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THE DISTRIBUTION OF BENTHIC FORAMINIFERA IN THE CELTIC SEA: THE
SIGNIFICANCE OF SEASONAL STRATIFICATION
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ABSTRACT

Seasonal stratification is an important phenomenon in
tidally-stirred shelf seas, influencing biological produc-
tivity, sedimentation rates, the organic content of shelf
sediments, and the climate of surrounding landmasses.
Previous micropaleontological and stable isotopic inves-
tigation investigation of a Holocene sequence from the
Celtic Sea suggests that benthic foraminiferal distribu-
tions are linked to the physical and biological oceano-
graphic characteristics associated with stratification. We
have tested this hypothesis by analyzing the living and
dead foraminiferal faunas from surface samples collect-
ed during across-frontal cruises during the summers of
1995 and 1996. Foraminiferal and environmental data
for 56 samples are presented. Live and dead foraminif-
eral data were analyzed by factor amalysis and, along
with the environmental data, canonical correspondence
analysis (CCA). Four distinct assemblages were identi-
fied from factor analysis of the live data: (1) a frontal
assemblage characterized by Stainforthia fusiformis, (2)
a mixed water assemblage characterized by Cibicides
lobatulus, Textularia bockii, Spiroplectammina wrightii,
Ammonia batavus and Quinqueloculina seminulum, (3)
a stratified assemblage characterized by Bulimina mar-
ginata, Hyalinea balthica, Adercotryma wrighti and Non-
ionella turgida, and (4) an eastern assemblage dominated
by Bulimina gibba, Elphidium excavafum and Eggerel-
loides scaber. Factor analysis of the dead data reproduc-
es all groupings except the frontal assemblage. These
data therefore support interpretations based on earlier
stratigraphic data, and highlight the significance of ben-
thic foraminifera as faunal indicators of paleostratifica-
tion in shelf seas. The distributions also support pre-
dicted cross-frontal transfer of nutrients and the exis-
tence of surface converging circulation cells. Statistical
analyses indicate the significance of unmeasured ecolog-
ical variables which we speculate might be food supply,
and oxygen concentration of bottom and sediment pore
waters.

INTRODUCTION

Although continental shelves account for just 10% of the
ocean fbor area, shelf seas contribute 20% or more of ma-
rine primary production (Walsh, 1988) and are therefore a
significant component of the global carbon cycle. Much of
this primary production & associated with seasonal stratifi-
cation and shelf sea fronts (Berger and others, 1989). Sea-
sonal thermal stratification is the dominant hydrodynamic
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phenomenon of tide-dominated shelf seas in the middle and
high htitudes. Stratification occurs when summer heating of
the sea surface exceeds tidal stirring. The resultant fionts,
separating mixed flom stratified water, are zones of en-
hanced primary production and support a coupled pelagic-
benthic ecosystem which influences organic sedimentation
and the production and preservation of microfossils (Fig. 1).

Austin and Scourse (1997) published an AMS C dated
Holocene benthic foraminiferal stable oxygen and carbon
isotopic record ffom the central Celtic Sea (BGS vibrocore
57/-07/199), which they interpreted as a record of'the onset
of seasonal stratification during the early Holocene. The iso-
topic record was associated with changes i benthic fora-
miniferal assemblages in which an early mixed phase (ther-
mocline state I), characterized by an epifiunal assemblage
dominated by Cibicides Ilobatulus and Quingueloculina
seminulum, was progressively replaced (thermocline state
IT) by an infaunal assemblage dominated by Bulimina mar-
ginata in the later stratified phase (thermocline state III).
These changes suggested that the foraminiferalassemblages
themselves are linked to the plexus of factors defining, or
associhted with, stratification.

Thi paper tests the hypothes® that benthi foraminiferal
dstributions in the Celi Sea are intimately linked to the
physical and biogeochemical processes associated with sea-
sonal stratification. Surface samples colkcted during two
cruises during 1995 and 1996 have been analyzed for living
and dead foraminiferal fiunas and compared with associted
environmental data. Dead assemblages integrate seasonal
changes in the foraminiféral populations, and time-averag-
ing is therefore a better analgue for interpretation of fossil
assemblages than the live assemblages. Furthermore, sedi-
ment transport patterns and test preservation are linked to
peak bed stress vectors, which are themselves a fimction of
the hydrodynamic regime associated with seasonal stratifi-
cation (Austin, 1991).

OCEANOGRAPHIC SETTING

The Celtic Sea extends from the 200m isobath in the
south and west of the continental shelf bordering the North
Athntic, to southern Irelnd and the entrances to the Irish,
Britol and English channels (Pugh and Thompson, 1986).
The study area is restricted to part of the northem Celic
Sea between 51° and 52°25'N between 4° and 7°W (Fig. 2).
The St. George’s Channel Trough in the southern Irish Sea
trends in a NW—SE direction into the extensive and broad
Celtic Deep basin, whicth & inclided within the study area.

As in all tide-dominated shelf seas, heating of'the surface
waters i the Celtic Sea induces buoyancy and stability, but
the turbuknce generated by the action of bottom friction on
tidal currents acts against this, and may generate sufficient
kinetic energy to mamtain vertical mixing throughout the
depth of the water conmn. During winter, the entire water
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FIGURE 1. Schematic depicting the nature, dynamirs, and biolgy
ofa tidal front (summer siuation). T idal ffonts are seasonal phenomena
common on hish and mid-latitnde continental sheles which occur at
the jutaposition of deeper, stratified, waters wih shallbwer, mixed
waters. The shallow, mixed, side has uniform temperature and density
throughout, mtermediate betw een the surface and bottom characterstics
of the stratified side.

colummn is mixed with rehtively uniform temperature, salin-
ity. and density characteristics throughout. In early spring.
when heat fluxes fiom the atmosphere to the sea surface. a
warm surface layer develops. This layer is separated fiom
the colder bottom waters by a sharp density gradient, the
pycnocline, which restricts the exchange of heat and nutri-
ents between the two water bodies (Fig. 1). In the Celi
Sea, where salinifies are generally high throughout, the pye-
nocline generally coincides with the thermocline. defined as
the sharp temperature gradient between the surface and bot-
tom waters (Ellbtt and others, 1991). In autunm. as atmo-
sphert cooling begins. the surface hyer loses heat both up-
wards and downwards. Eventually the two layers become
equal in temperature. the thermocline d®integrates and the
whole water column re-mixes. Variations i tidalmixing and
water depth result in some areas of'the shelf becoming strat-
ified while adjacent waters are mixed; the transition between
the two is marked by a strong horizontal gradient known as
a front.

The main tidal fiont in the study area is the Celtic Sea
front extending between Briain and Ireland and curving
southwards, at around 51°N, along the British coast. Thi
front can be recognized in summer by temperature mea-
surements across the boundary area and is recorded by sat-
ellite imagery which detects sharp, horizontal surface tem-
perature gradients (Simpson and Bowers, 1979). The mixed
zone is confined to the shallower (generally <100 m) in-
shore waters in the north and east of the study area, whereas
the deeper water over the central and outer shelf stratifies
during the summer months.

When discussing the biblogical oceanography assochted
with shelf'sea fionts. it is important to dstinguish between
mixed, frontal and stratified waters. The ‘chssical’ phyto-
phnkton cycle for seasonally stratified waters is character-
ized by a spring bbom followed by a subdommant autiumn
blbom. In winter there are fow phytophnkton living be-
cause, although there & a high availability of nutrnts, in-
dividuals are mixed below the euphotic zone and cannot
photosynthesize. In spring. light input increases and the
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FIGURE 2. Location of study area showing the transects and CTD
stations from which foraminiferal sediment, and water samples were
collected. Stippled area represents the mean summmer posiion of the
Celtic Sea front.

wind-mixed layer shalbws until it no longer exceeds the
critical depth (Sverdrup. 1953). the phytoplankton experi-
ence hich levels of illumination, and a bloom is triggered.

Herbivorous zooplankton and bacter&l blooms hg the
phyoplankton blooms. Grazing pressure from zoophnkion
and the exhaustion of murents in the euphotic zone result
in a low summer phytoplankton standing stock. The autimmmn
blbom is attributed to a decrease in zooplankton numbers
as a consequence of predation and the increased availability
of nutrients due to wind-driven mixing. Diafoms comprise
the majority of the spring bloom, while the summer popu-
lation is dominated by dinoflagellates. Those areas charac-
terized by year-round tidal mixing and fiontal regions have
a different biobgy. Holligan (1981) observed that fionts
mark the landward limi of the spring blbom, which occurs
only i stratified waters, while tidally mixed waters are
dominated by relatively low numbers of diatoms. The fron-
tal region cons®ts of a bw diversity, dinoflagellate popu-
lation which has a single summer peak, rather than a bian-
nual blbom, as does the subsurface phytophnkton maximum
nearest the front (Fig. 1).

MATERIALS AND METHODS
SAMPLING

The samples used i th® study were colkcted in the
northeast Celtic Sea during two cruises aboard the RV
Prince Madog in June—July 1995 and June 1996. Shipek
grab samples were colkcted from 72 stations arranged abng
fransects 1. 2 and 3 in 1995, and 56 stations along fransects
6.7 and 8 in 1996 (Fig. 2). The fransects all intersected the
Celtic Sea front in approximately a north—south direction
except transect 8 which fraversed the entrance to the Bristol
Channel and the front from approximately west to east. Each
Shipek grab sample was subsampled for foraminiferal and
grain swe analyses and. ffom transects 1-3. sediment geo-
chemical analyses. Care was faken to ensure that only the
surface (—0.5 cm) of each sample was subsampled. Samples
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for foraminiféral analysis were preserved in ethanol fo
which rose Bengalstain was added in order to discriminate
between live and dead ind#viduals. Samples for geochemical
analysis were fiozen. The temperature, salinity and density
characteristics of the entire water column were also mea-
sured for each station using a Neil Brown Mk IITb profiling
conductivity. temperature and depth probe (CTD).

SEDIMENT ANALYSIS

The grain size sampks were wet sieved through a 63 pm
mesh and the retained sediment was dried at 105°C over-
night in preparation for dry s&ving. The hrger fractions
were skved at 050 intervak and measured to an accuracy
0f 0.01g. A sedigraph (M romeritics 5000ET) was used to
measure grains of <~100pm in diameter. Samples were cen-
trifuged with distilled water, treated with 10% hydrogen per-
oxile to remove organic matter. and then centrifiiged again
with distilled water. Calgon was used to deflocculate the
sampks, which were then dispersed in an ultrasonic bath
for 15 minutes (Stein, 1985), folbbwed by the use ofa mag-
netic stirrer. The suspended solution was loaded into the
sampk cell and the X-ray intensiy set to 700. Samples were
analyzed for sizes between 3—100pm and maintained at
32°C. Grain size parameters for each sample were cakuhted
using a Fortran grain size analysis package (Jones, 1990).
These inchide modal and mean grain size, sorting, skewness
and kurtosis for both moments and Folks (Folk, 1966; Folk
and Ward, 1957).

GEOCHEMICAL ANALYSIS

The sampks for geochemical analysis (CaCO,, inorganic
carbon, organi carbon and nifrogen content) were thawed,
sieved through a 500pm sieve to remove the larger frag-
ments, ground until the sediment had the cons®tency of
flour, then weighed. The samples for organic carbon analysis
were reacted with 1001 of HC1 and dried to remove all
CaCO;. Samples were then processed by a Carlo Erba NA-
1500 carbon analyzer (Verardo and others, 1989). Samples
were run in batches of up to 50, mchliding control samples
of Acetanilide, a National Bureau of Standards certified
standard reference material for organic carbon/nitrogen mi-
crochemical analyses. The organic carbon and nirogen con-
tents were calculated using the data from the analyzer and
the aleorihm given in Verardo and others (1989). Inorganic
carbon was calculated by subtracting organic carbon from
total carbon, which was processed as above but without the
decalcification step.

FORAMINIFERAL ANALYSIS

In preparation for microscopic examination, foraminiferal
sampks were washed through a 63 pm sieve and dried over-
night. Flotation was carred out according to Meldgaard and
Knudsen (1991) using carbon tetrachbride (CCL), which &
considered appropriate for recent sediments; residues were
checked for non-floating tests. A total of 52 samples were
piked for 300 living and 300 dead individuals; identifica-
tions were based on a number of taxonomic sources
(Haynes, 1973; Murray, 1971, 1991, 2000).

STATISTICAL ANALYSIS

Both live and dead foraminiferal data were analyzed us-
ing two different multivariate statitical techniques. Factor
analysis involved the application of simultaneous Q- and R-
mode analysis using a MINITAB program afier Walden and
Smith (1995). Data were prepared for analysis in the way
prescribed by Imbrie and Kipp (1971), and any species
which did not comprise at least 8% ofone sample was elim-
inated before analysis. Data were input in the form of per-
centages. In addition, Textularia bockii and Spiroplectam-
mina wrightii were grouped under the heading Textilina
group because of their taxonomi and ecological affinity
(Murray, 1979). Al Bolivina, Brizalina and Bolivinella spe-
cis were summed together into a Bolivina group, and all
Reophax species were summed as a Reophax group. The
input dataset used for the live fictor analysis comprised 22
species or species groups; 13 were used for the dead anal-
wsis.

CCA is a usefil compkment to factor analys® because
it examines each specis mdividually and can help explain
non-interactive inter-species associations (CCA does not
consider mter-specis interactions).

CCA was performed on a data set compriing both fo-
raminiferal and environmental data and using the program
(CANOCO, version 3.12, 1991) afier ter Braak (1991). A
detrended correspondence analysis (DCA) was automatical-
Iy performed by CANOCO on the fiunal data. In prepara-
tion for the analysis, those species which did not constitute
5% or more of at least one sampk were removed fiom the
species dataset. Species were not grouped for canonicalcor-
respondence analys® (CCA) and only those environmental
variables which did not covary significantly were inchided
in the environmental dataset. These included depth, temper-
ature, % gravel % sand, mean grain size, sorting (mo-
ments), skewness, and kurtos® (both calculted using mo-
ments and Folks), latitude and longitude. Percentage values
were used for the speces data and absolite numbers for the
environmental data. To determine the exclusive individual
contribution of each environmentalvariable to the analysis,
a series of partdl CCAs were carried out affer Borcard and
others (1992).

RESULTS
ENVIRONMENTAL GRADIENTS

The position of the tidal fiont was identified using tem-
perature and salinity data from throughout the water col-
umn. Though th& information is usefil with regard to fo-
raminiferal distrbutions in a qualiative way, for the pur-
poses of'the statistical analyses, only the bottom water tem-
perature and saliniy measurements were used. These,
together with the position, depth, and remaining oceano-
graphic data are given in Table 1.

Changes in bottom water temperatures across the area are
shown in Fizure 3a. These range from cookr stratified wa-
ters in the south (minimum 8.88°C) to warmer fully mixed
conditions i the north (maximum 12.35°C). Isotherms it
lustrate that the stratified waters extend fiwrther north in the
Celtic Deep bathymetric trough, suggesting that the sub-
thermocline waters are fixed by depth in this area. Bottom



TABLE 1. Depth, position, water and sedimentary characteristics of each sampling station.

EBottom water
Sampl: e Temperature ('C)  Salinity PSU e 'Zﬁ?ﬁ‘?g S Fegee Fonggude et % Gravel
T1S01 64 1227 349 1.17 0.23 5.09 51.68 549 0.0042 31.5
T1S02 67 1195 3497 031 0.06 5.17 51.65 5.56 0.1520 28.9
T1S03 68 1149 35.01 0.24 0.04 6 51.61 561 0.1357 11.7
T1S06 87 10.17 3538 515 597 05088 0.2
T1507 86 101 3538 3146 5.82 05491 0
T1S09 91 99 3536 0.52 0.06 8.67 51.39 5.92 06133 0
T1S14 103 961 3536 0.86 0.1 8.6 51.22 6.16 0.6853 14
T1S17 102 9.41 3534 0.69 0.09 7.67 51.11 6.31 0.7238 1.1
T1519 101 9356 3537 025 0.03 833 51.04 641 06797 58
T2S01 98 9.41 3534 0.14 0 51.05 6.44 0.7083 2.8
T2S03 104 925 353 51.14 6.38 0.7385 0
T2S07 115 933 3533 1.09 0.13 8.38 51.32 6.27 0.7220 0.1
T2S11 115 934 3532 0.41 0.06 6.83 51.49 6.18 0.7354 0
T2S14 115 9.73 3521 0.34 0.04 8.5 51.63 6.1 06182 0
T2S16 111 9.53 3532 51.71 6.04 0.6880 6.7
T2519 105 995 3532 035 0.04 8.75 51.84 5.96 05765 11.9
T2S20 102 9.84 3523 0.21 0.03 7 51.88 593 0.4553 343
T2S21 105 1065 35.12 0.13 0.03 433 51.93 59 0.2322 22.5
T2S22 93 1158 34 .89 0.45 0.06 7.5 51.97 5.87 0.0995 357
T25213 a5 1161 3491 027 0.03 9 52 5.85 0.0360 346
T3S01 98 116 34 .89 027 0.04 6.75 51.97 5.86 0.0546 243
T3S03 109 1023 35.16 0.17 0.03 5.67 5191 593 0.2821 203
T3S05 108 9.71 3524 022 0 51.84 6.01 06114 94
T3S07 115 969 3527 0.15 0 51.77 6.08 0.5847 2.1
T3S10 109 9.75 3525 031 0.05 6.2 51.67 6.19 0.5419 0
T3S11 99 101 35.15 0.26 0.04 6.5 51.63 6.22 0.5153 0
T3513 96 946 3527 021 0.03 7 51.57 6.29 0.7059 0
T3S15 96 93 3532 039 0.05 7.8 515 6.37 0.7554 0
T3S16 101 932 3532 035 0.06 5.83 51.46 6.4 0.7515 35
T3S817 96 93 3531 031 0.04 7.75 51.43 6.44 0.7432 1.8
T3s519 28 938 3527 027 0.04 6.75 51.36 6.51 07176 9.6
T3823 92 925 35.26 10.17 0.02 8.5 51.23 6.66 0.7656 35
T6S02 75 1182 3492 52.11 6.2 0.0003 31.5
T6S06 82 1158 3496 51.86 6.28 0.0842 1.1
T6S08 71 11.02 3496 51.77 6.32 02758 04
T6S10 71 1028 35.05 51.66 6.37 03513 04
T6S12 81 9.09 3522 51.42 6.47 0.6356 0
T6514 93 888 3522 51.53 6.42 0.7231 0
T6S16 93 8.89 3523 5133 6.5 0.7006
T7S02 111 1068 35.13 51.84 574 02707 53.7 463
T7S06 116 10.04 3524 51.66 5.89 03753
T7510 110 973 3525 515 6.03 05556 0 952
T7S16 114 9.73 3535 51.22 6.29 0.5962 0 952
T&S01 106 9.82 3535 51.17 6.17 0.6003 0 228
T&S02 104 9.85 3535 51.19 6.11 0.5813 0 305
T&S05 90 1036 35.29 51.24 59 0.4991 0 828
TES08 82 10.49 3524 51.29 5.69 0.4464 0 96 9
T&S09 79 10.59 3524 5131 5.63 04411 0 98 9
TES10 76 10.75 3524 5133 5.56 04216 0 995
T8S13 71 11.05 35.17 51.39 5.32 0.1758 0.1 99 6
TE&S16 64 1146 35.02 51.44 5.08 0.1718 0
T&S20 49 1227 34.67 51.51 475 0.1087 0.9
T8521 41 1235 346 51.53 4.66 0.0993 45
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FIGURE 3. Distribution maps of (a) bottom water temperature ("C).
(b) bottom water salinity (psu) and (c) stratification mdex S-index
(surface—bottom water A°C). Mean summer position of the Celtic Sea
front shown.

water salinitis are stable across the frontalregion (Fig. 3b),
but are lowest i the mixed St. George’s Chamnel waters to
the north and in the Bristol Channel and higher in stratified
waters.

Since no single variable provides a measure of'the degree
of stratification at a singk site, the term ‘*S-index™ is de-
fined here as the difference between bottom and surface wa-
ter temperatures (A°C). The variability of S-index across the
area & shown in Figure 3c. Mixed sites are those wih S-
index values less than 2 and stratified sites are those with
an S-index greater than 6. Intermediate values indicate that
a site & flontal

The percentages of gravel sand, silt and chy were deter-
mined for each sediment sampk (Table 1). The distribution
of % sand (=63 pm) is shown in Figure 4a. This demon-
strates that the coarsest sediments Lie in the north and north-
west. while the finest lie to the south-east and at the end of
transect 8. The relative contribution of gravel & highest in
the mixed areas to the north, decreasing markedly through

Lathide

Longteos

FiGure 4. Distribution maps of (a) % sand. (b) % C. C,; data
are not available for transect 8. Mean summer position of the Celtic
Sea front shown.

the frontal region. No gravel was recorded anywhere along
transect 8, but there is a small increase i gravel content fo
the southwest. Sand content, by contrast, & relatively low
in the mixed area to the north, high in the mid-frontal re-
gion, and highest in the west.

The distribution of organi carbon (Fig. 4b) demonstrates
that surface water productivity, which is concentrated in the
frontal zone (Tett and others, 1993) is not directly reflected
in the underlying sediments. Other studies have indiated a
diect coupling between chlorophyll maxima and organic
carbon content of sediments in shelf settings (van Haren and
Joordens, 1990). There is. instead, an east-west gradient,
possibly due to advection of benthic fiuff into deeper, more
quiescent, basins. The inverse relationship in the distribution
of organic carbon and % sand (Fig. 4) lends support to thi
hypothesis.

FORAMINIFERAL DISTRIBUTIONS

The percentage confribution of each species to both live
and dead assemblages. and the densities of live and dead
foraminifera per 10 ecm® of sediment, are given in Appen-
dices I and II. The total live and dead density distributions
are shown in Fieure 5 and for individual species in Figure
6. The greatest densies of live foraminiféra occur in the
area where mixed and frontal waters meet, and in stratified
waters lying just beyond the frontal region. Stations albng
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FIGURE 5. Distribution (in mumbers of forammnifera per 10cny sed-

iment) of (a) live, and (b) dead foraminiferal densities. Mean sunmmer
position of the Celtic Sea front shown

the entrance to the Bristol Channel in mixed waters, and in
the mid-frontal region show the lowest live densiés.

As expected. the dead densites are up to 200 times great-
er than the live, but the live and dead distributions differ.
The greatest dead densities are found in the Celtic Deep
basin to the southeast; densiy decreases with increasing dis-
tance from this basin. The live data reflect only a “snap-
shot™ of'the foraminiferal distributions during summer con-
ditbons, and likely vary seasonally in response to factors
such as the spring and autumn blooms. However, the dead
dstribution shows a strong inverse relationship to grai size
% >63pm (Fig. 4a) suggesting that the difference between
tive and dead distributions might be controlkd by sediment
fransport. Defailed comments on the distributions of indi-
vidual species are inclided i Appendix III.

MULTIVARIATE STATISTICAL ANALYSES
Factor Analysis

The results of the R-mode analysis on the live data de-
termine the characteristic species of'each assemblage, whik
the Q-mode scores indicate the sienificance of each factor
at each site. These scores have been mapped to show the

area over which each assemblage is important (Fig. 7). The
Q-mode scores have ako been plotted against the measured
environmental variabks at the same sites fo examine pos-
sible relationships; a derived factor & more likely to exhibit
a relationship than any individual scores alone (Conradsen,
1993). Detailed comments on the factor analysis results of
both live and dead datasets are inchided in Appendix IV.
The distributions of the first four factor scores for the dead
data. which account for over 84% of the total variance. are
shown in Figure 8.

Canonical Correspondence Analysis

The summarized resulis of the CCA analysis of the live
data are presented in Table 2. The sum of the unconstrained
eigenvalues is the sum of the lengths of the maximized
spread of species along hypothetical environmental gradi-
ents. and & effectively a detrended correspondence analysis
(DCA; Hill and Gauch, 1980), whik the sum of the canon-
ical or constrained eigenvalues is the sum of a maximized
spread alng an environmental gradient. which & a linear
combination of the measured environmental varables. By
comparing the two, it is possible to ascertain how well the
measured environmental variables explain the data. Given
that the sum of the CCA eigenvalues is only two-fifths of
the sum of the DCA eigenvalies. it & very likely that the
most important controlling environmentalvariables were not
measured. Only ~30% of the specks data are explained by
the measured environmental variables on the first three axes.
The first and second axes are almost equally significant, the
first exphining 12.6% of the variance, the second 11.1%.
The third axis explains just 5.2% and the fowrth only 3.1%.
Only the first three axes are considered further.

To determine the exclusive individual contribution of
each environmental varble to the analysis. a seres of par-
tial CCAs were undertaken (Borcard and others, 1992; Table
3). The percentage contribution can be calcuhted by com-
paring the eigenvalue of the partial CCA with the sum of
the values of the main CCA. The contribution made by a
particulbr variable may be greater than that shown because
it covaries with other variabks. This analysis indicates that
the most significant individual contributions are made by
Iatiude, depth, and longitude; ie.. location. Since these var-
iables cannot, in themselves, be responsible for controlling
species’ distribution, it is clear that they are acting in ths
analysis as proxies for the true controlling parameters.

The environmental species, and site scores produced in
this analysis are given in Appendix V. The valies for the
first three axes have been converted to co-ordinates for bi-
pbts (Fig. 9). The environmental variables are represented
by arrows whose length approximates their relative signifi-
cance, and whose orentation reflects their relations with the
explanatory axes. each other, the sites, and species. Since
axes 1 and 2 explain similar amounts of the species variance
they are comparable in length. Axis 3. however. is only half
as important as ax® 2. These demonstrate that the first axs
is hrgely a function of mean grain size, skewness, htitude.
and % gravel; the second ax#, temperature. depth and lon-
giude; and the third axis. % sand and sorting. Species are
spread abng the envionmental gradients of whih mean
grain size and % gravel temperature, and depth are the most
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important. Species such as Trochammina sp., Globotro-
chamminopsis pvgmaeus, Deuterammina (Lepidodeuter-
amming) ochracea, Gavelinopsis praegeri, C. Ipbatulus,
and C. fletcheri occur optimally in northem sites with hrge
proportions of gravel while species such as Stainforthia
Jfusiformis are found in much finer grained, southerly, sites.
Nonionella turgida, Bulimina marginata, Adercotryma
wrighti and Hvalinea bakhica characterize cold, deep.
southerly sites while Q. seminulum, S. wrightii and La-
marckina haliotidea prefer warmer sites. Bulimina gibba
and Eggerelloides scaber show affinity for hich % sand
content.

The results of the analysis of the dead assemblage data
are presented in Appendix VI and Table 4. Comparison of
the sum of the canonical values with the constrained eigen-
values demonstrates that half of the varance can be ex-
phined by the measured environmental variables. Whik ths
is ow, it does mean that these measured parameters are
better at explaining the distribution of dead tests than the
live. Only 41.4% of the variance is explaied by the first
four axes. The first and second axes explai similar amounts
of the variance (16.7 and 12.3% respectively). while the
third explains 10%. Since the fourth axis explains only 3%,
only the first three axes are considered flrther

Partial CCA analysis (Table 5) demonstrates that, as for
the live, over half the exphined varsnce is determined by
covarince of the variabks. Individually, the most important
variable is latitude. but longitude. and skewness measured
by moments are also important. The significance of htitude
and longitude again suggests that these variables are acting
as partial prox s, at least, for the actual environmental con-
trok. The scores produced by the analysis for sites, species,
and environmental varmables are plotted in Figure 10. It &
ckar that depth, temperature, bngitude, and latiude are the
most significant explanatory variables. Depth and longitude
influence the first axis, while % gravel temperature, htitude
and mean grain size infiuence the second. The third is a
finction of % sand and sorting.

Examination ofthe position of the various species relative
to these gradients demonstrates some clear pattems (Fig.
10). Several species are arranged along the temperature gra-
dent, from A. balthica, which characterizes the coldest tem-
peratures, through B. marginata, 4. wrighti, G. praegeri,
Q. seminulum to Elphidium magellanicum. These species
are also arranged along a gradient of increasing depth and
decreasing grain size. Latitude, grain size, and % gravelall
appear to be closely interrelated. and species such as Gau-
dvrina rudis and Eponides repandus have maxima in the
most northerly, coarsest conditions, closely folbwed by C.
lobatulus, C. fletcheri and Ammonia batavus. B. gibba and
E. scaber reach optima i very high percentages of sand,

while the Bolivina group prefers much finer substrates. Spe-
cis arranged along the depth gradient include S. fusiformis
in the deepest conditions, through S. wrightii, T. bockii, Q.
seminulum, Miliolinella subrotunda to Elphidium excava-
fum in the shallowest.

The first axes of the both the living and dead analyses
were subject to Monte Carb permutations to test for sig-
nificance. Both produced P-valies of 0.01, demonstrating
that these axes were significant.

DISCUSSION

Temperature and salinity measurements taken across the
front in June—July 1995 and June 1996 record strong, tem-
perature-driven, stratification in the Celic Sea. The fiont
marks the separation of mixed and stratified, cold and warm
waters, hich and low energy tidal currents, and is associted
with hich kvek of productivity. It is known that these
oceanographic features remain in place fiom mid-March to
Iate-September (E libtt and others, 1991).

Though upwelling and downwelling resulting from along-
front flows are difficult to measure (Hill and others, 1993),
they are beleved to profoundly influence productivity
(James, 1978; Savidge and Foster, 1978). The weak circu-
lation cells depicted in Figure 1 suggest that the seabed in
the frontal region does not receive equal rates of debr& and
carbon flux ffom above (K. Horsburgh, pers. comm. 1999).
It is likely, though unproven, that while the area directly
beneath the convergence slick receives fhx ffom above,
some of the particulate matter becomes entrained by the
flow between the circulation cells and & delivered instead
southwards to the stratified area beyond the front. The sea-
bed separating these two zones of deposition &, by contrast,
deprived of detritus which & drawn away by the same flows.

The distribution map for organi carbon in the Celtic Sea
(Fig. 4b) indicates that there is indeed a strong degree of
pelagic-benthic decoupling between the surface waters and
the seabed. Since productivity is centered around the frontal
region, it might be expected that this would be reflected in
the beneath-front seabed sediments. Instead, there is a ckar
east-west gradient which probably results from the redistri-
bution of organic matersl to more quiescent areas. ThE
interpretation is supported by the inverse relationship with
% sand (Fig. 4a). The coarsest grain sizes are found i the
north and the finest in the south, apart from a patch ofcoarse
sediments i the extreme southwest. The hydrographi data,
partubrly temperature, accurately reflects the strength and
dsfribution of stratification in the northeast Celtic Sea, but
does not directly record the assochted stratification dynam-
ics which have been derived by other workers (cf Hill and
others, 1993). The sedimentary regime & clearly profoundly

—

FIGURE 6. Distributions, m % frequency total live and % frequency total dead foraminifera, of (a) live Ammonia batavus, (b) dead A. batavus,
(c) bive Adercotrvma wrighti (d) dead A. wrighti, (e) live Bulimia gibba, (f) dead B. gibba, (g) live Bulimina marginata, (h) dead B. marginata,
(1) Yve Cibicides lobatulus, (j) dead C. lobatulus, (k) live Gaveltopsis praegeri, () dead G. praegeri, (m) bive Hyaltea balthica, (n) dead H
balthica, (o) Yve Nonionella turgida, (p) dead N. turgida, (q) Wve Quingueloculina semiulum, (r) dead Q. sempulum, (s) live Stamforthia
fustformis, (t) dead S. fusiformis, (w) live Spiroplectamminag wrightii (v) dead 5. wrightii, (w) lve Textularia bockii, (x) dead T. bockd. Contours
represent 1%, 3%, 10% and increments of 10% thereafter These contour mtervals are wihin the errors for the samples point counted for stations
shown as black dots (e.g., Galehouse, 1971). Stations with low totals which raised the errors on the data above the 1% level for species wih low
% frequencies have been excluded from the analysis. Mean summer position of the Celtic Sea fiont shown
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FIGURE 7. The mapped live Q-mode factor analysis scores for (a) factor 1: Reophax group and S. fusiformis assemblage, (b) factor 2: G.
praegeri T. globeriginiformis var pygmaea and C. lobatulus assemblage, (c) factor 3: B. marginata, A. wrighti and N, turgida assembhge, (d)
factor 4: E. scaber assemblage. Mean summmer position of the Celtic Sea front shown.

inflnenced by the bcal oceanography. but the relationshi
is complex, and subject to reworking. Most significantly, the
precise condiin of the water colimm structure is not reg-
istered in the sediments directly beneath.

There are large differences between the live and dead
dstributions of some specis (Fizg. 6). Thi must be due
eiher to the unrepresentative nature of the live distribution
at the time of collection, or to posit-mortem advection and
differential test destruction. Varibles such as grain size,
sorting, and skewness which, like reworking, are a fimction
ofbed stress. have been measured, and so it should be pos-
sible to assess when reworking has influenced the distribu-
tion ofa particular species. Though reworking is particularly
vigorous i shelf environments, it seems reasonable. in ths
setting characterized by large seasonal varibility. to spec-
uhte that some specis’ live distributions were not typical
of the rest of the year, peak production being triggered by
different environmental conditions. Other living/dead dif-
ferences are a fimetion of production and preservation (Bol-
tovsky, 1991; Boltovsky and Totah, 1992; Loubere and oth-
ers, 1993).

Initial comparison of the live and dead densities (Fig. 5)
suggests active reworking, since the highest live densities
are found i the region of the ffont whereas the dead are
focused mto the bathymetric basin in the southwest. The
hich live densifies in the frontal region probably results

from the high organic flux associated with the fiont (e.g.,
Altenbach and Sarnthein. 1989). However, the individual
species’ distrbutions demonstrate that, for the majority of
the most significant spec®s. the hydrographic conditions of
the area, particularly those during summer stratification. are
consistently recorded. This supports Sturrock and Murray
(1981), who found that Celtic Sea sediments consist of less
reworked material than those in the westem approaches to
the English Channel It & significant that species such as S.
Sfusiformis and N. furgida, whik constituting only a fraction
of the dead assemblages, are neverthekss very significant
indicators of fiontal and stratified conditions respectively.
Factor analysis identifies a number of distinctive assem-
bhges assochated wih the hydrographic conditions. These
assemblages provile powerfiil took for reconstructing the
long-term dynamics of seasonal stratification. The mixed
and mixed-frontalsites are typically dominated by dead tests
of C. lobatulus, T. bockii, S. wrightii, A. batavus and Q.
seminulum. Of these, only C. bbatulus is typical of a live
mixed assemblage. which corre htes with coarser sediments.
Stratified and stratified-fiontal waters are characterized by
B. marginata, H. balkhica, Bolivina group, 4. wrighti and
N. turgida. Factor analysis ako suggests that G. praegeri
should alko be inclided in this group. However. the live
dstribution of G. praegeri shows that this specis actually
lives in mixed waters (Fig. 6k, so ifs inclision in ths
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FIGURE &. The mapped dead Q-mode factor analysi scores for (a) factor 1: Q. semprulum, Textilina group, 4. batavus and C. lobatulus
assemblage. (b) factor 2: H. balthica, B. marginata, . praegeri and Bolivina group assemblage, (c) factor 3: E. magellanicum and E. excavatum
forma selsevensis assemblage, (d) factor 4: E. scaber and B, gibba assembhlge. Mean summer position of the Celtic Sea front shown

group is probably a fimction of reworking. Precsely why
this species should be so thoroughly decoupled from mixed
waters, when a concave epifaunal species such as C. loba-
fulus is not, is difficult to exphin; the hydrodynamic prop-
ertes of the infhted G. praegeri test may be partly respon-
sible. N. furgida and 4. wrighti are included in this group,
despite their rarity i the dead assemblages. because they
are so firmly related to stratification. The area beneath the
pervasive eddy in the north Celtic Deep (Fiz. 8b) is also
dominated by this assemblage. indicating that the regular
incursion of stratified waters into the predomiantly mixed
area is being registered by the foraminiféeral assembhges.
The correlation of the live assembhge with temperature,
salimity, S-index. and longitude show very clearly that thi
assemblage & directly related to stratification.

Factor analysis indicates that S. fusiformis and the Reo-
phax group live in direct association with the front. Thi

relationship was not established for the dead assembhges.
however, because neiher species preserves well the former
being underrepresented and the latter very rare. However,
direct explanations for the association ofboth S§. fusiformis
and Reophax group with the ffont were not ientified by
statistical analysis; it is very ckar fiom the poor correlations
of several of the factor-derived assemblages with the mea-
sured environmental variables, and ako from comparison of
the magnitude of varability explained by unconstrained rel-
ative to constrained CA. that the main environmental con-
trok were not diectly measured. These missing variables
may be oxygen concentration and food supply (cf Nees,
1998). For commonly infaunal species like S. fusiformis, i
is probable that if is the oxygen content of sediment pore
waters rather than bottom water which is critical Alve and
Murray (1997), Caralp (1998). and Nees (1998) ako suggest
that the lability and nature ofthe food supply are significant.

TABLE 2. Summary of the CCA performed on the live data.

Axes 1 2 3 4 Total mertn
Eigenvalies 031 0.28 0.13 0.07 248
Species-enviromment correlations 0.82 0.85 0.78 0.73
Cummulative percentage variance of species data: 126 237 289 32
Cummilative percentage variance of species-ernviromment relation: 327 61.4 748 828
Sum of all unconstrained eigenvahies (DCA) 248
Sum of all canonical eigenvalies (CCA) 0.96
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TABLE 3. Results of the partial CCA performed on the live data.

% of the total
ey
Sumof exphimed by the
sigemvalues environmentl
Environmental variable ofpartial CCA variable
depth 0.05 5.85
temperature 0.04 491
% gravel 0.04 418
% sand 0.04 4.18
mean 0.03 3.44
sorting 0.04 438
skew m 0.01 1.98
skew 0.02 2.51
kurt m 0.02 27
kurt £ 0.02 23
latitude 0.05 6.05
longitude 0.04 5.11
Sum of CCA eimenvalies 0.96
Covariance 52.4

Nees (1998) identified three main food categories: fluffy ag-
gregates which are easy fo digest and produced during
bloms (Jones and others, 1998); fecal pellets which are less
nufrent-rich; and marine snow or particulate organic matter
(POM). which is rained constantly but in small amownts. It
is reasonable to assume that th& full range of food types
would be avaibkble across a frontal zone given the variability
of the associated bilogy. The mixed waters are turbulent
and well-oxygenated and are likely to confain a heavy sus-
pended POM load with a strong lateral component. The
frontal region is probably less well-ventilated and charac-
terized by fiuffy aggregates since bloom condiions occur
here throughout the summer. The fully stratified region will
at least for the htter half of the summer, be poorly oxygen-
ated and have a steady fhaxx of POM. However, where the
thermocline is shalbw, dinoflagellates thrive, producing
finfty aggregates for at least part of the summer. During the
winter months, fully mixed well-oxygenated conditions pre-
wvail in the area occupied by stratified water in the summer.

It & apparent that the effects of circulation cells have been
recorded i the live data, in particular the S. fusiformis-
Reophax group assemblage (live factor 1; Fig. 7a), which
dominates in the mixed-frontal and the stratified-frontal
transitional regions. These regions are separated by a low
abundance ‘‘shadow?”, exactly as predicted for organic fiux
by cross-frontal circulation models. Perhaps even more sig-
nificantly, the live density data (Fig. 5a) show a very similar
pattern.

S. fusiformis ® the most abundant live species in ths
area, appearing in almost every sample counted and consti-
tuting up to 66% live at some sites. It is not nearly as well
represented i the dead assemblages though it reaches over
20% of the dead assemblage at some sites. There are some
differences between the dstribution of live and dead tests
(Fig. 6s.t) but the broad ffatures are similar: a heavy con-
centration of'tests in the area of frontal and frontal-stratified
transitional waters, and an absence along the Bristol Chan-
nel and in the fully stratified waters to the south.

The CCA results demonstrate that, when live, thi species
occurs in greatest abundances in well-sorted sediments,
skewed towards fines and with ow % sand content. Its dead
dsfribution is linked to sorting and depth, which suggests

reworking. Many workers have reported this specis ffom
fine-grained sediments (Collison, 1980; Conradsen, 1993).
Murray (1983, 1986) also records a dEcrepancy between
live and dead distributions in Lyme Bay. However, S. fusi-
Jformis is most offen observed living in association with high
kevek of organic matter (e.g., Alve, 1990, 1994; Alve and
Murray, 1997; and Conradsen, 1993). This suggests that the
assochtion of S. fusiformis with muddy sediments may in-
stead be a function of its affinity for organic matter, since
these two parameters are linked (Cato, 1977). ThE is sup-
ported by the observation that it is not restricted to muddy
habitats in the Celtic Sea, occurring alko at some of the
sandier sites which nevertheless contain organic detritus.

On the Porcupine Abyssal Plain, Gooday (1993) identi-
fied that species of Stainforthia (Fursenkoina) are oppor-
tunistic, able fo exploi high Ewvek of phytodetrius pro-
duced during spring blooms, and occur in low diversiy,
hich dominance assemblages typical of such settings. Thi
is also a characteristic of the Celtic Sea assemblages in
which S. fusiformis dominates. A feature of such opportu-
nitic foraminifera & their small size and thin-walled tests,
adaptations which minim¥e reproductive energy require-
ment and permit rapil response to triggering events. Du-
ijnstee and others (1998) demonstrate from a mesocosm ex-
periment that S. fusiformis can reproduce at very small sizes
when stressed, and Alve (1994) also suggests that their
small size may also allow them to be easily transported to
pineer sies. A tokrance of low oxygen concentrations,
even anoxia, is offen a feature of bloom-responding fora-
minifera (Alve, 1990; Sen Gupta and Machain-Castillo,
1993). Bemhard and Alve (1986) demonstrated fiom nitro-
gen incubation experiments that S. fusiformis can survive
anoxia, but that the species suffered some ATP damage,
which suggests that it survived by becoming dormant.

Like other facultative anaerobes, S. fusiformis confains
enzymes which allow it to survive without oxygen, but ifs
survival & probably also a flunction of its maintenance of
chloroplasts, which were observed i the Celi Sea speci-
mens. Chlorophsts are derived ffom ingested phytoplank-
ton. Leumegger (1984) proposed that foraminifera which
maintain chlrophsts have evolved thin walls to permit light
penetration for photosynthesis, suggesting that this is gen-
erally the fimction of symbints in foraminifera. However,
S. fusiformis offen lives well below the depths to which
light can penetrate (cf Leutnegger, 1984) and which is also
commonly infaunal Similarly, Cedhagen (1991) reports
chloroplasts in Nonionella labradoricum individuals living
deep in the Norwegian Trench; though McFarland and Loew
(1983) have shown that waves can focus flashes of high
intensity light to great depths, Cedhagen (1991) suggests
that the chlbroplasts are probably heterotrophic and receive
nufrénts from their host and in return produce vitamins and
lipids. Bernhard and Alve (1996) suggest that the chlbro-
phsts may be a source of food enabling S. fusiformis to
survive anoxia.

Alve (1994) found monospecific assemblages of S. fusi-
formis in Frierfjord, Norway, in samples from stratified
highly organic waters polluted with paper mill waste. Like
many of the Celtic Sea specimens, these were coated with
a veneer of fransparent mud-sized particks. Alve (1994)
suggests that these may act as a barrier against harmful
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FIGURE 9. Species and environmental variable plot of the CCA on the live data (a) axes 1 and 2, (b) axes 2 and 3.

chemical compounds which are abundant in anoxic habifats,
but they could altematively be normal feeding ‘cysts’. The
species was ako found living in Drammensfjord (Alve,
1990). having recolonized anoxic sediments. fiwther con-
firming S. fusiformis as an opportunstic element.

An explanation for the dstribution of S. fusiformis based
on the theory of frontal circulation cells is probable since
the areas in which ths assemblage dominates are also those
which receive advected phytodetrius from the surface fiont.
The mixed-frontal zone receives organic matter directly

TABLE 4. Summary of the CCA performed on the dead data
Axes i 2 3 4 Total mertn

Eigenvalies 0.26 0.18 0.16 0.04 1.54

Species-enviromment correlations 0.84 0.86 0.82 0.59

Cummlative percentage variance of species data 16.7 284 384 414

Cummilative percentage variance of species-ermviromment relation 341 58 786 847

Sum of all unconstrained eigenvahies (DCA) 1.54
0.75

Sum of all canonical eigenvalies (CCA)
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TABLE 5. Results of the partial CCA performed on the dead data.

% of the total
ey
Sumof exphimed by the
Eiznvahes environmentl
Environmental variable ofpartial CCA variable
depth 0.03 4.77
temperature 0.02 265
% gravel 0.01 239
% sand 0.01 252
mean 0.02 332
sorting 0.01 1.86
skew m 0.03 5.04
skew 0.02 292
kurt m 0.02 3.58
kurt £ 0.02 3.58
latitude 0.07 10.08
longitude 0.04 5.57
Sum of CCA eimenvalies 0.75
Covariance 51.72

from the zone of convergence at the surface; the fiontal-
mixed zone also receives matter sourced ffom the conver-
gence but which has become entrained in flows and deliv-
ered to the stratified side of the fiont. The same circulation
theory proposes that the intermediate area is one of diver-
gence, swept free of detritus. This is reflected in the fiunal
data which show a pronounced shadow in this area. not only
for the S. fusiformis assemblage, but also in the density of
the live foraminifera (Fig. 5a).

S. fusiformis is clearly an opportunktic species whose
dstribution is linked to the high flux of organic matter and
low oxygen concentrations found in the frontal region.
Though the preservation potentil of the species & quite
low, it is so abundant that it still leaves a sedimentary re-
cord. Alve (1994) has previbusly suggested the use of thi
species as a bloom indicator and. in the Celtic Sea, S. fu-
siformis, above all other species, indicates the position of
the seasonal stratification fiont.

Factor analys& ako defines a distinctive assemblage dom-
inated by B. gibba, E. excavatum and E. scaber for the
eastern part of the area and the Bristol Channel. The CCA
indicates that this distribution is related to % sand content.
Q. seminulum, offen associated with sandier substrates, &
ako an important component of this assembhge.

CONCLUSIONS

Many of the fiunal variations found in this study are
ckarly linked to the effects of tidal stratification. Four dis-
tinct assembhges have been identified by factor analysis of
the live data: stratified. mixed, frontal and eastern. Ofthese,
only the frontal assemblage was not identified by factor
analysis of the dead data.

1) Frontal assemblage: this assemblage comprises the
most abundant live spec®s in the area, S. fusiformis, which
is an opportunistic, faiculative anaerobe, wellsuited to the
blbom-like conditions which exist in the ffontal region. The
majority ofthe S. fusiformis tests are subject to post-mortem
destruction or transport, but nevertheless this species re-
mains a significant part of the dead and, thus, fossil record.

2) Mixed assemblage: this assemblage is characterized
by species which prefer coarser sediments such as C. lob-

atulus, T. bockii, S. wrightii, A. batavus and Q. seminulum.
These species are not directly associated wih mixed waters
but high-energy condiions associated with tidal mixing.
Most are epifaunal and this, combined with an association
with strong currents, suggests that reworking may be sig-
nificant. The dead assemblage constitutes robust, easily re-
worked, larger foraminiferal tests which is. i itseIf indic-
ative of the hich peak bed stress vectors characterstic of
the mixed zone.

3) Stratified assemblage: this assembhge inchides B.
marginata, H. balthica, A. wrighti and N. turgida. Of
these, B. marginata and H. bakhica are over-represented in
the dead assemblage, and 4. wrighti and N. turgida under-
represented, and this must have a bearing on their appear-
ance in the fossil record. A1l species except V. furgida are
known to tokrate low-oxygen conditions, though this spe-
cis has been reported ffom sediments with high organic
carbon content (Conradsen, 1993).

4) Eastern assemblage: thE assemblage is dominated by
B. gibba, E. excavatum and E. scaber, species which show
an affinity for sandy substrates. However, they all show
wide tokrance of a range of other environmental stresses,
suggesting an opporfunistic group able to cobnize low com-
petition niches.

These data confirm the inferences of Austin and Scourse
(1997), and therefore gives independent support to their in-
terpretation that the stabk isotopic data ako reflect thE tran-
sition.

The study ako ientifies some interesting foraminiferal
evidence for the mechanisms which deliver nutrients to
frontal regions. The predicted cross-frontal transfer of nu-
trients & supported by the occurrence of stratified-type fo-
raminifera in both the living and dead assemblages under-
lying the region of the pervasive eddy. The exstence of
surface converging circulation cells is also apparently re-
corded. The bwermost cell (Fig. 1) causes a divergence
separating areas on the bed to which detritus & delivered,
eiher by diect rain on the mixed side of this zone, or by
entrainment into the circuhtion cells and the delivery to the
stratified side. The scenario is captured by the d&tribution
of'the foraminiferal populations which are very abundant in
the two receptive areas and sparse in between.

The N. turgida and S. fusiformis distributions highlight
the significance of rarer thin walled elements in the fossil
record whose poor preservation potentslis probably a prod-
uct of in situ post-mortem destruction rather than fransfer
out of the basin of deposition.

Statistical analyses indicate that some unmeasured envi-
ronmental variabks are important i confrolling the fora-
miniferal distributions. The relations between these dstri-
butions and the hydrographic data indicate, however, that
these variables are linked to seasonalstratification. We spec-
uhte that these variables probably include food supply and
bottom water and pore water oxygen concentrations (cf
Gooday, 1993), which likely vary firom mixed to stratified
waters. These remain hypotheses for fiture field testing.
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APPENDIX I. Live foraminiferal percentage data for those species used in the statistical analyses and the density of foraminifera in each sample.
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Extended.

APPENDIX I
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APPENDIX I. Contimed.

Live % T3511 T3513 T3515 T3516 T3817 T3519 T3823 T6502 T6506 T6508 T6510
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APPENDIXI..

Continued. Extended.
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APPENDIX II. Dead foraminiferal percentage data for those species used in the statistical analyses and the density of foraminifera in each sample.

Dead % T1501 T1502 T1803 T1506 T1807 T1509 Ti514 T15817 T1519 T25301 T2803

Ammonia batavus 3 4 4 3 3 3 0 4 7 4 3
Adercotryma wrighti 0 0 0 0 0 0 0 0 0 0 0
Asterigerinata mamilla 0 0 0 0 0 1 0 0 0 0 0
Bulimina gibba g 4 5 34 38 27 2 0 0 0 0
Bulimina marginata 4 0 0 0 1 0 3 24 17 11 30
Bolivina pseudoplicata 3 1 1 0 0 2 g 4 2 0 4
Bolivinellina pseudopuncitata 1 1 1 0 0 0 4 0 0 1 0
Brizalina variabilis 2 0 0 0 0 0 0 2 0 0 0
Bolivina/Brizalina group 7 3 3 0 0 4 17 g 3 2 6
Cibicides lobatulus 14 19 20 18 18 11 7 3 6 2 2
Cibicides fletcheri 3 0 0 0 2 0 2 0 0 2
Cassiduling obtusa 0 0 0 0 0 0 6 4 2 0 4
Elphidium excavatum forma

selseyensis 5 3 7 2 2 5 0 0 0 0 0
Elphidium gerthi 2 2 2 0 2 6 3 0 0 0
Elphidium magellanicum 7 1 0 0 0 0 0 0 0 0 0
Elphidium cf E. magellanicum 2 2 0 0 0 0 0 0 0 0 0
Eponides repandus 0 0 0 0 0 0 0 0 0 0 0
Eggerelioides scaber 0 0 0 0 0 0 1 2 0 2 2
Epistominella vitrea 1 0 0 0 0 0 g 6 2 0 1
Gavelinopsis praegeri 4 0 1 1 1 6 9 4 2 2 4
Gaudyrina rudis 0 1 1 0 0 0 0 0 0 0 0
Hyalina balthica 0 0 0 0 0 0 1 10 6 13 9
Miliolinella subrotunda 0 0 0 2 2 3 0 0 0 0 0
Nonion depressulus 0 0 0 0 0 0 0 0 0 0 0
Nonion turgida 0 0 0 0 0 0 2 2 0 0 1
Ophthalmidium balkowilli 0 0 0 0 0 0 0 0 0 0 0
Pyrgo depressa 0 0 0 1 0 0 0 0 0 0 0
Planorbulina distoma 1 2 0 6 2 0 0 0 0 0 0
Quingueloculing seminulum 4 15 16 6 5 5 5 g 6 5 3
Rosalina bradyi 1 4 5 2 0 0 2 0 1 0 0
Rosalina anomala 2 0 0 0 0 0 0 0 0 0 0
Rosalina williamsoni 0 0 0 0 0 1 3 1 0 0 0
Stainforthia fusiformis 5 8 2 0 0 4 6 6 2 2 3
Spiroplectammina wrightii 2 4 6 5 3 2 0 1 19 18 1
Textularia bockii 6 13 20 11 12 8 5 3 13 28 8
Textilina group g 17 25 16 15 10 5 4 34 46 9
Denstty per 10 om® 276000 163516 876.86 520000 811233 1102500 1778087 1124278 340875 99300 485136
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Extended.

APPENDIX IT.
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APPENDIX II Contimied.
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S. fustformis 1 2 1 1 1

S. wrightii 2 23 - 1 1 6 3 -
T. bockit 13 11 1 11 1 17 13 2 1 10 17 13
Textilina group 16 16 1 11 3 40 17 3 2 17 20 17
Density per 10 cnv 507059 431127 8460.00 8131.76 2209.09 3090.00 267.00 5295 357.86 910.08 2340.00 4032.00
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APPENDIX II. Contimied, Extended.

T3516 T3520 T3521

T3513

T7510 T7516 T3501 T3502 T8503 T3508 T3509 T3510

T7502 T7506

T6516

(=]

(=]

60

(=]

(=]

(=]

47

(=]

el

(=]

(=]

=]

13

(=]

(=]

(=]

(=]

(=]

(=]

(=]

(=]

14

(=]

(=]

(=]

IS

(=]

(=]

(=]

(=]

(=]

(=]

(=]

(=]

(=]

(=]

=]

(=]

17

(=]

10

16

(=]

(=]

=]

(=]

=]

(=]

13

14

14

14
19

13

14
91350 327273

13
17
525333

13
866.25

10
435273

(=]

45138 736000

557867  33660.00 26067.69 800526 388125

414212

44727 381000




58 SCOTT,. SCOURSE, AND AUSTIN

APPENDIX III. ENVIRONMENTAL AND TAXONOMIC NOTES
ON INDIVIDUAL SPECIES

Ammonia batavus (Fig. 6ab) constitates a similar proportion of
both live and dead assemblages, though the distributions are quite dift
ferent. The hargest live contribution of this species & found in the
central part of the area and to the north It & particularly concentrated
i the stratified area to the southwest, but & completely absent from
parts of the west and transect 8. Dead A. batavus & most abundant in
the north and along transect §. Comrelation of the dead ditribution with
grain se and skewness, combined with the robust nature of the test,
suggests that reworking & probable. Both live and dead imnd#iduak of
A. batavus mhabit northerly sites and hich % gravel according to the
CCA . The hve distribution £ ako related to temperature and the dead
to mean grain size and skewness. 4. batavus can tolerate great vari
ability in temperature, salinity, and oxygen (Lutze, 1965; Risdal 1964).
whirh helps explain the hve distribution

Adercotryma wrighti was fist identified in thi study as 4. glom-
eratum, but follbwing the recent re-evalation of Celtic Sea samples
by Murray (2000), re-identified as 4. wrighti; Bronnimann and Whit-
taker (1987) have distinpushed between 4. glomeratum (four cham-
bers in the final whorl three viible on each side), and 4. wrighti (three
chambers in the final whorl three seen on the apertural and two on
the antapertural side). It is probable that, in temperate waters, 4. wrigh-
¢t has been misidentified as A. glomeratum. A. glomeratum & offen
considered an Arctic idicator, and #s ditribution was interpreted by
Williamson and others (1984) to cotrelate with ower temperatures.
However, the recent consensus is that neither temperature nor substrate
are the main controk (Alve and Nagy, 1986; Christiansen, 1958; Les-
ke, 1965; Schafer and Cole, 1974; Thiede and others, 1981), and it is
probable that these subsequent studies relate to A, wright? rather than
to A. glomeratum.

A wrighti (Fig. 6c.d) & distributed similarly in both hve and dead
assemblages but there & a large difference in the relative contribution
made to each. Live 4. wrighti can constitute as much as 10% of the
total live assemblage, but dead # rarely exceeds 1%. There & a strong
association between lve occutrences of this species and stratified and
frontal waters. CCA shows that the live and dead distributions of 4.
wrighti are related to cold water temperatures; live occurrences alo
associate with longitude, while the dead comelate with skewness. The
crease i dead abundance along a skewness gradient indicates either
reworking or bong-term accunmlation of tests pointing to an association
with these conditions. A number of studies indicate that thi species
not only prefers high carbon flux, but can ako tolerate the low oxygen
levels offen associated with such conditions (Ale and Nagy, 1986;
Gooday, 1993; Austm and Sejrup, 1994). This is confirmed by Bem-
hard and Ake (1996), who conchided from nitrogen icubation ex-
periments that the species & a facultative anaerobe, able to survive
phases of anoxia, possibly by becoming dormant These data suggest
that the species & an opportunistic species; #ts small size & certainly
appropriate to such a life strategy.

L #ve and dead distributions of Bulimina gibba (Fig. 6e f) are similar
It is most abundant to the south and west but, most significantly, along
transect 8 where it constitutes about a fifth of'the live and dead assem-
blages. CCA shows a relationship between this species and coarser
substrates with hish % sand content. Though Bulimina spp. are widely
regarded as low-oxygen tolerant (Sen Gupta and Machain-Castillo,
1993), B. gibba & not abundant in those parts of the Celtic Sea as-
sumed to be oxygen deficient (ie, under stratified waters). It & rare
or absent flfom the Celtic Deep basin. However, B. gibba appears to
replace B. marginata i stratified samples in the west and east where
the substrate i relatively coarse. Thi suggests that while B. gibba
may be tokrant of low levek of oxygen depletion #ts lower threshold
levels are hicher than for B. marginata, and so it is restricted to sandier
substrates where infinmal oxygen levels are higher

L e and dead specimens of Bulimina marginata alo show similar
distribution patterns, though thi species constiutes a far greater pro-
portion of the dead assemblage than the hive (Fig. 6g.h). Both distri
butions reflect the area of stratified and flontal waters, except along
the entrance to the Bristol Channel where this species i rare or absent.
In fally stratified waters, B. marginata & uwsually dominant in the dead
assemblage. Interestingly, the position of the pervasive intrusion of
stratified waters into the northem Celtic Deep trough & reflected in the
distribution of this species. A relationship between B, marginata and
depth i identified in both live and dead distributions by CCA. The

kive ako show a relationship with temperature, hence stratification. and
longiude. The dead are enriched in sites skewed towards fmes, pos-
sibly the result of reworking Though a hrge mumber of studies dem-
onstrate that B. marginata prefers high organic fluxes and & ablke to
tolerate low oxygen levek (Bandy and others, 1965; Risdal 1963; Sen-
Gupta and Machain-Castillo, 1993), in the#r experiments to test the
response of various species to anoxia events through nivogen incu-
bation, Bernhard and A¥e (1996) found that B. marginata had a poor
survival rate. Other studies have drawn attention to the affnity of B.
marginata for specific substrates (cf Conradsen, 1993; Conradsen and
others, 1994; Mwray, 1986). This relationship probably derives from
the fact that as organic content increases, grain size offen becomes
finer (Cato, 1977). Further evidence that B. marginata i associated
with hish kvel of organic catbon & provided by Conradsen (1993),
Conradsen and others (1994), and Qwvale and van Weering (1985). B
marginata has ako been reported from the stratified waters of the
northem North Sea (Klitgaard-Kristensen and Sejrup, 1996).

Cibicides lobatulus never constitutes more than around 10% of the
Lve assemblage but accounts for up to 20% of the dead at some sies
(Fig. 6ij). The dstribution of lsve and dead C. lobatulus & the #verse
of B. marginata, being highest i mixed and frontal waters. High val-
ues shift westward for the dead relative to the live, while dead valies
do not increase to the south as they do for the live. The contribution
of C. lobatulus & least for sites along transect § and in the southern
half of the area. CCA shows that both live and dead C. lobatulus are
most abundant in the north, in warmer waters, and, for the dead only,
in areas of hich % gravel As stratification & directly related to tem-
perature, and the more northerly sites in this study are those which are
mixed, this confims C. lbbatulus as a mixed assembhge indicator
Thi conchision is supported by the almost complete consensus in the
Literature on the ecological preference of this largely epilithic species
for fully oxygenated, high energy conditions and coarse-grained sedi
ments (Mumray, 1971; Comradsen 1993; Hald and Steinsund, 1992;
Klitgaard-Kristensen and Sejrup, 1996; Mackensen and others, 1985).

Eggerelloides scaber: CCA detected a strong relationship between
this species and % sand. A relationship with mean grain size and skew-
ness was alko indicated for the dead assemblage, implicating rework-
ng Despite the grain size relationship, there i some evidence to sug-
gest that substrate type & not the controlling variable. Muray (1986)
reports # living i nmddy sediments in Lyme Bay, and Abe and Nagy
(1986) found it living in both coarse and fine-grained sediments in the
Sandebukta branch of the Oslofjord. The latter authors found # tolerant
of both hieh organic mput and wood fibre pollution i Sandebulta,
and suggest that its abundance might be related to low competition
Conradsen (1993) and Conradsen and others (1994) ako find that it
cotrelates positively with the organic content of sediments in the Kat-
tegat and Skaggerak. In the Dranmmensfjord, Norway, & occurs in tran-
sitional waters between brackish and oxvgen-depleted, suggesting that
t is tolerant of moderately low oxygen concentrations. It i ako found
i the seasonally stratified waters of Breidangen, Osbfijord (Ake and
Nagw, 1990) and close to a front in the Kattegat-Skaggerak (Conradsen
and others, 1994). Lutze (1965) suggested that E. scaber is tolerant of
temperature, salnity, and current varibility, having found it living i
the iflowing waters of the Danih Straits. De Stigter and others (1998)
conchide that E. scaber i tolerant of low oxygen conditions but ako
suggest that it & a non-specific feeder E. scaber probably has a poorer
tolerance of bbw oxygen concentrations than some opportunists, but
has compensated by developing an ability to withstand fluctmations in
temperature, salinity, current velocity, and food supply explining its
abundance along the entrance of the Bristol Chammel

The live and dead dtributions of Gavelinopsis praegeri are the
wverse of each other (Fig. 6k.I). It & most abundant live in the mixed
waters to the north and in the fully stratified waters away from the
front, but dead it i most abundant in the transition between frontal
and stratified waters and to the northeast. L ive individual are rare or
absent along transect & but here dead specimens can contribute as nmch
as 6% of some assemblages.

Live tests of Hyalinea balthica never account for more than 4.5%
of the living assemblages but are well represented in the dead, where
they can constihtte as nmch as 17% of the total (Fiz. 6mn). Both
distributions reflect the extent of stratified and mixed waters, except
along the entrance to the Bristol Channel CCA confirms that both hve
and dead dstributions are related to temperature and hence stratifica-
tion. The contours are much tighter for the dead, and abundance in-
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creases evenly in a southwest direction, while the live are s lightly more
abundant in the west than in the fontal region. As wih B. marginara,
the distribution reflects the pervasive mtmsion of stratified waters into
the Celtic Deep trough. Thi featuwre & alko reflected in the distribution
of both hving and dead N. turgida which, ke B. marginata and H
balthica, alko shows an affinity for stratified and fiontal waters (Fig.
6o.p). Similarly, N turgida & ako rare or absent from the entrance to
the Bristol Channel Qwvale and van Weering (1985) report an associ
ation between H balthica and hish sediment organic content, and Sen-
Gupta and Machain-Castillo (1993) found the species abundant in ox-
vZen minimmm rones, both parameters associated with stratification.
Though the abundance data on other bloom species, such as 5. fusi
Sformis, indicate that the flux of organic matter and oxygen concentra-
tions are variable across the frontal region, this species shows a gradual
and steady increase into stratified waters and records the area covered
by the persistent eddy. So while it may tolerate low oxvgen and prefer
high organic fhrx, the precse environmental controk on this species
are unclear, though the ditributional data suggest factors linked to
stratification.

Nonionella turgida: the strong similariy between the live and dead
distributions of N turgida suggest that this species is not easily re-
worked despite #s poor representation in the dead (Fizg 6o.p). Thi
may result ffom its infaunal occurrence 1 mainly muddy sediments
(J. W Murray, personal comnmmication, 2000). The abundance of thi
species in the dead assemblage was too low to chide in the CCA,
but the same analysis of the live data places the optimum occurrence
of this species i the relatively colder, deeper, stratified waters in the
south characterized by fine-grained sediments. Thi & supported by
Conradsen (1993), who found N turgida living i association with B.
marginata i fne-grained, high organic carbon sites. Though this sug-
gests that this species may be tolrant of high carbon fluxes, Bandy
and others (1963) reported that pollution from the Hyperion sewage
outfall in Califomia affected the Nonionella group unfavourably. New-
ertheless, the distribution of N. turgida & strongly associated with strat-
ffication, demonstrating the potential significance of rarer species as
paleostratifration indicators.

Quingueloculing seminulum makes important contributions to both
live and dead assemblages i the Celtic Sea, but & more abundant n
the dead The highest live occurrences are in the east while the dead
are concentrated in the frontal and mixed areas to the north and along
the Bristol Channelentrance (Fiz. 6q.r). The stratified intrusion is again
highlishted by a positive anomaly in the live dstribution. CCA relates
maximal occurrences of dead Q. semimulum to shallower, warmer, sites,
while the live are associated with hish sand content in shallower sites.
Despite the large dead/live distributional differences, the dead spect
mens show no relationship with sorting or skewness, suggesting that
reworking & unlikely. Buzas (1993) describes Q. semimulum as an
opportunist based on an i situ experiment in a shallow site n which
Q. seminulum was the first species to recolone follow ing dstwrbance.
Murray (1991) describes it as a phytodetrital feeder It is therefore
possible that this species, like 4. batavus, can tolerate a wide range of
conditions.

The distributions of Spireplectammina wrightii and Texrularia
bockii are very similar (Fig. 6u—x), and it has been suggested that these
species should be uimped together (Mutray, 1979). Both contribute
sionificantly to the dead assemblage but are less well represented m
the lve Thi may be the result of the dense agshitinated tests ob-
scuring the pik staining of live individuals. However, despite the low
mumbers of lve specimens identified, the distribution seems compa-
rable to the dead; the species & abundant in the north in mixed and
frontal waters but ako in the south in fully stratified waters well away
from the frontal region. Numbers are low for the itermediate area and
along the entrance to the Bristol Channel CCA shows that both kve
S. wrightii and T. bockii nhabit warmer sites with coarser sediments.
They are found dead in the shallower sites in well sorted sediments.
Some post-mortem transport & plausible given their epifaunal habitat
(Murray, 1991). Muwray (1986) observed T. bockii living in shelly
sand, and Kligaard-Kristensen and Sejrup (1996) found it living
coarse-grained sediments associated with strong currents i the north-
ern North Sea. Conradsen (1993) defined an assemblage consisting of
T bockii with C. lobatulus and G. praegeri, which comelted with
coarse grain sies. It seems likely that these species distributions, when
lkving, are related to coarser sediments as might be expected given

their epiphytic/epilithic life-strategy (Murray, 1991; Viks and Deon-
arine, 1987) However, other unknown variables nmmst ako be influ-
ential since they do not thrive in s#milar substrates along the entrance
to the Bristol Chamnel

APPENDIX IV. DETAILS OF FACTOR ANALYSIS RESULTS
LIvE DATA

The first four live factors account for over 80% of the variance. The
most #mportant of these & defined by the Textidma group (0.98), Reo-
phax group (—0.97), and S fusiformis (—0.86). The ktter two are
negatively correlated to this factor, so that where the (-mode scores
are most negative these species are most significant. Live factor 1 is
therefore most significant in the frontal stratified zone, along much of
transect 8, and in parts of the mixed area (Fiz. 7a). Thi & the most
significant of the live assemblages and accounts for 58% of the vart
ance in the data.

The second live factor assemblage accounts for 11% of the variance
and & defined by G. praegeri (0.74). G. pygmaeus (0.67), and C.
lobatulus (0.62) are subdominant These species are positively corre-
Iated to factor 2, so the most positive Q-mode scores indicate where
thi assemblge & most important. The area of dominance & located
i the mixed and mixed/frontal zones (Fig. 7b), but also i the fully
stratified waters to the south. This assemblage i not significant along
transect . This factor has a negative correlation (R? = 0.44) with &
ndicating that this factor is associated with coarser sediments.

B. margmata (—0.71) i the defming species of live factor assem-
blage 3, with 4. wrighti (—0.61) and N. rurgida (—0.49) subdominant.
These species are negatively correlated with factor 3, and are therefore
dominant in the stratified and stratified-frontal waters in the center of
the area, but absent along the entrance to the Bristol Channel (Fig 7c).
This assemblage accounts for just 7.7% of the variance, but correlates
with several environmental variables, incliding bottom water temper-
ature (R? = 0.532), salinity (R* = 0.338) and S5-mndex R* = 0.676).
As the dominant species are negatively correlated to the Q-mode
scores, these correlations indicate that this assemblage & most s ignif
icant at southerly stratified sites characterized by relatively lower tem-
peratures and higher salinities.

The fourth factor assemblage accounts for just 4.3% of'the varfance,
but does not correlate with any of the environmental variables. The
defining species, E. scaber, is negatively related to the factor (—0.39).
This assemblage & most abundant along transect 8 and in the south of
the area (Fig. 7d).

DEAD DATA

The defining species of the most significant of the dead assemblages,
accounting for over 58% of the variance, & Q. seminulum (—1.66),
with Textidina group (—1.27), 4. batavus (—1.2) and C. lobatulus
(—1.12) subdommant. These species are most important in the mixed
and mixed-frontal region (Fig 8a), but excluding the area of pervasive
stratification in the northem Celtic Deep. There are no significant cor-
relations between this factor and any of the measured environmental
variables.

Dead factor assemblage 2, which accounts for 13% of the variance,
i defined by H balthica (0.63) with subdominant B. marginata (0.56),
G. praegeri (0.53) and Boltvina group (0.54). Thi assemblge domi
nates in stratified waters, incliding the northern Celtic Deep (Fig. 8b),
and correlates with a mumber of envirommental variables, imchiding
temperature (B2 = 0.396), % clhy (R? = 0.483) and mean grain size
(R? = 0.331). As this assemblage is positively related to the Q-mode
factor scores, this indicates that # & most #mportant in cooler sies
characterised by fine sediments and high % silt content.

E. magellanicum (0.51) characterizes dead factor assemblage 3,
along with E. excavatwn forma selseyensis (0.25) and Bolivina group
(0.27). Thi assemblage explains over 7% of the variance and, as i is
positively correlated to the Q-mode scores, & promient along most of
transect § and in the mixed area to the north (Fig. 8c). There were no
significant correlations between this assemblage and any of the mea-
sured environmental variables.

Dead factor assemblage 4 accounts for 5 8% of the variance and is
characterized by E. scaber (0.49), with subdominant B. gibba (0.47)
and Q. seminulum (0.44). ThE assemblge & positively related to the
(J-mode scores and & most significant in the eastemn part of the area

(Fig. 8d).
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APPENDIX V. Resulis of the CCA on the live foraminiferal and the envirornmental data.

Live CCA Scores Axis 1 Axis 2 Axiz 3 Axis 4
Ammonia batavus 0.44 —0.19 0.23 0.28
Adercotryma wrighti —0.02 —0.53 0.76 03
Bulimina gibba —0.26 123 0.53 —-0.21
Bulimma marginata —-0.04 —0.63 0.78 0.24
Bolivina pseudoplicata 1.16 03 —-0.25 0
Bolwinellina pseudopunctata 0.42 —-0.27 —0.06 03
Brizalina variabilis 0.42 1.81 0.22 0.51
Cibicides flatcheri 161 0 —0.49 022
Cibicides lobatulus 0.99 0.34 —0.43 —-0.11
Cancris auricula 0.72 —035 0.05 0.28
Discorbmella sp. 0.5 0.78 0 —1.09
Egerella advena 03 —0.25 046 —0.03
Elphidium excavatum forma selsevens s —0.58 204 —-0.24 1.49
Elphidium gerthi —-05 227 —143 124
Elphidium magellanicum 0.97 033 —-0.66 —-0.05
Elphidium cf E. magellanicum 0.98 1.19 —-0.54 —025
Eggerelloides scaber —0.66 0.84 0.69 —025
Epistommella vitrea 0.06 —-031 0635 0.19
Fissurina lucida 0.98 0 —0.65 —-0.97
Fissurina marginata 154 0.56 -07 —-04
Hyalina balthica —-0.21 —0.29 041 028
Haplophragmoides bradyi 0.33 —0.72 0.64 0.18
Haplophragmoides fragile 0.77 05 0.83 -0.17
Lamarikina haliotidea 0.89 1.06 —-021 0.12
Miliolinella subrotunda 1.04 0.67 —0.6 0.14
Neonionella auricula 0.18 —-0.47 0.19 067
Nonionella turgida —045 —0.69 0.02 0.28
Ophthalmidium ballowilli 1.59 —0.26 —0.53 041
Quingueloculina semimulum 0.01 023 023 —036
Rosalina bradyi 1.02 0.03 —041 —0.03
Rosalina fusiformis 031 —-027 0.63 —0.55
Gavelinopsis praegeri 0.98 0.14 0 —0.09
Reaphax scorpiurus —0.59 —0.24 0.23 —0.06
Stamforthia fusiformis —0.35 —0.11 —0.24 —0.08
Spwrillina vivipara 224 025 —-01 0.17
Spiroplectammina wrighti 03 0.42 013 —-047
Textularia bockii 1.08 0.46 —-0.16 —-0.19
Globotrochamminopsis pygmaeus 0.7 —-031 028 —0.15
Deuterammina (Lepidodeuterammma) ochracea 128 0.07 —-0.24 —0.01
Depth 0.04 —0.84 0.09 —0.22
Temperature 052 0.69 —041 —0.08
% gravel 0.75 0 —0.36 —0.06
% sand —0.06 032 043 —0.29
Mean grain size —0.85 —0.19 —0.1 —0.05
Sorting (moments) —-0.07 —0.18 —0.59 0.49
Skewness (moments) —0.33 —-0.13 —0.09 —0.05
Skewness (folks) —042 —-01 —-02 0.05
Kurtosi (moments) —-0.26 0.12 0 —-0.24
Kurtosis (folks) —043 0.03 —0.15 0.06
Latitude 0.6 0.09 —0.49 —0.14

Longitude —0.01 —-0.7 0.1 —0.28
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APPENDIX VI. Results of the CCA on the dead foraminiferal and the environmental data.

Dead CCA Scores Axis 1 Axis 2 Axis 3 Axis 4
Ammonia batavus 0.01 —0.18 —0.05 —0.07
Adercotryma wrighti —063 0.44 0.09 0.43
Asterigerinata mamila —-02 —0.52 —034 0.24
Bultmina gibba 0.82 0.73 —036 0.28
Bulimia marginata —-0.69 0.56 008 —0.18
Bolivina pseudoplicata —-022 —-0.12 0.54 0.19
Bolivinellina pseudopunctata —-03 —0.44 068 0.14
Brizalina variabilis —0.05 —0.32 1.12 0.58
Cibicides lobatulus 0.02 —05 —0.28 0.03
Cibicides fletcheri 0 —-0.24 0.44 0.14
Cassidulina obtusa —0.52 0.14 0.78 0.42
Elphidium excavatum forma selseyensis 1.47 —0.02 0.88 —0.57
Elphidium gerthi 038 —-0.12 037 0.13
Elphidium magellanicum 1.04 —0.85 08 —036
Elphidium cf E. magellanicum 0.3 —0.87 045 —034
Eponides repandus 011 —1.16 -0.72 0.59
Eggerelloides scaber 0.59 0.78 021 —0.46
Epistommella vitrea —0.59 011 0.73 028
Gavelmopsis praegeri —-021 0.16 042 015
Gaudyring rudis -0.17 —-1.13 —047 011
Hyalina balthica —0.86 0.74 —-0.01 —0.36
Miliolinella subrotunda 0.4 0 035 0.08
Nonion depressulus 063 0.06 0.75 —0.03
Ophthalmidium ballowilli 032 —-121 0.79 0.08
Pyrgo depressa 05 —-0.73 —047 —0.05
Planorbulina distoma 0.19 —0.16 —0.08 0.18
Quingueloculina semimulum 0.19 —0.05 —-0.18 0.08
Rosalima bradvi —0.14 —0.62 —0.04 0.06
Rosalma anomala 0.99 —0.42 0.74 0.1
Rosalma williamsoni —-04 —0.44 068 0.22
Stamforthia fusiformis —0.45 0.02 047 0.15
Spiroplectamming wrighti —033 —0.01 —043 —-0.21
Textularia bockit —0.09 —0.07 —-03 —0.16
Depth —0.83 —0.02 -01 0.28
Temperature 0.69 0.56 0 —0.02
% gravel 0.03 —0.69 —0.08 0.03
% sand 0.24 027 —0.65 —0.38
Mean grain size —-0.12 057 0.45 037
Sortig (moments) —0.18 —-0.23 067 —0.09
Skewness (moments) 0.02 0.41 0.08 0.41
Skewness (folks) —-0.07 0.16 018 0.04
Kurtosi (moments) 0.24 0.34 —0.19 0.4
Kurtosi (folks) 0.08 0.14 023 0.05
Latitude 0.13 —0.87 —-027 —0.02
Longitude —068 0.16 —0.42 025




