cod (26). East Atlantic C. finmarchicus abun-
dance was related to algae-derived in situ temperature and that
relationship along with model-derived temperature projections
(19) were used to project C. finmarchicus abundance to 2040.

Results and Discussion
Since the Little Ice Age (LIA) summer marine temperatures in
North East Atlantic inshore shallow waters have increased nearly
twice as much as those in winter. From the LIA [1400–1700 (27)]
to the 1900–2006 mean, summer temperatures rose by 2.7�
0.5 °C while winter temperatures rose by 1.4� 0.5 °C (Fig. 1).
This seasonal difference in change may be attributed either to
(i) more suppressed summer than winter temperatures during the
LIA or (ii) that since the LIA summers have warmed more than
winters. In both cases, summers have warmed more than winters
during the last 6 centuries.

Temperature peaks near ∼1350, 1700, 1870, 1920, and since
the 1970s are similar to present day SSTs. Distinct temperature
troughs occurred near ∼1540, 1840, 1880, and 1960. In fact, since
1930 the mean temperatures have been significantly higher than
the 1353–1929 summer (F1 ¼ 50.62, p < 0.001) and winter
(F1 ¼ 78.39, p < 0.001) temperatures respectively.
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Maximum offsets since 1353 with respect to the 1961–1990
mean algae-derived in situ temperature (11.5� 0.5 °C) were
greater in winter (−8.9� 0.5 °C) than summer (þ6.3� 0.5 °C).
Whereas this does not indicate consistently larger changes in
winter temperature, it does indicate that even though summer
marine temperatures have on average increased more, winter
marine temperatures have been characterized by more extreme
temperatures as also observed in terrestrial alpine temperature
reconstructions (1, 6).

The distinct period of cooler temperatures between ∼1418 and
the late 1600s coincides with the LIA that reached spatially dis-
tinct minima in the Northern hemisphere between 1400–1700
(27). The LIA was characterized by both warm and cold anoma-
lies (28) such as the distinct positive temperature deviation that
occurs between ∼1506–1516 and is present in both summer and
winter. As these cooling and warming periods correspond to si-
milar periods observed in marine and terrestrial multi- and single-
proxy reconstructions (e.g., refs. 1 and 27–29), as well as climate
indices (30, 31), it appears that shallow inshore waters are experi-
encing environmental conditions characteristic of both deeper
offshore waters as well as the atmosphere. Therefore, these data
suggest that the shallow inshore waters in Loch Sween are repre-
sentative of larger-scale climatic variability. The presence of live
coralline algae indicates that, at least in the Loch Sween system,
during the LIA these sea lochs were not frozen, although there
may have been surface ice present during winter. Such surface ice
would not have led to algal growth cessation as coralline algae
grow in the dark by using carbohydrate reserves (32) and CO2

dark assimilation (33). Despite these differing growth strategies
calibration indicates both summer and winter adherence to the
Mg-temperature relationship (20) and also confirms temperature
controlled replacement of Ca by Mg within the crystal lattice
rather than the Mg being present as an associated organic
component (14).

In this study, spectral analysis reveals significant (99% confi-
dence level) shallow-water algae-derived in situ temperature
frequencies of 64.8, 4.3, 2.8 and 2.1 years per cycle between
1431–2006 (the longest uninterrupted time-series data available)
on the west coast of Scotland (Fig. 2). As oscillations are not
clearly resolved prior to 1700 (Fig. 1) this may indicate temporal
instability in marine temperature oscillations in the North East
Atlantic at centennial scales. Mg∕Ca derived marine SST corre-
late well with atmospheric temperatures (20), suggesting that

both may exhibit similar oscillations. The 50–100 year climate
oscillations observed in the Atlantic climate system (10, 34) are
only for records extending to the 1800s but their presence does
confirm that similar oscillations occur in both Atlantic seawater
and the Atlantic climate system. Similar 50–100 year in situ
shallow-water sea temperature oscillation longevity has been ob-
served in coral-derived SST reconstructions of Atlantic low lati-
tudes (29) suggesting that, whereas those oscillations are spatially
widespread and contemporaneous within the Atlantic Ocean,
their temporal instability may be an Atlantic-wide phenomenon.
The 4.3 year signal corresponds to NAO (35) and El Niño South-
ern Oscillation (36) timescales whereas the biennial peaks are
close to the Nyquist frequency and thus most likely of analytical
rather than climatic origin (37).

Winter AMO and algae-derived in situ winter temperature
both show significant coherence at 64–65, 45.1, and 2.2 year fre-
quencies (Figs. 1 and 2) between 1856–2005 (the longest suitable
AMO time series available). The 64–65 year period is also present
in the algae-derived in situ winter temperature whereas the bien-
nial period is close to the Nyquist frequency. This relationship
with the AMO is to be expected as AMO is defined by SST (38).
There is an absence of any upward trend in the AMO (as present
in temperature between 1856–2005) as the AMO is calculated
from detrended SST data. The similarity between algae-derived
in situ temperature and the AMO (and thus SST) is important as
the AMOmay be correlated to the AMOC (39), which is thought
to be driven by the thermohaline circulation (THC) (10). It thus
appears that shallow-water algae-derived in situ temperatures re-
corded by red coralline algae on the west coast of Scotland may
also be a record of THC change. Multidecadal oscillatory modes
in SST (and presumably in situ temperature) and THC have been
attributed to both the response of the atmosphere to extratropical
SST anomalies and oceanic responses to stochastic surface flux
forcing (10) whereas lower frequency (annual-decadal) tempera-
ture variability, as also observed in coral (29) and tree-ring (6)
records is likely to be caused by volcanism, greenhouse gases, so-
lar activity, and atmospheric aerosols (e.g., ref. 40). At longer
temporal scales the pre-1700 absence of the AMO may be partly
due to reduced AMOC transport during the LIA (41) and thus
this record suggests that the AMOC transport may have in-
creased from as early as 1700 in the North Atlantic compared
to 1850 at lower Atlantic latitudes.
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Fig. 1. North East Atlantic summer andwinter algae-
derived in situ temperature anomaly. Molar Mg∕Ca
(black line) extracted from L. glaciale coralline algae
on the west coast of Scotland (graph A), peaks repre-
sent maximum summer temperature and troughs
minimumwinter temperature. Gray shading indicates
Mg∕Ca SD of replicate measurements. Summer
(graph B—red line) and winter (graph D—blue line)
extreme algae-derived temperature anomalies were
extracted from the fortnightly resolution subannual
time series. Gray shading indicates standard error
(measurement and regression) and black line indi-
cates 21 year moving average. Blue box indicates tem-
poral extent of the LIA as defined by (27). The winter
Atlantic Multidecadal Oscillation (AMO) index (Raw
data from ref. 38) (graph C) and winter (December-
March) North Atlantic Oscillation (NAO) index (princi-
pal component from ref. 45) (graph E) are indicated.
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Winter NAO and algae-derived in situ winter temperature
both show significant coherence at 27.7 and 4.3 year frequencies
(Figs. 1 and 2) between 1900–2005 (the longest suitable NAO
time series available). These periods are very similar to those
observed in winter NAO reconstruction using Arctica islandica
(29–32 and 7–9 years) in the Norwegian Sea (42) as well as
coherence between NAO and coral-derived Sr∕Ca time series
(3–5 years) from Bermuda (35). Coherence between proxy-
derived in situ temperature and NAO is most likely observed be-
cause the NAO drives winter climate variability over Europe and
easternNorthAmerica (43) and also because SSTs from theNorth
Atlantic correlate with NAO at annual and decadal scales (44).

Thus the influences of both winter AMO and winter NAO
appear to be recorded in the algal-derived reconstruction of shal-
low-water in situ temperatures on the west coast of Scotland.
Whereas the NAO exerts most dominance on atmospheric winter
temperatures over the East Atlantic and Europe (45), marine
temperatures in the Atlantic Ocean are thought to be the domi-
nant influence on summer atmospheric climate in the United

Kingdom (9). As signals from both the winter AMO and winter
NAO are present in the winter algae-derived in situ temperatures
it is likely that both the AMO and NAO play a role in controlling
winter temperatures on the west coast of Scotland. This observa-
tion has significance for seasonal scale climate projections over
the next century in Northern Europe.

Since continuous plankton recorder sampling began in 1958 C.
finmarchicus abundances have fallen from 15 to 4 relative abun-
dance units with a notable peak occurring in 1979 (Fig. 3).
Here, a significant negative relationship between log stabilized
C. finmarchicus abundances and summer algae-derived in situ
temperature was observed (Fig. 4) (Raw:

LogðCfinÞ ¼ −0.27 � SumISTþ 7.78 [1]

(R2 ¼ 0.28, p < 0.001, SEb � 0.06, SEa � 0.98), and detrended:

LogðCfinþ 12Þ ¼ −0.17 � SumISTþ 6.35 [2]

(R2 ¼ 0.19, p ¼ 0.002, SEb � 0.01, SEa � 0.76). As C. finmarch-
icus is most sensitive to temperature increases in early summer
(25), which are partly controlled by the NAO (46), and the cur-
rent study shows enhanced summer warming since the LIA, it is
likely that C. finmarchicus is more sensitive to temperature rises
than previously thought. Projections also suggest this, showing
that C. finmarchicus abundances will continue to decline in re-
sponse to increasing summer temperatures between 2006–2040
with the 2030–2039 mean abundance (3.3) being significantly low-
er than the 1995–2004 mean abundance (4.6) (Fig. 2) (F4 ¼ 6.94,
p ¼ 0.017). Thus increased summer warming on the west coast of
Scotland may exacerbate the decline in C. finmarchicus
abundance.

Marine fin-fish fisheries undergo sudden and significant
changes in productivity that are often associated with lower-
trophic levels (47). Such changes can impact fish stocks both di-
rectly (higher temperatures create greater energetic demands)
and indirectly (phenological fall in available food) (48). Cod
recruitment covaries positively with phytoplankton and zooplank-
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Fig. 2. Algae-derived in situ temperature periodicity. (A) Adaptively
weighted MTM spectrum of the annual algae-derived in situ temperature
at Loch Sween, Scotland from 1431 to 2006 (bandwidth parameter is
p ¼ 2 and K ¼ 3 eigentapers were used). (B) Spectral coherence between
algae-derived in situ winter temperature and winter Atlantic Multidecadal
Oscillation index from (38) between 1859–2006 (bandwidth parameter is
p ¼ 2 and K ¼ 3 eigentapers were used). (C) Spectral coherence between
algae-derived in situ winter temperature and winter North Atlantic Oscilla-
tion index from (45) between 1900–2006 (bandwidth parameter is p ¼ 2 and
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(Top) % significance levels are shown by curves/lines. The periods
(years cycle−1) of signals significant at the 99% level are indicated.
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Fig. 3. Historic and projected in situ temperature and C. finmarchicus abun-
dance. (A) Historic algae-derived in situ temperature time series (solid) and
projected in situ temperature (dashed) obtained from ref. 19. (B) Historic
C. finmarchicus abundance (solid) on the west coast of Scotland collected
using a continuous plankton recorder (CPR). Abundance is on a semiquanti-
tative relative scale of zooplankton per unit volume of water sampled by the
CPR. Projected C. finmarchicus abundance (dashed) using function [1]. Linear
trendlines are indicated by straight black lines.
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ton (C. finmarchicus and Calanus helgolandicus) abundance due
to reduced food (zooplankton availability and quality) (26). Since
1958 increasing temperatures have reduced the quality of zoo-
planktonic food available for larval/juvenile cod [progressive
substitution of C. finmarchicus by C. helgolandicus at higher
temperatures (25)], mediated by changes in water column strati-
fication (49, 50), leading to poor recruitment to adult populations
in the North Sea (26). In addition, decline in food availability has
exacerbated the decline of European cod stocks due to overfish-
ing (7). Added variability in cod recruitment also exists as a con-
sequence of stock specific responses to: (i) temperature [e.g.,
stocks at different positions in cod’s distributional range respond-
ing differently (51) and/or changing their spawning locations
(52)], (ii) wind and current induced changes in the distribution
of cod eggs and larvae (53) and (iii) variable responses to
NAO (46, 54). Thus whereas in certain areas warming climate
will lead to increased fishery yields (18) it appears that cod yields
in the East Atlantic may be altered as a consequence of enhanced
summer warming of waters at the time when their food, C. fin-
marchicus, is most sensitive to those changes. Such fluctuations in
fish stocks have major economic and social consequences (7) and
thus a detailed understanding of climate-induced changes, such
as the inclusion of ecological knock-on effects (55), is required.

Conclusions
As global warming begins to represent a risk to global food se-
curity on land (56), marine fish stocks are also starting to dwindle
(7). Enhanced increases in shallow-water marine summer tem-
peratures observed here, have a negative effect on C. finmarch-
icus abundance in summer when it is most sensitive to tem-
perature. As C. finmarchicus is a key prey item for cod this may
have detrimental effects higher up the food web. We thus need to
further understand if summers will continue to warm more than
winters with respect to seasonal climate projections, the stability
of the marine climate system and the knock-on effects these
synergistic factors will have on fisheries and marine food security.

Materials and Methods
Algal Collection. SCUBA (self-contained underwater breathing apparatus)
was used to collect a 20 × 46 cm core through a L. glaciale deposit in Loch
Sween (56°01.99’N 05°36.13’W) on the west coast of Scotland in January
2007. Live L. glaciale on the surface of the deposit protected the core top
from disturbance. The core was frozen and sectioned longitudinally; each
half was sectioned into 2 cm horizons. To avoid edge effects of the coring
process each horizon was recored using a 6 cm diameter core. L. glaciale thalli
were picked from each horizon and washed. The longest thalli were selected
for further analysis.

Rangefinder Dates. Five thalli were selected for radiocarbon rangefinder dat-
ing. For each thallus, a branch tip attached directly to the section used in
Mg∕Ca determination, and containing approximately 20 bands (years of
growth), was selected for analysis. Each sample was sonicated to remove
any ground-in material and analyzed whole. Accelerator mass spectrometry
radiocarbon dating was conducted at the Scottish Universities Environmental
Research Centre and adjusted by 405 14C years for the marine reservoir effect
(57) (Table 1).

Sample Analysis. All analyses were conducted on a Cameca SX100 electronmi-
croprobe at the School of Geosciences, University of Edinburgh. Parallel trans-
ects (n ¼ 2) were made along the length of each thallus. Along each transect,
spot analyses (20 μm diam.) simultaneously recording Mg, Ca, and Sr were
made at 20 μm steps [electron microprobe conditions: acceleration voltage:
10 kV, beam current: 4 nA, dwell time: 20 sec (see (20) for detailed conditions)].
Sampleswere imaged using SEM (FEI Quanta 200 F) and any spot analyses that
were taken on growth irregularities were rejected (82 of the 12,888 analyses).
Remaining values from the 2 transects were averaged to generate a Mg∕Ca
(molar) time-series. As L. glaciale band annually (20), band counting/imaging
was used to correspond individual bands to annual peaks and troughs in the
Mg∕Ca time series that corresponded to maximum and minimum tempera-
tures in individual years (e.g., as in Fig. S1). For the live collected specimens,
this process enabled absolute dates to be assigned to each peak/trough.
For validation of analytical technique , see SI Text and Fig. S2.

Combined Chronology. Six thalli were used as anchor points in construction of
the combined chronology; a core top thallus provided the 0 year (as it was live
on collection) and 5 other thalli provided radiocarbon dates. Twenty seven
(including anchors) Mg∕Ca time series were available; each from an indivi-
dual thallus. Each time series was presented as both summer maximum
and winter minimum molar Mg∕Ca [maximum Mg is deposited during
summer (20)]. These were detrended (least-squares regression) to remove
any effects of band width on the number of Mg∕Ca readings yr−1, and hence
resolution, when determining the chronology. The anchor point thalli were
used to give all other thalli an estimated age (using interpolation). To further
refine the age of each thallus, and thus the accuracy of the chronology, the
detrended summer Mg∕Ca time series determined from each thallus was
cross correlated (average overlap ¼ 64 years) with Mg∕Ca time series for
thalli that grew at similar times (estimated from interpolated age). Relative
lagged ages determined by the cross correlation were only accepted if all the
following criteria were met (i) correlation coefficient r >¼ 0.36 (p < 0.001)
(58), (ii) Gleichlaufigkeit, GLK >¼ 65% (59), and (iii) Baillie–Plicher t value,
tBP >¼ 3.6 (60).

The combined use of radiocarbon dating and dendrochronological tech-
niques allows for a chronology in which no ages are based only on interpola-
tion thus reducing uncertainty introduced by interpolation as well as error
associated with the radiocarbon dates. Thus the maximum error on any ages
determined will be t � 40 y (the error on radiocarbon dates) plus/minus any
interpolation error ( ≤14 y) whereas the minimum error will be 0 years (the
best age determined using cross correlation). As three filtering criteria were
used to determine cross correlation significance, it is likely that age model
error falls well below the 54 year maximum and is probably nearer 0 years.
It is unlikely there is error on the 1857–2006 ages as thalli that grew during
these years were live on collection thus are absolutely dated, this is important
as these are the years during which comparisons with absolutely dated
zooplankton abundance are made.

Mg-Temperature Relationship. The Mg-temperature relationship:
Mg∕CaðmolarÞ ¼ 0.013 ISTð° CÞ þ 0.04 (IST ¼ in situ temperature, Mg∕Ca ¼
molar Mg∕Ca ratios in L. glaciale, R2 ¼ 0.93, p < 0.001, SEb � 6.5−4,
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Fig. 4. Relationship between annual log (natural) C. finmarchicus abun-
dance and summer algae-derived in situ temperature on the west coast of
Scotland between 1956 and 2001 with 0 years lag.

Table 1. Radiocarbon data for L. glaciale samples from Loch Sween,
Scotland

Sample code Depth (cm)

13C relative
to VPDB (‰) Age Year

SUERC-16011 8–10 −6.7 Modern Pre 1950 AD
SUERC-16013 14–16 −6.9 Modern Pre 1950 AD
SUERC-16005 26–28 −4.1 320 ± 40 1668 ± 40
SUERC-16006 30–32 −12.0 355 ± 40 1651 ± 40
SUERC-16012 44–46 −3.9 630 ± 40 1376 ± 40

Depth denotes the section depth down from top of live surface thalli,
sediment depth begins ∼8 cm below thallus surface. Ages are given as
conventional 14C yr BP with analytical error of �1σ.
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SEa � 6−3, equivalent error on reconstruction ¼ �0.5 °C) was determined
using measured in situ temperature, the calibration site, technique, and va-
lidation in ref. 20 (Fig. S1). Two temperature time series were constructed, for
(i) maximum summer temperature and (ii) minimum winter temperature.
Fieller’s Theorem was used to propagate errors. A gap is present in the time
series during 1388–1405 due to the absence of multiple thalli growing during
that period. Occasional individual gaps are also present when analyses in all
thalli representing a particular time happened to fall on a growth irregularity
and were rejected. ANCOVA (assumptions met) was used to compare tem-
peratures between temporal bins.

Spectral Analysis. Multitaper method (MTM) spectral estimation (37, 61, 62)
was conducted to estimate the winter algae-derived in situ temperature
variability period. Winter temperatures were used as these gave a longer
uninterrupted time series than summer temperatures. The MTM bandwidth
parameter is p ¼ 2 and K ¼ 3 Slepian eigentapers were used. Confidence
intervals were determined relative to a red noise AR(1) background. Compar-
ison of algae-derived in situ temperature time series with the winter AMO
and winter NAO time series was conducted using Magnitude-Squared Coher-
ence—the frequency domain analogue of correlation (62, 63). For both the
AMO and NAO the longest suitable time series available were used. The same
bandwidth parameter and eigintaper were used as in MTM analysis. In all
cases only signals significant at the 99% level were considered. Analyses were
conducted on detrended time series (spline/linear model residuals) that were
detrended separately.

Temperature-Zooplankton Relationships Data sources. Historic sea water tem-
peratures were algae-derived in situ temperature time-series developed dur-
ing the current investigation. Projected SSTs from 2000–2040 for 57°07’53’’N
08°12’60’’W were obtained from (19) and were developed under an SRES-A2
scenario. Calanus finmarchicus abundance (semiquantitative relative scale;
e.g., number of zooplankton per unit volume of water sampled) data were
collected using a Continuous Plankton Recorder in Area C4 (inshore west
coast Scotland) and provided by The Sir Alister Hardy Foundation for Ocean
Science (www.sahfos.ac.uk).

Data preparation and relationships. Residuals of each time series were ob-
tained from linear models (variable ∼ time). Remaining autocorrelation

was removed by fitting successively higher order Autoregressive Integrated
Moving Average models to each input variable (64). All analyses were con-
ducted on the log stabilized residuals.

Model validation and projection. Temperature-zooplankton relationships
were determined using models constructed from ∼66% of the available
time-series data (1958–1987). Those relationships were used to project the
zooplankton abundance over the same period as the remaining 33% of
the time series (1988–2001) providing projected and actual abundance time
series over the period 1988–2001. Projective capacity was validated by regres-
sing the difference between actual zooplankton abundance and projected
zooplankton abundance on sums of actual and projected zooplankton abun-
dance (65) between 1988–2001. C. finmarchius abundance was projected to
2040 using relationships [1] and [2]. The projection is useful for detecting
changes in trend at decadal scales, however, is not suitable for detecting
subannual patterns as error propagation makes subdecadal patterns hard
to interpret. This can been observed in the small step change between
proxy-derived and modeled temperatures at annual scales (Fig. 3) whereas
the linear trendlines, representative of temperature/abundance at decadal
scales, are temporally coherent. In addition, the annual step change is not
of concern at decadal scales as the variability of modeled temperature is well
within the variability of proxy-derived temperature (Fig. 3). Repeated
measures ANOVA (assumptions met) was used to compare C. finmarchicus
abundances at different temporal points.

Statistical analysis. Mg∕Ca cross dating was conducted using CDendro
(Cybis Elektronik & Data), spectral estimation was conducted using kSpectra
Toolkit (Spectraworks, www.spectraworks.com) and all other analyses were
conducted using R v2.10 (66).
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