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ABSTRACT

The main purpose of the work was to carry out a detailed
seasonal study of the distribution and ecology of the living ben-
thonic foraminiferids in the different enviromments around the Ebro
delta. As a background to the ecological work, a rough sedimentol-
ogical examination of the Zbro delta itself was attempted.

The delta is relatively small, having a surface area of 330
sqe kme., and discharge from the River Ebro is sufficient only to
keep one outlet open. Four major phases of delta growth are recog-
nized and some of these are known to have had more than one river
outlet. The river has only recently changed to a new direction of
discharge and abandoned a section of its channel. Levee, abandoned
channel, marsh, lacustrine, beach/spit, lagoon, delta front platform
and pro delta slope sedimentary enviromments are distinguished and
described; sediment mecumulation is most rapid on the delta front
platform and the pro delta slope directly off the river mouth.

Seven hv:mg foraminifersl assemblages are described and a method,
involving the use of ‘'percentage similerity indices', is utilized for
the detection of offshore fazunal boundaries. Standing crops of foram-
iniferids vary from 7 - 1628 individuals per unit sample and highest
values are recorded at the top of the pro delta slope southeast of
the southern spit. Higher standing crops in the sumer, compared o
the epring, are attributable to increasing reproduction rates as
temperatures become wermer. Diversity dincreases away from the shore
and the area of meximum diversity epproximately coincides with the
area of maximum standing crop. Relatively high diversity and low
standing crop, in relation to values off the Mississippi delia,

indicate that the River Ebro probably has little influence on the

waters around its delta. Fertility in most environments is probably



not significantly different from an adjacent areca of non - deltaic
coastline.

The ecology and distribution of the most abundant species are
treated in detail and occurrences related to measured environmental
factors, including, depth, temperature, salinity and substrate. 4
study of the dead foraminiferids revealed that populations are <fairly
similar to the 1living populations but post - mortem tremsport of
empty tests, particularly of the emaller species, is very active
over the delta front platform off the delta flanks. Examination of
foraminiferal faunas in offshore cores also demonstrated that there
is consgiderable transport of empty tests from shallow to deep water,
and in one case, that transport of large units of sediment from
the lagoon entrances to deeper water has taken place.

The origins of the Ebro delta fauna are traced. Heny species
originated on the western side of +the Atlantic and have probably
migrated eastwards by means of ‘rafting'. Others are indigenous or
cosmopolitan, but the largest proportion of Ebro delta species have
'North Atlantic' affinities. These species reached the lediterranean
when sea temperatures were lowered during Pleistocene glacial periods

and they were able to migrate southwards along the European coast~
line from the British Isles area.

Features of the Ebro delta sedimentology and foreminiferal ecol-

ogy that will help distinguish ancient deltaic deposits include the
vertical and lateral sequence of the sediments and the complex inter-
deposits such as mersh and lacustrine sed-

digitation of 'subaerial!
the vrelative diversity

iments, the overall geometry of the deposits,
of the foraminiferal faunas, the percentege occurrence of the dominant
species in & sample, and the distinct character of the deltaic

marine assemblage.



INTRODUCTION

An interest in ecology and in foraminiferids led to the
choice of a research topic combining the two subjects. It was
considered that a quantitative study based upon equal surface
area sediment samples would be most wuseful so that valid com=
parisons could be attempted between samples and with other areas.
Ecological interpretation is based only on the living foraminiferal
populations; ecological information from dead populations is unrel=-
iable since tests are frequently redistributed after death. However,
post — mortem disiributions are examined separately and commared with
the living populationss It was also considered that a seasonal
study would be valuable since it would teke into account variations
in abundance and distribution of the 1living foraminiferids at diff-

erent times of year.

A deltaic arca was chosen for study because it provides a
wide range of marine and worminal merine enviromments within a
relatively semall area ond presents an opportunity to exemine the
effects of variation of environmental factors on foreminiferal dis-
tribution and abundsnce. Selection of a suitable delta was in-
fluenced by many practical considerations, including finance and
transport. The Ebro delta was finally chosen because of its
proximity to° the Dritish Isles, its relatively small size, and
because it was believed that little or no research had been

attempted on it before.

Very 1litile ocuantitative work has been carried out on foram-
iniferids outside the U.S.A. and there has been prectically no

work at all on 1living foraminiferids in the IMediterranean. Only



hiree deltas have been studied for their foraminiferal populations,
the liississippi, the RhOne and the Orinoco, and with the 1last two
only the dead populations were considered. No comnlete seasonal

study of foraminiferids from a deltaic srea has yet been publirhed.

Followine <the selection of the Ebro delta g8 2n area for
study, a reconnaissance field +rip was underteken in the summer of
1966. 7This confimmed the svitability of the area, but the =size
and rancre of the only boats available for hire at San Corlos de
la Ropita confined the study to the southern side of the delta.
It was hoped to conduct winter, snring and suwmer sampling surveys
following the reconnaissance survey, but financial considerations
made it impossible to arrange a winter field trip. Spring and
summer surveys, in April 1967 and Auepust 1967 respectively, vere
successfully completed and to compensate for the lack of complete
seasonal information a second summer field trip was undertaien to
sample off the northern part of the delta. In addition, further
fieldwork was carried out on the delta itself, but it must be
stressed that althougch a2 roush sedimentary examination of the delta
was undertaken, a full sedimentological study is outside the scope

of this thesise.

The thesis is divided into two partse Part I is a short
its sedimentolosy and

with the distribution

section on the Ebro delta, dealing with
history of development. Part II is concerned
and. ecolosy of the foraminiferids in the deltaic area and com-
prises the bulk of the thesis. ‘fhrougshout the study comparisons
are made with other deltas, perticularly those of the Rhdne and
the liississippi on which there has been a good deal of information
published, including studies on foraminiferids.

As far as the szuthor can ascertain, very little research has

been carried out on the Zbro delta. Dobby (1936) presented a



Paper dcaling largely with the human geography of the delta while
Jonker (1952) conducted a pollen analysis on cores of peat taken

from a marsh near San Carlose.

The delta is now extensively used for agricultural purposes.
It hes a relatively rich alluvial soil, which, together with the
availablity of water from the river for irrigation, contrasts mark-
edly  with surrounding land oreas which are generally dry with a
thin stony soil. In the last century only a very small part of
the delta was cultivated, most of its area was covered by natural
marshe The only crop grown at this time was salsola, a plant
which was burnt and its ashes used in the manufecture of soape.
At the beginning of this century, more and more of the marsh was
drained for agriculture, and about. the same time it was realized
that rice could be easily grown because of +the availability of
water from the river all the year round. jumerous canals and
irrigation and drainage channels were dug all over the delta and
each field was surrounded by ditches carrying water so that, at

the appropriate time of year, the rice could be flooded.

Dobby notes that by 1936 only 3%53% of the delta was wunprod-
uctive; 58({ of the total delta area was used for rice production
and 83 for horticulture. PFurther reclaimation of marsh has been
underteken since then and the author estimates that oaly 15 - 20%
of the delta is now unproductive. Rice is still the main crop
but over - production in the last few years in Spain has forced
many land - owners to consider new cropse In some respects the delta
is not an easy one to study. The. extent of agricultural development
means that very little naturzl enviromment remains and the numerous
man - mrde canrls and chsmnels hrve altered meny natural woter

features.



CHAPTER 1

LOCATION AND SETTING OF - 7HE EFRO DELTA

The Ebro delta is situated on the [editerranean coast of Spain
between the 1latitudes of 40° 48' N and 40° 33' N end longitudes of
0° 38" and O° 56' E. It is approximately 150 km. south along the
coast from Bercelona and is within the Golfo de San Jorge, which,
farther to the south becomes the Golfo de Valencia. The continental
shelf along this part of the coastline is much wider than to the
north or the south; off Barcelona the width of the shelf is approx-
imately 16 km., vhile off the delta it is about 61 km. This widen=
ing of the shelf is not due to the deporition of deltaic sediments
as off the Mississippi delta, but due rather to the morpholosy of
the gulfs. 7These have relatively shallow water over most of their
area and there are even some islands within the Golfo de Valencia.

(see figure 1.)

There are several smzll deltas along this part of the Spanish
coast. Examples are the Llobregat at Barcelona, the BEeros and the
Tordera deltas, but none of these approaches the size of the Ebro
delta or projects conspicuously from the constline. All along the
Catalan coastline there is a2 narrow, low - lying coastal sirip backed
by ranges of hills running parallel with the coast. The ecvolution
of the coastline and the geological history of the Ebro region will
be considered since they have a bearing on the present setting of

the delta. lost of ihe information presented has been obtained from

Geografia de Catalunya (1953).

During the Mesozoic, the present coastal area from just north
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of Borcelona to south of the delta was the axial zone of a large
depositional trough, the 'Fossa liediterranea'. The deepest part of
this trough commenced a few kilometres inlsnd from the present
position of the delta, and during the liesozoic it accumulated more
than 2000 m. thickness of sediments. Thick deposits also accunulrted
in east - west troushs oa either side of the present Pyreneean axis,
wnile between the southermmost of these troughs and the Fossa lled-
iterranea there wos an uplifted stretch of land known as the Ebro

nassif. (See figure 2 a).
]

By the Lower Y{ertiary, the sediments of the Fossa Iiiediterranea
had been elevated to form the (Catalan massif. This stretched over
the present lower Lbro Basin, over the delta and farther scouth and
east into the lNediterranean. The trougi on the southern side of
the Pvrenees wes enlarred and eccumul~ted further thiclmesses of sed—
iments. Rivers flowed nrorthwards off the Catelan mnassif and deltfaic

deposits sare recognised at its mnargins. (See figure 2n).

In the Middle Tertiary, successive marine tiransrressions extended
the troush to fom an extensive basin which covered most of the
present Ebro Basin. Alpine earth movements had commenced by this
time and the ceniral zone of the Pyrences was uplifted and folded
alonz east - west axes., Folding also took place in the Cetelan
naseif with northeast - southwest axes. The uplift also resulted in
a gpenersl shallowing of the basin of deposition, and eveporitic
deposits accumulated in the eastern pert. Rivers continued to run
off the wuplifted llesozoic*® and Tertiary areas and deltaic deposits
were again common along the marsins or the basin. (See figure 2c).
By the Upper Tertiary, the coastline was not a erent deal differ-
ent from the present day. The larrse basin had been elevated, aud
in the inland area there were a few areas of continental and lac-

ustrine sedimentation. (See figure 2d).

Inland from the Ebro delta are ranges of hills running parallel
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with the coastline and made .up of the lesozoic rocks accumulated
in the 'Fossa MNMediterranea'. South of the river is the MNontsia
range, set back about 1 - 2 km. from the coastline and rising to

a maximun height of 768 m. liorth of the river a similar, although
more extensive and hirher, range runs northwards from Arposta. (See
figure 1a), Both these ranges are composed of massively bedded
Cretaceous limestones which are folded commonly about northeast -
southwest axes. The limestones are grey in colour and Dobby (193%6)
reports that they are dolomitic in placess. fThey contain. a snmall
proportion of broken shell material, but complete mnacrofossils are
restricted to localized lenses up to 40 m. in length and 10 me. in
height. Althougsh & few specimens of oysters and corals were found,
the fossiliferous 1lenses  are almost exclusively made up of great
concentrations of larse gastrovods, chiefly of the genus Ptycomphalus.
Thin sections. of the limestones revealed abundant foraminiferids in

the fossiliferous 1lenses, but in other %bveds they are rare.

The relatively low - lyinz land between the coastline and the
mountain ranges and on the landward side of the delta is composed
of Quaternary deposits. ‘‘hese are mostly breccias, coznrlomerates and
gravels whose main components are fragments of grey limestone almost
certainly derived locally from the Cretaceous limestone hills. fThe
breccias and conglomeraies are cemented very strongly by a carbonate/
iron cement which creates a very hard rock. They oulcrop on the
coast north and south of the delta and form low ‘'cliffs' with
numerous small coves and inlets with small sandy beaches. There is
a fairly consistent raised beach level at ebout 2 me. above the
present sea - level and another at an estimeted 5 — 8 m. &bove sea =
levele ‘‘hese levels have been commonly recoguized alons the length
of the Catalan coast, and the higher one of the two is generally
thought to have been formed during warm water conditions becouse of

the presence of the sub - tropical molluse, Strombus Dbubonius,

Alonz the non - deltaic part of the coastline, there are num-
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erous strecams flowing into the sea off the hiegh ground, but in
sunner these are invariably dried up and were observed to carry
water only in times of heavy rainfell, as in prolonged summer
 thunder- stoms. There are, hovever, a nunber of permanent springs
that emerse at, or Jjust offshore from. the coastline vhich carry
cold freshweter from the mountains. In sumuer there is a strore
temperature contrast between nomal seawater and water from the
springs, 26° compared with 18°, It seems likely that the water *to
feed these springs is conducted underground from the mnountains
within the Quaternary gravels. Dobby (1936) recorded that artesion
water is found under part of the delta and when borings were mnade
for the foundations of Amposta brid-e, artesien water was met at a
depth of 22 m. below the surface. It is possible that this water
is carried within the Quaternary deposits which probably extend for
a certain distance beneath the deltaic sediments. It is 1likely that
the Dbasement for most of the delta is madc up of lesozoic rocks
similar to those outcropping in the coastel mountains., Hypothetical
sections through the deltaic and non - deltaic coastlines are shown
in figure 4 to illustrate the probable relationship between the
different depositse.



CHAPTER 2

TH5 RIVER EBRO

The River Ebro is the 1lonrest river in Spain, haviner o
length of approximetely 600 kilometres. It originates in the Cont-
abrien Mountains close to the Atlantic coast of Spain and winds
gradually cscouthwestwards to discharre eventually into the Ilediterran=-
ean, Prom its origin it flows into the extensive, flnt Ebro Basin
and then throuch more rursred land nearer the lNediterranean coast.
The lower Ebro velley is frequently steep — sided and culminates in
a vrelatively narrow 'sorse! near Tortosa from where the river
emerges onto its delta., The Ebro has many  tributaries and the
total area of its dreinaze basin is approximately 64,000 sqe kme
It drains three arecs of high land as well es the Ebro Bessin
itself: the eastern end of the Cantabrian Mourtaiﬁs to the north-
west, the southern side of the Pyrenees to the north end part of

the Central Iberican Chain to the southwest. (See fir. 1.)

Across its delta the river varies in width from 150 - 400 m.

Vear the river mouth it is only 150 me wide and one is struck

by its nexrrowness cousidering the overzll length of the river and

the area of its drainase basin. Soundinzs printed on the Admiralty
Charts of 1897 show the depth of, the river to be extremely var-

isble over the delta, ranging from 1% - 63 m. At the present mouth
of the river it was observed that there was a considerable gshoal=-
ing in a crescentic area extending from one side of the mouth to
the other, It was not possible to approach this on the fishing

boats for echo = soundinss but the area clearly marked the line of



the river mouth bar, and it was frequently further revealed by
waves brealcing over ite By observation of other areas on the

delta, the nmaximum depth of water at which waves would break under
normal weather conditions wes approximetely 2 me Therefore, the depth
of water over the river mouth bar is estimated to be of that
order, and the 1893 Admiralty Charts show &a denth of Jjust 1less
than 2m. (1 fathom) for the bar across a previous river nouth.
About 5 or 6 lm. before its mouth the river bifurcates and a

small distributary separates to flow to the southeasts This is a
narrow stream with a meximun width of 60 me, but vhile old meps
show water discharging from it into the sea, it is in fact now
closed at its fomer outlet by a beach sand ridge.

The rate of discharge from the river has been estimated at
614 cu.ane/sec. (data from Geografia de Catalunya, 1958). This is

quite low compared %o other rivers, e.ge

Area of drainage basin Average discharge

(1@2) (CU.m ./sec . )
Ebro 64,000 ' 614
Rhone 95,000 1,620
Vississippi : 3, 1844640 16,500

It varies from month to month and the river regime for two

stations, at Zarasoza and Tortosa, is shown in figure 5. Tortosa
is only a few kilometres upsiream from the delta and discharge

there can be taken as wvirtually the same as from the river mouth,

Keximum discherge occurs in the spring, from Februaxy to Fay, and
although relatively high precipitation may contribute, the chief

cause of high discharge is the spring melt of winter snows from
the mountain arcas within the catchment area. uthe swmer veriod of
minimum discharge from June %o the beginning of Ausust correlates

with the period of 2lowest precipitation in the catchment area.
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Following this, discharge increases to a secondary peak in [lovember
as rainfall over the catchment area reaches its highest level dur-
ing September and October. There is a slight decrease in discharge
through Decewber beiore the build up once more to the sprins mox-

imume.

The high level of water in the spring, particulaxly during
IMarch, freguently resulted in floodine over much of the delta. Tow
however, flooding is rarer becnuse of the efficient canal and
irrigation system whick not only introduces water to the fields
vhen required but =also conducts awsy excess river water in times
of exceptionnlly hirh flow. Under these conditions, there would not
only be discharre of water into the sea from the river mouth but
also from the wmany canals and drainage channels that emnty into
the lapoons. Exceptionally low water levels are also occagionally
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recorded, particularly during hot and dry sunmers. During an exceed=
ingly hot period in Aurust 1929, the discharge of water at Tortosa
was estimated to be only 33.8 m.3/sec.

The freshwater discharged by the river into the sea maintains
itself as a distinct body of frechwater for some distance from the
river mouth. f%he marsins of the body are clearly visible, partly
because of a colour contrast, the freshwater being a dirty grey
and the sea water a !'lediterranean' blue, and partly Dbecause of
the 'foam line'. This is a thin line of foam and floating debris
that marks the relatively sharp contact between the freshwater and
normal seawater. During the spring survey, three surface water
samples were taken on a run over the foam line with the middle
sample on the line itself and with the two end samples about 10 m.
apart. Salinity determinations for these samples produced the follow=

ing results:
1e 38 °%/oo (normal seawater) 2. 31900 3. 12 %00 ('freshweter').

Bates (1953) noted the presence of foam 1lines off the dis-
tributaries of the MNississippi delta some distance from the shore
and he presented evidence to support the theory that river flow
should, because of the effect of Coriolis force, deflect to the
risht on leaving its mouth. Scruton and HNoore (1953) also observed
plumes of turbid water 'with sharp contacts with the seawvater' up
to 104 kme. from the passes of +the lississippi delta. They suggest-
ed that the irregular nature of the plutses reflected pulses of
flow from the river which could wvary with variations in tides,
currents and windse It is not Xnown how far from the mouth of
the Ebro freshwater extends before it becomes totelly mixed with
the seawater, but foam 1lires were observed as far out as 6 kn,
during sedinent sampling. Dobby (1936) reported that he had seen
turbid water as far north as Atmella, a distance of approxinately
20 k.,
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The orientation of the river discharge from the river mouth
is approximately 010°, but at some times, particularly during low
discharge, it appears that strong winds and wave action can deviate
the main flow away from its normal 1line of discharge. Tigure 6
shows the main body of freshwater flowing to the east and then
around Cabo Tortosa and to the south. These conditions were never
observed during any of the author's fieldwork, although on one
windy day &a foam line was seen directly off Cabo Tortosa.

Scruton and loore (1953) stated that a foam line represents a
line of coavergence associated with the movement of one water mass
over another. Water discharge from the mouth of the Bkbro is typical
hyperpycnal flow; i.e. freshwater flows over the sgeawater bYecense of
its lower density, send mixing takes plece at the edges =nd under-
neath the freshwater body. A4ll bottom water samples taken off the
river mouth hnd nomal selinity, and probably undiluted seawater ex-

tends as least es far ses the river mouth bar. In vperiods of low

discharre es in summer, seawater mey b»prosress some way up the river

itrelf as a ‘'salt wed~e'., The body of frechwater is probably not

very thick; if the depth of water over the river mouth bar is of

the order of 2 m., then this should represent the maximum thiciness

of the freshwaeter if it naintains itself as a discretef Scruton
and lMoore said that the freshwater 'wedges' off the passes of the

Rississippi delta have maximum thickness near the pess nouths and

thin to about + = 1 me at their margins.

The turbidity of water off the river mouth is very hish but

it prosressively decresses away from the river mouth as more and

more sediment is released from suspension end deposited on the sea

floor. frensparency of the water wss mcasured at several sediment -

sanpling stations by noting when the sediment sempler (vhich was a

silver colour) first became visible when being hauled to the sur-
face and then measuring the remaining length of rope. This is not

as efficient as the Secchi disc method but results can be tent-
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atively compared with those from off other deltas:

Ebro delta (spring) Ehfne delta
off southem off river (av ﬂre)
delta flank mouth il
2+3 kme from mouth 6n. 2n. 2me
4,6 kne from mouth on. 4o, Dt e

(RhBne and Nississippi data from Ven Streaten, 1959).

Miesissippi
delta

(low water)

Ou7me

006:1.
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CHAPTER: 3

FORPHOLCGY AND CROWIH OF THE EBRO DELTA

Morpholosy

The subaerial part of the Ebro delta has an area of 330
square kilometres, but this is only a fraction of the total areca
of deltaic sediments; subagueous deltsic sediments are estimated +to
have an areadf307,200 =qge ¥m. The subaerial delta is extremely
flat, rarely rising to more than 1 or 2m. above sea level, and
the only prominent features on the delta are man - made, buildings,
rows of tirees efce It has basically a simple deltoid shape with
the base of the delta on the original coastline and the epex
projecting into the sea. Behind the apex, two prominent flanking
banks or spits protrude from the flanks of the delta to the
north and south respectively.

The delta is és;mxetric in so fer as the area north of the
river is smaller in area than the part to the south. The two
spits also reflect this agymmetry: the northern -one is smaller,
being only 5 lm. in 1length, while the southern spit is 15 km, in
length. The two are also slightly different in shepe: the southern
spit has a long, thin bank of sand connecting the nmein body of
the spit to the delta, while the northern snit widens sradually
avay from the delta flenk. Toth spits enclose shallow 1lagoons,
the southern one being larger end slicghtly decper, forming a nat-

ural harbour, Puerto Los Alfzaques.

the frontal coastline of the delta is smooth and stresicht or
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gently curving, but the 1l~roonel comstlines are much more irrerular
wvith mmerous drainzge channels opening ~onto them from the main
part of the delta. The western sides of the spits also have very
irregular coastlines with low projections and shallow inlets all

along their lengths.

The river mouth bar has already been discussed in chapter 2,
but there is also a sandy bar just offshore zlong the whole
length of the frontsal delta coastline. fThis bar is usually within
30 = 60 me¢ of the coast and runs parzllel to it. It probably
represents the site of active transport of sandy sediments by
longshore drift. Ven Straaten (1959) repo;ted similar !lonzshore
bars' 2lons the whole coastline of the Rhone delta. He observed
that there was sometimes a series of bars, up to 5 in numbe>,
vwhich ran parallel to the coastline and which had their steeper
sides facing the shore. lost of these bors were within the 1imit
of wave action and althouzh the deeper ones appeared to lie below

this, they probably came within the wave base under storm condite-

ionse.

Profiles of the subaqueous pert of the delta can be seen in
firure 7. These were obtained from echotraverses run from the fishe
ing boats (see chapter 6), The nearshore bar is not seen on
these profiles beczuse the boats were unable to approech that
close to the shore. Profiles off the central part of Dboth flenks
of the delta (B and G) reveal the pvresence of a smooth - bottomed,
shallow platform which slopes very eraduslly from -hearshore to about
12 m. depth on the northern side, and azbout 18 me on the southern
side. Deeper than this the sulmwarine slope steepens considerably.

These platforms are also plainly evident in the Dbathymetry of the
delta; firure 1a in chepter 1 illustrates how the 20 m. contour

deviates considerably ewey from the coastline., The southern platforn

is the larger of the two.

The proe=delta slope is steepest off . the present delta anmex
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and also off the present river mouth although it appears in the
latter case (profile C) that the river discharges first over the
edge of the northern delta front platforn before the slope steepens.
It should be noted that the slopes of the profiles are much
exaggerated; in nature, the steepest slopes are calculated 1o be
just less than 19, This compares with the Rhone delta which has

a relatively steep deltaic slope of 2°, while the lMississippi

has a pro - delta slope never greater then 1° (Shepard 1960). Profiles
eround the delta apex show that the sea floor, particularly in

the shallower depths, is far from smooth. Its irregular nature mnay
indicate the presence of large ripples or other surface structures

in the sediment.

Elsewhere subagueous profiles are vremarlably smooth, especially
off the spits, and =mall scale sea floor relief is apparently rare,
However, the echosounder may not be sufficiently sensitive to pick
out minor relief eand probably only records larger structures. For
example, on one day of boat - work the water off the southern
delta flank was unusually trensparent and it was poszible to obs-
erve the sea floor through water depths up to 10 me 1t wvas not-
iced that there were megaripples on the sandy sea floor with an

cstimated wavelength of wup to 1 me uheir amplitude could not be

gauged but they trended at epproximotely rirsht

conetline., Their oversll extent and their sisnificence is wn'momm,

an~l~s from the

Tt it is likely thet they cover lorge prris of the sea floor

where the substrate is sandr. These were not detected by the echo -

sounder.
Most of the najor deltas of the world hove shapes somevhat

different from that of the Ebro 2nd the lotter does not fit
readily into either of the accepted morpholosicnl classes of deltn,

the ‘bird!'s foot! or 'lobate'! twpes. Meny othsr deltas are deltoid
in shope but mosi ware the opnosite war round to the Ebro with

the spex inland and the flat base of the iriangle forming the
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deltaic coastline, e.z. the Nile delta. 7This is due +*o the
development of a distributery gystem near to the mouth of the
mein river chamnel and subsequent  sedimentary deposition sround the
network of distributaries. The Ebro at present hos no distritute
aries, the flow from the river being insufficient to support more
then one chemnel in the face of strong wave action from the sea.
The Ebro delta probably haé one of the simplest deltaic shaves
possible, being formed by a sincgle river channel openin~ into a
body of watere Seavard forces have affected the finnl deltaic
shope and Bates (1953) recorded that "In nature, the deltaic shane
which finelly develops derends on the mnasnitude of the non = equil-
ibrium existing between the coastal forces of accretion and erosion

operating near the outlet®,

Zenlcovitech (1966) also recognised that a simple deltaic chape
could be produced by a single channel. He stated that "A typical

and simple delta is formed by a single chamnel opening into deep

water where wave action is strong enough to close completely one

of the chennels chould it fork. In these conditions a river will
construct a projection which will be increasingly attacked by waves

the further it advences into the sea. Kuch of the sandy material

vill be sghifted by the waves sideways from the mouth and incorp-

orated into flenking banks. So far fron halting the growth of the

delta this will accelerate it. The Ebro delta in the [editerranean

is a close approximation ‘o +this idealized type".

Growth

the growth of the

As is the case with many other deltas,
as its Dbesically simple

Ebro delta has not been as strairshtforward
shape might sugcest. Its development has Dbeen complicated by a
number of factors including changes in river flow and in sea 1level,

together with erosion by the sea. Some deltas hzve been recognized
as being formed of a number of imbricating deltas. Close examination

L

.

-
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of the Ebro delta revealed that the course of the river has not
always been in its present position and four distinct phases of

growth, or imbricating deltaes, can be distinguished. It is possible
that there may have been other growth pheses which have left o

trace. %‘he four main phases are illustrated in figure 8 and can

be 1listed as follows:

1« A primary vhase at right ansles to the o0ld coastline.

e &

%e A third phase due east.

4, A fourth phase, recently initiated, to the north.

second phase to the northeast.

The first phese of growth that can be distinpuished commenced
with the river flowing farther to the south than it does at pres-
ent. A perpendicular drawn from the point of emergence of the

river from the original coastline probably represents the approx-—

imate course of the river during this stage. This line passes

through the centre of the southern delta front platform and the
latter is thought to represent the meximum eastward extent of the

original delta apex. Acrial photosrzphs taken in 1957 show an

arrsngnent of fields on the southern side of the delta that marks

out the original course of the river. 0ld charis (1293) support

this hynothesis and even show water present in the old chonnel at
that time. This initial vphase probably involved fairly rapid growth

in one direction, but later the river became diverted to a new

course.
The causes of a shift %o a new course are not Ifully under—

stood but Scruton (1960) considered that a river would seek a new
course if it becae ‘'overlencthenedt., This enteils a2 river building

out its deposits, as en elonsnte body, a relatively long distance

into the seca so that the river hss to flow a great distance +o

depnsit its loeds It may then seek a shorter rowte to the ses,
probably by enlarecing = breach in one of its levees some distance

upriver from its mouth. Xolb -and Ven Lopik (1966) obscrved that



Fig. 8. Growth of the Ebro delta.
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the abandonuent of a Mississipni river course is a gradual process
until a critical stege is reached. This usually occurs when 30 =
507 of the master strean's flow is diverted throush the diversion
arm. PFollowin~ this there appears to be a rapid acceleration of

the diversion process during which the former full - flow course is
plugered with sand just downstream from the diversion and the new

channel repidly enlarges to take the whole flow,

The second phase of growth was to the north of the present
river course. The river must have been diverted scme distance back
from the first delta apex and flowed in a meandering course over
what is now the northern side of the delta. An older eerial photo-
graph (fipure 9) shows water still in this chamel after it was
finally abandoned, while more recent aerial vhotographs (firure 10)
8till clearly show +the meenders of the river after the course had
been infilled with sediment. During this phase of growth another
delta apex was formed and the northemdelta - front plgtfom repres—
ents the limit of this. Acain, after gcrowth for a certain period
in this direction the xiver became overlengthened and sought a new
course. The duration of the vhases of growth are not known, but
it is 1likely that the second phase lwa.s of shorter duration then

the first because of the smaller extent of its depositis.

Following the eabandorment of the old river channels the two
delta apices were left to the mercy of the waves. Their exposed
position led wave action to be concentrated on them and erosion
began very rapidly. The upper lzyers of sediment were eroded away
and tranported mainly in lateral directions by longshore currentse
Silt and clay fractions were probebly removed in suspension and
eventually deposited farther along the coast or in deeper water,
vhile the send fraction was incorporated into delta front beaches
and into the two spits which grew eos the old apices were worn
awaye In prectice, erosion and reworking of sediment was probably

going on whilst the delta wes constructing these epices, and the



Figure 9: Aerial photograph of the Ebro delta (from Geographia
de Catalunya, 1958), taken about 1930.

Figure 10: Mosaic of aerial photographs of the Ebro delta
(obtained from the Servicio Geographico del Ejercito!,
Madrid), taken in July 1957.









development of the spits nay have besun before the old cheacels
were abandoned but full scale erosion of the apices and growth of
the spits probably only comrenced after abandonient. Alone the
present delta flanks there is plenty of evidence of erosion and
retrecat of the coastline. Zrosion of the beach is common (see 1later,
figure 13), and o0ld marsh horizons are exposed in places just
below the water on the northern side of the delta, another feature
of a retreatins coastline. Scruton (1960) said that a characteristic
feature of the ‘'destructional! phase in his plen of delta develop=-
ment was the presence of muwerous clean sand bodies. These are
very comuon e&long the flanks of the Ebro delta and fit into the
picture of a retreating coastline following the abandonment of the

old &pices.

The result of erosion of the o0ld apices has been the establish-
ment of shallow plotforms off each of the delta flanks, i.e. an
extension of the natural delta front platform. van Strasten (1959)
ohserved similar plctforms off the Bhone delia, and he ectates "After
these former courses became abandoned by the river, the vunmer ports
of the deposits have been removed by wave erosion mMmd =2 slishtly

inclined plnteau was produced in each cose. These plniesux are now

covered by a layer of sand: o probebly displaced residue from
the eandv lavers of +the old forecet. beds. The mein pert of thise
sand was probably moved shorewards by the waves and then cerried
sideways by lonsshore drift. The eroded mud has apparently been
deposited in deeper water after having been carried ebout in rus-

pension for shorter or longer periods",

The third phase of growth resulted in the fomation of the
present delta apcx projecting towards the east. The river course
during this phase was probably ﬁore or less the same as its mod-
ern course. The eventual abandommient of the eesterm part of this
course and the initiation of a fourth phase of growth to the north

is clearer than previous diversions becsuse it has token place
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relatively recently. Various stages of the abandonment appear on
maps and aerial photographs of different ames and it is considered

worthwhile discussing the changes in detail.

The 1893 Admiralty charts show the river discharging due east,
still in its third phase of construction. River flow at this time
mzy have been Temporarily higher then at present as the river wvas
able to support a distributary; the southern chamnel. At this tine
the apex reached close to its maximum extent to the eest. The
first aerial photograph, of c. 1930, shows the initial stage of
the diversion of the river to its new course. The river had
apparently become overlengthened to the esst and a breach occurred
in the northern bank a few kilometres upstream from the mouth. At
the time of the photograph, discharge through the breach was neg-
ligible. The southern chamnel was still active and it can be
seen (fisure 11) that its deposits resulted in a distinct bulgre
in the coastline along this part of the southern delta flank,

Althoush the Spanish mop of 1942 indicates that there were

geveral openings in the northern bank at this time, there is 2o

field evidence to support this and the maps are probably inaccur-
ate. However, the importent point to be derived irom this mop .is
that flow through the bresch was well advanced, elthoush the old

river mouth was still open and doubtless carrying a certein asount

of discharge. The mouth eventuslly became closed by wave action

plugring it with sand; the acrisl photogrephs of 1957 show the

. LA T G o A
new chennel cerrying the entire flow. The time taken Ior °h?
chenge of course can be rourhly calculsted from the series of

maps and photographs described. vhe breach of the levee probably
occured around 1930 and by azbout 1945 the new course was taking
the whole flow. This means that & period of the order of 15

vears was sufficient for a chonge of course; the pvlugring of the

old river mouth may have +teken a2 further few years.

Since the abandonment of the esstern pcrt of the river channel,
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June 1968
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the third delta apex (Cabo “ortosa) has been subject %o cnnsi&cr—
able erosion by wave action. Durins field work at Cabo ‘Yortosa it
was observed that there is very active erosion; en area of turbid
water up to 100 me from shore extends 211 rouid the point, It

was clear that this was due to the erosion of muddy sediments
there, causing mud t6 be takem into suspension and transvorted away.
About 200 m. due east offshore from Cabo Tortosa are the remains

of an old lighthouse that on the 1893 Admiralty cherts is position-
ed at the ¢tip of the delts apex. lLocel information is thet this
lighthouse collapsed when the foundations were eroded avay, and it
provides a useful indicator of the rate of eresion et Cabo Tortosa.
Assuming that the fin2l ebandonment of the river chamnel was about
1945, then the =2pex has been eroded back at least 200 m. in =a
period of 23 yeers, a rate of approximctely 9 or 10 m. per year,
In fect, the initisl rate may be psreater than this because a new

lichthouse with stone foundations has been constructed at the pres-

ent tip of the delta which may heve slowed down erosion since it

vas constructed about 10 yesrs ago.

the southern charnel was abendoned following the establishment
of the new river outlet to the north, It is not known vhether
there is eny connection between the two or whether river flow had
decreased slightly and become insufficient to support two outlets
to the sea. The 1957 aerial photographs show the southern chennel
to have a restricted opening while fieldwork in 1967 revealed that
the channel is now comvletely plusred by beech sands. the closure
has meant that wave action has been able to work on the ‘bulge’

of the coastline at the outlet and smooth iZ . slichtly.

During the period of fieldwork from 91966 - 1968 it was inter-
esting to observe the growth of the delta at the present river
mouth, In June 1966 there was a barrier beach of fairly coarse

sands offshore to the west of the river mouth, (see figure 11b).

Bates (1953) noted that as soon as a river mouth bar forms, wave



action is concentrated against it and it becomes the site for
longshore sediment convergence. A barrier beach is then thrown wup
linking the bar to the coastline. The depression in belween is
known as a ‘'delta flenk depression' and is bounded by natural
levee, mainland =nd berrier beach. This sppears to be the cease
off the present mouth of the Ebro, although the delta flank
depression is reletively small and is a shallow 'lagoon'. In 1966,
the western end of the barrier beach wns about 200 me from  the

shore and a smzll amocunt of river discherre was escaping through
the opening, which was never more than 1 m. decp. Some muddy
.sediments were accumulating in the lagoon, but ifrom the eastern
end of the barrier beach it could be seen that the river levee
was building up deposits and graduzlly blocking the entrance to

the lagoon.

By July 1968, the berrier beachi had Jjoined to the coastline
to the west and there hrd been considerable addition of sandy
sedinment to the frontal part. The western end of the legoon had
become virtually closed by levee deposits and there was only a
gnall influx of water into it. Forther offshore another berrier
beach was beginning to develop and the line of the river mouth
bar had moved corréspondin;ly farther out. The complete enclosure
of the lagoon will mcke it a permanent feature on the delta and
it mey eventually become a shallow, brackish lake similar to those
behind the beaches on the Aelta flenks. The latter may have been
formed in the seme monner. On the eastern side of the river
moutn there was 2lso a certain amount of growth, but nerker poles
positioned to measure the rate of growth were unfortunately removed

by visitors.

Firure 12 illustretes the o»resent stzte of the Ebro deltea
coastline. Anart from the river mouth =zres, the only other prris
of the delteic constline thnt are advencine are the ends of the

spits. Saids sre trensported alons the delta flanks and eventually
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deposited in the quicter waters off the ends of the spits. Rapid
erosion is teking place around Cabo Yortosa znd there is probably
also erosion operrting along the delta flanks at a slower rate,
(see fieure 13). fthere is probably very 1little veriation in the
1a{=;60anl cosstlines although both erosional and progradine features
were observed in places. However, overall rates of pgrowth or eros-
ion are probably very slow and the cosstlines sare only rently
fluctuating.

the edvancement of the southern spit to the south correleotes
very well with the growth phases and subseguent erosion of the
delta. fIhree main phases of growth of the snit can be distineuished
both in the field and on aerizl photorraphs (see figure 14). by
the distribution of prominent beach ridges. After each delta enex
was abandoned they were very rapidly eroded end wmaterial was added
correspondingly quickly to the southern spit. As an apex was pro-
gressively worn down, the rate of erosion, and consequently the
rate of addition of mneteriel to the spit, slowed considerably. This
allowed the development of a more permenent beach ridre on the
gouthern end of the spit with 2 higch dune line. Abandomment of

the next apex resulted in increased rate of addition of sediment

once more, repid growth of the coestline with less oprortun-
ityfor the development of a prominent beach ridge. Since the
abandonment of the third delta apex in c. 1945, there hes been
growth of szbout 300 me to the south up to 1957 (measured from the
serial photographs), a rate of approximetely 30 m. per year.

Are of the delta

Unfortunately there is 1little evidence available for dating the
origin of the Ebro delta. Jonker (1952) analysed pollen from peat

samples taken near Sen Carlos end found that the peat was formed
almost entirely in the BSubatlentic period, less then 1000 years



Fig. 14, Growth of the southern spit. (From aerial photos l957)
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2go. The delta is underlain on its landward side by Guaternary
gravels so its history probably does not extend beyond the Pleist-

ocene. Other deltas along this psrt of the Nediterranean coastline

appear to be of approximetely the same eage. xruit (1955) observed

that the Rh3ne delta was underlain by Pleistocene ¢gravels, vhile
Catalunya (1958) states that the Llobregat and other
were initieted following

Geografia de
deltas on the northeastern Spanish coast
the great Wim glecietion 25,000 years ago. It is possible that
following the great glacial periods river flow was exceptionally
hisgh carrying melt - vwater away from the ice sheets and this mnay

have provided the stimulus for initiation of deltas.
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CHAPTER 4

SEDIMENTARY ENVIROIMENTS

Introduction

As has been previously stresced, a detailed scdimentery study
has not been attempted, and the original purpose of examining the
delta itself was to provide some backzround information to the
foraminiferal studies. Field observations have been analysed to pre-
sent a general picture of the sedimentology of the Ebro delta.
Marine sediments were processed primarily for foraminiferids and
grain size analyses were therefore not possible. (The methods of
collection and processing of offshore sediment samples are fully
described in chanter 6.) :

Standard nomenclature for sediments has not been used since
terms such as silt and clay require an accurate assessment of grain

size. Size ranges for recoznized sediment grades are as follows:

sands (fine to coarse) .063 = 2,0 mme (diameter of rounded
silts S S n ) L0039 - 063 mm. particle)
clay ( n " " ) 0039 rm.

In the field and during laboratory processing, sediment samples were
wet sieved through a 200 mesh sieve, fThis hes an &perture size of
076 mm. and so any residue on the sieve aofter sieving must come
within the sand grade of sediment. For each sample the volune of

the sieve residue was measured and related to the volume of the
sediment before sieving and a figure derived to give the percentage



of sediment with grain size greater than .076 mm. This size is
close to the 1lower size limit of the sand grade of secdiment and
so the percentege figure can also be taken as indicative of the

percentage of sand in the sediment sample. Sediment which passed

through the sieve is referred to as 'mud' since no distinction can

be made between silt and clay grades.

A rough classification for the marine sediments has Dbeen devised

based on the percentage of sand ;rade material which they contains

tsand?

lore than 80% sand

50% - 80 sand ‘muddy sand'

10% - 50% sand = tsendy mud’
Less than 10% sand = ‘rud!

Study of the subaerial part of the delta and exemination of

the submarine sediments showed that over the whole deltaic area a
number of distinct sedimentary wunits could be distinguished. Shevard
and Moore (1955) defined a sedimentary enviromment as a "Spatial

unit in which external physical, chemical and biological influences

affecting the development of a sediment are sufficiently constant to

form &' cheracteristic’ devosit®, while Scruton (1960) seid that sed-

imentary enivronments are defined by sediment sources, processes and

their intensities, and rates of deposition. allen (1965) roted that
the nature of the deiritus supplied to a sedimentary
esgentinlly independent of the <factors which operate over
adjacent envir-

enviromment is
such a

unit and is only determined by factors operating in

onments, especially those upstream of the deltaic area.

Ebro delta sedimentary enviromments bhave been loorsely divided
into those on the subaerial part of the delta: natural levee,
abandoned course, marsh and lacustrine, znd those in the sea or of
marine construction: besch/spit, laroon, delta - front vlatfora ead

pPro - delta y iR xi
\ a slope. fThe approximate ereal distribution of these
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environments is shown in firure 15, In the clessical sequence of
delta deposits, the subaerial envirorments plus the bcach/snit and
delta - front enviromments would comprise the 'topset' beds while the
pro — delta slope is equivalent to the 'foreset' beds. The ‘'bottom=—
set' beds or offshore clays were not reached in the present

surveye.

Subzerial environments

Yatural levee

Natural levees are the deposits on the sides of river channels
and deposition generally only occurs when the river floods over its
banks. They are usually elevated above the level of the surround-
ing deltaic land and on some deltas form the only conspicuous highs
over the whole areas On the Ebro delta it proved very difficult
to find a levee in its ‘nstursl' state because they have been
extensively built over or cultivated. In many places they have been
built up to prevent the river eroding its banks and from flooding

over them in times of high discharge.

Where they can. be distinguished, the levees rise to an estim-
ated % m. above the- level of the river and extend laterally for
at least 50 m. Kolb and Van Lopik (1966) found that levee deposits
on the Mississippi delta vary in height above sea level from 2 -

8 m. and in overall thickness from 3 - 6 me A section dug in the

levee on the northern bark of the Ebro near to the river mouth
revealed 1 me of sandy muds before the water table was reached.
The section revesled an occasional lsmination of more muddy sediment
and the sediments generally have a high organic content, perticulerly
of s=mall blackened pieces‘ of woody material. Shepard (1960) reported

that woody debris is common in the levees of the liississippi delta.

Dobby (1936) also had difficulty finding a suitable levee to



to examine and eventuzlly described an eroded section opposite La
Gracia (the island in the middle of the river half way across the
delta). He recorded, "At the top, half a metre of loamy alluvium;
beneath this, another half metre of peaty material, black with mnuch
woody vegetation not wvery advanced in decomposition. Below this again,
another half metre of heavy clay whose deeply fissured black structure
shows that it has been well dried out before succeeding clays were
leid upon it. Sa2lt crystals can be seen very prominently between

the upper and peaty layers".

Abandoned river courses

After a rTiver has shifted to 2 new course, the abandoned vart
of the old river course gradually becomes infilled with characteristic
depositse fThe KEbro delta has two such infilled abandoned courses and
a third that is in the process of being filled which provides the
opportunity to examine abendoned course sediments in situ and in the

process of eaccunulating.

The distribution of abandoned course deposits is shown in figure
15. uhey are exposed at the surface in a small area behind the

present beach on the northern abandoned course but elswhere they are
hidden by superficial deposits that have been extensively woriced for
egriculture. Cores taken along the northern abandoned course revealed
uniform devwosits to & depth of at least 6 m. (see chevter 9). The
deposits in the abendoned courses of delta growth phases 1 =nd 2
are typicelly rrey — green unlaminsted clays with the relatively hipeh
proportion of orgenic materinl thet is characteristic of fluviel sed-

iments.,

The recently abandoned river chamnel of rrowth vhese 3 cives
an opportunity Yo study the accumulstion of abandoned course denosits.
At the point of diversion there is a line of coarse deposits

built up by the river. At present, there is only a small omount



of weter passing over this ‘vedge! and the water can be seen 1o

be very turbid, carying fine clays in suspension, (see fisure 16).
At the edres of the channel the clays were observed on the bottom
and they appear identical in character with the deposits already
described from the older infilled chamnels. The mouth of the channel
is blocked by beach sands and there is also a considerable ouantity
of sand being contributed to the channel from aeolian send dunes

migrating over the areca to the north, (see figure 17).

Kolb and Van Lopik (1966) recoznised abandored course denosits
on the [ississippi delta and szid of an abandoned course that, "For
most of its length and for a considerasble time after abandonnent,
the course is a fairly elongate body which graduelly fills with
the fine = grained sediment carried in by river flow. It may also
be filled upstream by tidal currents carrying sands and silts",

Marsh

The marsh environment consists of waterlogged areas with a thick
mat of vegetation (srasses, sedges, bullrushes, etc.). The vegetation
is not, however, consistently thick; there are often smaller or
larser ereas of standing 'black' water dotted with grassy clumps.
The water is invariably very shallow with abundant floating veget-

ation and algal ‘'scun', (see figure 18).

The marsh is a ‘'paludal' environment, i.e. characterized by
hishly organic sediments. Dying vegetation is contributed to the sed=-
iment and deczy is slowly brought about by enaerobic bacteria
which thrive in the stagnant conditions. A typical marsh sediment
is black and peaty with orgenic huius and larger plant fragments
in various stages of d@ecay. In many ceses there is a proportion
of inorganic sediment, occasionelly sendy, but more often muddy.
This sediment is probably introduced to the mersh arees when the

river is in flood and sediment - leden water flows in via the



Figure 16:  Looking eastwards

across river %o recently abandone

Ds G £ ) . ; B
*: . river channel. (Cabo Tortosa lighthouse in backeround).

Fig. 17. Sand dunes migrating into the
abandoned river channel.



Pigure 18; Typical marsh scenery
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numerous drainage channels and ditches surrounding the marsh areas.

Sections dug through marsh sediments show them to be mostly
very thin, often less than 1 me. thick. In the mersh just south of
Encanizada, & section revealed only % me. of peaty sediments under-
lain by muddy sands with abundant shells of Cardium (typicel lag-
oonal sediments). In addition, sections dug in presepj non - marshy
areas have frequently revealed thin, peaty marsh horizons at various
levels. Jonker (1952) took borings throush a mersh 'near Sen Carlos'
(probably just west of Encanizada) and found a total thickness of
2.3 me of marsh sediments. Pollen analysis showed that the whole
marsh was not older than the Subatlantic period, ie.es it had

accunulated over a period of epproximetely 600 years.

It seems 1likely that marsh conditions are very repidly flucthuat-
ing end thet marsh deposits rarely accumlate for a great period
of time in one place. When the delta was in its natural state,
the marshes were probably frequently inundated by floods and may
have been covered by a layer of sediment. Later, they would be re =
established, bui not necessarily in the same arecas. In the psst,
marshes were undoubtedly more widespread than today, bdut now that
man has colonized the delta they are rarely subject to flooding
because of the good drainase system developed to protect the crops.
In addition, much marsh hes been reclaimed for agricultural land
and if this process continues there will shortly be little natural

marsh remaining.

The distribution of present mershes is shown in figure 15. The
most extensive area is around Dncenizada, and there are other arees
behind the beaches on both the northern and southern sides of the
delta. swamp aod marsh deposits are characteristic of most modemn
deltas in their natural states. Kolb and Van Lopik (1966) reported
that more then 50% of the lississippi delta is covered by marsh

envirorments.
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Lacustrine
e s L L

Lakes are common on the delta near the shoreline but none
occur far inland., They range in size from a few metres to ceveral
Kilometres in width. Eacanizada is the larcest permanent lake and
measures approximately 4 km. by 1 km., but other lakes, porticularly
the one on Isla de Buda, are almost as large. Figure 15 illust-

rates the areal distribution of the larser lckes and they have been

divided into freshwater and brackish tyves.

Encanizada is the only freshwater loke, with a salinity of less
than 3 %oo. It has a narrow comnection with the southern lasoon
end is approximetely 1 m. deep at its deepest pert. The bottom of
the lake is covered almost entirely by thick, lwwuriant growths of
reed that grow elmost to the surface of the waler making it poss-
ible to nepotiate the 1lake only in flat - boltomed rowing ekiffs.
The weed supports a very abundant fauna of gastropods, foraminiferids,
ostracods etc., and there is a considerable fish population. The
sediment has a hich orgsnic content derived from decaying weed and
the decay is brought about by anaerobic bacteria, resulting in the
sediment hoving a black colour. Only rarely is there a very thin
lighter coloured surface oxidized layer. The inorganic portion of the
sediment is mainly of 'mud' grade, although there is up to 0%
sand near the connection with the lagoon. Sand content decreases
eway from the entrance of the 1lake and in the eastern part the
sediment is almost completely muddy. The sandier sediments have the
highest proportion of shelly material; near the entrance, this tekes
the form of whole and broken bivalve shells of the species that
live abundantly in the southern legoon. Shell content also  decreases
avay from the entrance of the lake but farther east there is
a preponderance of indigenous gastropods, ostracods and foraniniferids,

and fewer bivalve remains,

The brackish 1lskes have salinities ranging from & = 37 %/oo eng




=

Figure 19; Sand flat

Figure 20: Channels in sand flat area
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are situated behind the beaches on the delta flanks. They are
irrg{{ular in shape but in some cases quite extensive, with grassy
islands around their edges. The immediate borders of the ‘lakes are
slightly elevated above the water level, with grass and scrub veg-
etation grading into morsh on the landward side. The lzkes are
rerely more than 1 me deep and it is possible to wade through ex-
tensive areas of shoal water. The sediment varies considersbly, being
sandy towerds the east ond more muddy towards the landward side of
the legkes. The higher mud content to the west is probably derived
from sediment - laden water comins in from the river via the drein-
apge canals while sands are probably derived largely from the beach
and dune area frem vhere it is t{ransported landwards by wind action.
Weed is more common on the muddy sediments but it never attains
the luzuriant srowth +that occurs in Bucanizeda; sandy sediments some-

times support a sparse, grassy tiype of weed.

Between the sand dunes and the leakes there is often a wide
expanse of sand-flat with occasional cluumps of scrub vegetation,

and it appears thet in times of flood the 1lakes would extend to

cover parts of these areas. There are several well defined chamnels

extending into the sand - flat which probably conduct water during

flood. Some had & little standing water in them at the times of

exsmination and 2ll -are charscterized by a eandy sediment with

occasional small concentrations of broken shell mnaterial. (Sﬁo firmwres

19 and 20).

Seawater must somchow reach the brackish lskes to eceount for

their brackish natvre. Either the sea bresches the besch ridses in

times of exceptionally hish tide, or else there is a contimous

percolation of water through the beach sands. ‘he orisin of irland
lekes is explained by Kolb and Ven Lopik (1966) as the development
of depressions in the marsh surface, and they add thot their form-

etion is nomally a stase in the deterioration or partisl burial
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of a marsh. This mey well account for the orisin of the Ebro
lakes too, olthough a process was described earlier (see chapter 3)
whereby a lake could be formed durins the advancement of the

coastline near the river outlet.

!Subagueous' environments

Peach(smit

Delta front beaches are 1long and straisht or gently curving,
and a typical profile is showva in figure 21. The frontal port
of the beach has a distinet berm »rading into a flat back - beach,
both composed of medium - grained, well sorted, wind - ripnled sands,
The total width of this part of the beach varies from shout 40 -
250 me Landward of the back - beach area is an exvanse of low
sand dunes, 10 - 150 me wide and rarely rising to more than an
estimafed 2me Or s0 above sea level. Sznd dunes are best developed
north of. the recently ebandoned river channel vwhere they have growm
to greater heigzhts than on other parts of the delta. The dunes in
some places are fixed by hardy vegetation and the sands are in-
variably wind - rippled. Over the whole beach and dune area there
are many scattered shells that have been weshed ashore, and frequent=-
ly they become concentrated by wind action into 'shell pavenents'.
Behind the dunes there is either sand - flat greding into 1lake or
cover increases

nmarsh, or a direct gradation into mersh. Vegetation

inland away from the dJdunes.

As has been stated in chepter 3, sand beaches are cenerally
recornized as being cheracteristic of 2 retreating coastline associat-
ed with the abandomment of a deltaic systeme Wave action is cone
tinuelly eroding the beach and pushing the coastline landwards ond
beach sands are blown by winds back over the marsh areas so that

the - beach effectively 'trangresses' over the marsh.



) Typical delta front beach profile.
MARSH BRACKISH LAKE AT DUNES
0-2 KM O-1s0M.
e b s N
b) Representative section through the northern spit.

SAND FLAT

Fig. 21

Representative

beach profiles.

BACK BEACH BERM

40-250M,

DUNES BEACH

(Not to scole)

NEARSHORE

BAR




35

The spits have been included in the eame enviromment as the
beaches since they were both formed by virtually the same processes,
are both composed of the szme well sorted, fine to medium - grained
sands, and because the two grade into one another. Also, the spits
have typical beach profiles on their frontal sides and have dunes
alonz most of their lengths. Dunes are best developed on the
northern spit, but are very low or absent on the long thin bank
linking the main paxrt of the southern spit with the body of the
delta. This thin counection wvaries in width from 250 - 500 me and
there are several breaks in the low dunes throuch which run well
defined channels, (see figure 22). These are rippled and there are
strand lines of debris along their sides indicating that at =some
time water must run through them. In heavy seas the beach bem
mgy be breached and water flows through the channels infto ‘the lap-
oon while in times of hizh water in the logoon they may conduct

water from <+the 1lagoon 10 the back - beach area.
2

As the spits have grown, successive dune lines have merged to
form central areas of low sand dunes with scrub vecetation. The
sketch of the northern spit, fisure 23, illustirates this. Behind
the dunes there is ‘an area of sand — flat which extends to <the
edge of the 1lsgoon. ‘the greater part of this is only fractionally
above the water level and only a small rise in the waler in the
lapoon would inundate a large area. Retreating water Irom a previous
period of high water has left behind a good deal of weed and
algal scum, vwhich, in places, has been déried by the sun to fom

& thin 'a2lgal mat!.

The legoonal coastline of the spits is much more irresuler
than the frontal coastline, with mumerous inleis and lov promontories,
There dis evidence thet this coastline is continually fluctuatines
sections dug about 100 rne inland from the laroon rcvcslo& sandy
sediments dovn to ot least 1 m. with a few thin, irresul-rly spaced

leyers of mud. The latter sre usually less then 1 cme thick and
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Fig. 23. Sketch of the northern spit.
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probably correspond to the thin veneer of mud on the surface of
the sands at the edges of the lagoon. A thicker band (5 cm.) of
mud was encountered at about + m. depth end a sample of this
produced a typicel lagoonal assemblage of foraminiferids. It is
thought that these layers revresent times when the lasoon extended
farther east during higher sea level, nd the thicker layer
probably represents a more nrermanent extension during which true

lagoonal sediments were devosited over this area.

The extreme end of the northern spit is somevhat different
from the same area on the southern spit. Althougzh both have a
stretch of very shoal water with a rippled sandy bottom Just off
their ends, the northern spit has an irresular coastline with
numerous samall inlets, These become fewer »nd more angled to the

coastline as the frontal pert of the spit is approached, (see

figure 23).

The barrier beach Jjust off the river mouth has nany

characteristics in common with the beach and spit enviromments.
Apart from +the absence of a back - beach arca, the frontel pro-

file is the same as the delta front beaches. *here is a line
of very low dunes which are well covered by a variety of veg-
etation and behind this is a narrow stretch (up to 60 m.) of
sand - flat with an algal nat in places. The sands, notably near
the end of the beach c¢lose to the river outlet, are slightly

coarser than those of the beaches.

Lagoon

Lazoon enviromments have been created on both sides of the
delta by the growth of the spits. They have advanced to the north
and the south and enclosed bodies of water with a restricted
connection with the open sea. Both lagoons are very shoal near

the spits and become deepest nearer the main part of the delta,



The southern 1lagoon is 6me deep in its deepest part while the
northern lagoon is 4 m. pDoth have wide areas of their bottom
covered by weed, particularly in the shoal water of their inner
arease The weed is frequently very dense and supports an abundant
fauna including bivalves, (especially of the genus Cerdium), gastro-

pods, ostracods and Iforaminiferids.

The sediments vary in composition from clean sands in the
shoal water adjacent to the spits to muds and muddy sends in the
deeper parts. Generally, the amount of sand in the sediments
decreases with depth and towards the lsgoon entrances. 'he sediments
have a relatively high carbonate content in the form of shelly
material, especially in the inner corners of the lagoons. This is
a reflection of the high level of animal zctivity and the low
rate of sedimentation. The sediments also have a high orecanic con-
tent because of the continual eddition of pieces of weeds There
is rarely more than 1 cme thickness of 1light coloured surface
oxidized sediment; below this layer the sediments are blacke This
colouration is due to iron monosulphides such eas hydrotroilite
which are the product of the action of anaerobic bacleria on
sulphates in the seawater and in ' the sedimeat. Other bacteria
common in this reducing environment bring about decay of organic
material with the production of hydrogen sulphide which sives these
sediments a characteristic smell. The aveilability of oxygen in the
overlvineg seavater will deftermine the level of the oxidnation / rei-
uction bounderv. As the latter is very close %o the =sediment
surface in the 1lacoons, it is concluded that weter circulation

(ieee oxyren availability) is very wvoor. COther evidence bears this

out, notably shell concentrstions in the sedimenats. In these the

shells are rarely broken up and saccumulate close to the barks of

- -

weed on which the livinz animels flourish surcestine that curvent

activity is elrost non - existent,



Delta front w»nlatfom

The delta front platform is situated immedintely offshore from
the delta flank beaches and shelves very sradually before croding
into the pro - delta slope. The platform goes dovn to a depth of
botween 10 end 15 m. and varies in overall width from 1 - 8 km.
It is widest off the central parts of the delta flanks vhere
the old delta apices have been worn away. Typically, it is
characteristic of deltaic advence, but on the Ebro declta the
platform is being widened off the delta flanks as the coastline

retreats under morine erosion.

It is a high energy sedimentary environment with strong litt-
oral and longshore currents operating parellel to the coastline.
Sediments are typically sendy but directly off the river mouth
where the delta front platform is in a state of advance, the
sediments are somewhat finer with muds, probably silt ¢rade, as
well as- fine sands. Off the delta flanks the fine sands on the

platform are derived either by lateral transport from the river
mouth or by reworking of old delta deposits by current and wave

action.

Pro - delta slope

Seaward of the delta front platform the subaqueous slope
steepens to form the Dbeginning of the »pro - delta slope. Pro -
delta deposits are the most widespread delta deposits as they fom
 the greater part of the subagueous delta. Their full extent off

the Ebro delta is unknown since sampling traverses did not reach

their seawerd limitse.

‘fhe deposits are almost entirely muddy in nature and there

avurn

is a gradation from relatively coarser to finer sedimenis away
from the shoreline. Deposits near the delta front pletform are
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probably silts with a gradation through to fine ec¢lays in the
offshore areas. The deposits are vervy homogeneous are there was
no evidence of lamination in any of the deeper water sediment
semples. The bulk of sediment brought down by the river vrobably
accunulates on the pro = delta slope. Scruton (1960) said that the
Mississippi brings down an average of 1 = 1% mnillion tons of sed-
iment per day and of this 50% is clay prade, 4870 silt and only
2% sand. Practiczally all the clzy and silt accumulates on the
pro - delta slope, forming in the rezion of 90% of the total
sediment. Pro - delta deposits meke up most of the thickness of o
deltaic sequence of sediments and of an estimated maximum thickness
of between 60 and 90 me for Ebro delta sediments, probably

more than three quarters of the thickness is made up of pro =
delta silts and clays.

Relative rates of deposition

Sedimentation is undoubtedly most rapid directly off <he r;ver
mouth where the body of seawater couses the outflow of river
water to be gardually slowed so that its ability to cerry sed-
iment in suspension is graduslly reduced. The river's bed load
is largely deposited. on the river mouth bar ond this becomes a
prominent site for attack by waves which results in the movement
of sands laterally. Longshore trensport of sediment is very active
along the delta flanks and there is rapid devosition of sends at

the ends of the spits.

Deposition on other perts of the delta slope is gradual unless
2 plume of turbid water from the river mouth is devisted over
another area. “his would result in a temporary increase in the
rate of sedimentation in that area. Lagoonzl sedimentation is gon=
erally very slow with only a small influx of sediment either via

the lagoon entrences or to a 1lesser extent via the draincpge



chamnels opening onto the 1lrpoons from the subaerial part of the
deltas, In the 'subaerial®' environments, sedimentation is aga2in very
plow, but there may be sudden incresses if any of the environments

are flooded by sediment - ladem water from the river.

Sedimentation rates are not constant throughout the yeer, and
ficure 24 shows that the distribution of sediments is slightly
different from spring to smemer. In the sepring, vriver flow is at
its maximum and is able to cerry far more sediment. This in
turn means a higher rate of sedimentation at this time of yeear
and figpure 24 shows that muddy sediments are widely distribuied
even over the southern delta - front nlatform, althoush the outer

edge of the platform is characterized by an elonsate area of

clean sand.

In the summer, river flow, and hence sedimentation, is con-

siderably reduced. With less sediment being deposited, the sedinents

laid down in the spring are subject to reworking by longshore

and littoral ocurrents, fThis is particulerly marked on the southern
delta front platform where the finer mnaterial deposited in the
spring is winnowed awey leavins a much wider area of clean sand.
Part of the reworked mud is +transported around the southern spit
and deposited in the. lagoon; it can be seen that there is more
muddy sediment in the central part of the southern lagoon in the

Sunier.



‘sand’ >80 Y%
‘muddy sand’ 50 -80 %
‘'sandy mud’ 10 - 50%o
‘mud’ < 1090
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CHAPTER 5

GEOLOGICAL IMNPLICATIONS

Deltas are wundoubtedly very important sedimentary features.
They form wide areas of reletively rapid sedimentation over large
areas of continentel shelf and the quantity of sediment accumulated
by them per unit erea is much greater than any other marine én-
vironment., Deltas must also have been active in the geolozic past
because rivers were presumably rwmning off land areas into the
sea in much the same way as they do at present. Some workers
have argued that delta deposits were less common because land areas
vere less extensive in past geological periods and there were no
long rivers to build up deltaic sediments. This seems unlikely
because even vrelatively short rivers can build up deltaic deposits,
for example those 2along the northeastern Nediterranean coast of
Spaine

Broadly speaking, deltaic sediments are relatively uncommon in
the geological column., This may be because of a failure by geol=—
ogists to recognize them and obviously a good deal more needs to
be known zbout modern deltas so that older deposits can be more
readily identified., The study of modern deltas has certainly gained
momentun over the past few years and the discovery that they
frequently provide suitable reservoirs for the accumulation of oil

and natural gas has been an added stimuluse
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It is necessary when studying a nmodern delta to attempt to draw
sedimentological conclusions that will help in distinguishing
ancient deltas. The amount of sedimentary information derived from
the Ebro delta is limited; some long cores would have provided
more useful geologzical information. Nevertheless, some general con-

clusions can be drawn.

It must firstly be stressed that modern deltas are seldom as
sinple in construction as they frequently appear. They are usually
made up of several phases of growth, or imbricating deltas, super—
imposed upon one znother. Partial or total erosion of older phases
may occur concurrently with the construction of a new phase. All
this tends to complicate the sequence of sediments in the delta
in addition to the zlready complex relationshins between the diff-
erent sedimentary wunits such as mparsh, lacustrine and beach depositse
These are 1likely to be complexly interdigitated; the Ebro marshes
were shown to be very rapidly fluctuating Ifeatures.

Theoretically there is 2 vertical sequence of deltaic sediments

(figure 25) that it may be possible to recognize in older
deposits. However, erosion and fluctuation of environments would

mean that the ideal sequence is rarely attained.

The pgeometry of the delta deposits may present some useful

information to help detect old deltas provided that sufficient

three - dimensional informetion is available, Firure 26 illustrates

that the thickest part of a delta is in the proximel pro delta

region. Arcain, this may be complicated by erosion and imbrication

but a relatively thick pile of silts and clays may indicate

the equivalent area. Construction of isopachyte meps would be very

useful for interpretation of older deposits. The latier should

from the thickest accumulation of
the deltaic deposits

thin in 2all directions awey
sediments. On the landward side and beneath
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(from Rainwater 1966) Ebro delta
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eposits
delta fringe and dis-
tributary channel delta front sands
sands L) i
proximal prodelta ‘:‘f_"_ [P e
organic silt & clay -] sty
s IR --"- prodelta silts & clays
distal prodelta clay -:-:-_ __‘_-'_-‘_
Fig. 25. Theoretical vertical sequences of deltaic sediments.

a) Parallel to the direction of delta progradation

Subaerial deltaic plain beach

delta front sands & silts

e peaty marsh deposits

b) Right angles to direction of progradation

spit or barrier loke
island

Fig. 26. Schematic sections through a deltgic mass of sediments

(Adapted trom Rainwater 1966)
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there will be older 'basement! rocks, and farther still on the

landwaerd side there may be aeolian, alluvial or continental deposits.

Meny woriters have been wnder the misapprehension that dip dioe
cordances will disbtinsuish ‘'itopsei' from ‘'foreset! beds. This is
very unlikely to be the case; the stecpest part of the pro delta
slope is only of the order of 1° and dip measurements are rerely

sufficiently accurate to pick up differences of this negnitude.

The sediments themselves may be of use in recopnizing ancient
deltaic deposits. There will usually be a large thickness of silts
and clzys representing the pro delta deposits greding laterelly into
frequently fluctuating silts, sands, peats etce representing the
marginzl marine and subaerial enviromments. Elongate sand bodies may
indicate en old coastline; these would be equivalent to bar, delta
front platform, beach or spit environments. 411 deltaic deposits,
especially marsh deposits, have a relatively high orgsnic content
because of the quentity of plant and other debris brought down by
the river., However, this feature will only be of use in inter-
pretation of post - Devonian rocks; land plants did . not ap?ei’-"‘.
until the Devonian. Ebro delta sediments show a general decrease in
the percentare of sand grade meteriel eway from the coastline. It
may be possible to recopnize similer trends in older deposits.
Shepard (1960) also noted significant trends in the median diameter

values of sediments around the [ississippi deltia.

In conclusion it can be stated that, provided there is an

adequate semole coverage, it should be possible to recognize g
devosits by some of the sedimentary features discussed aboves
Rainvater (1966) sumerized five categories by which deltaic deposits

can be distinguished:

1« The geometry of the deposits.
2. The vertical and lateral sequence of sediments and environments.



3. FalmaS-
4+ The abundance of land plant remains.
S5¢ Alternations (small scale) with shallow water merine and trans-

itionzl sediments.

The significance of faunas in the interpretation of delta dep=
osits will be discussed in chapter 11.
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CEAPTER 6

METHODS OF COLLECTICN AND STUDY

In all, four field trips to the Ebro delta were undertaken.
A reconnaissance swurvey in Jwne/July 1966 was followed by three
mein sampling surveys: 2April 1967, August 1967 and July 1968, 73
offshore sediment samples were collected in the reconnsissance survey
by means of a small Van Veen grab, while a total of 124 samples
(April 1967 - 46, summer 1967 - 50, summer 1968 = 28) were
collected in the remaining surveys using a more refined sediment
samplers The subaerial parts of the delta were =also examined and
several sediment sauples collected from the various environments.
All the samples were transported back to Bristol for processing
and examination of the living and dead foraminiferids contained

within then.

Fieldwork

Boat

San Cerlos de 1la Rapita is the largest fighing port Zfor some
distance along this part of the Spanish coastline and herbours a
considerable fishing fleet. lost of the vessels are fairly small
and only venture from the port in esxly morning, returning in the
late eofternoon. Financisl considerations meant that only a2 smaller
boat could be hired and the 'Jose Pedro! was chosen. It is a

boat of epproximetely 10 m. length and, like most Spanish fishing



vessels, was built to weather "almost any seas. However, the design
gives it a buoyancy that renders it a very unstable platfom from
which to carry out scientific work. The boat carried a winch
which proved invaluable for raising the sediment seampler from the
sea floor (figure 27) but otherwise hed no equipment that was of
use. JApart from the wunbearable noise from the engine, the boat had
the edditional disadvantage of being very slow; for instance, it
took 3% hours to travel from Sen Carlos to Cabo Tortosa which
Severely limited the time that could be spent sampling during a
day's trip to that area.

Unfortunately, only very small boats were available from
Ampolla which were even less suited to sampling work because of
their size and slower speed, and Dbecause none carried a winch.
However, it was necessary to hire one of these vessels for the

sunmer 1968 survey off the northern part of the delta and the
The only boat suitable for sampling

end one was duly

sampler was menipulated by hend.
in BPEncanizada was a flat - bottomed rowing skiff,
hired and the sampler agein manipulated by hand.

Sediment sampling

It is desirable that all quantitative ecological studies on
living foraminiferids should be based on samples of a standard
" gige and that this stenderd size should be in terms of surface
area of sediment. In the past so called 'quentitative studies' have
been carried out on unequal samples, samples of equal dry weight
or samples of equal volume. Welton (1955) summed up the position
very well, "Most ecological work on Recent Foraminifers is aimed
at determining their distribution and relative abundance in modern
sediments, which is a function of numerous and complex ecologicael
factors. Assuming that Foraminiféra live at, or Jjust below, the

sediment - water interface the natural measure of populations for



The fishing boat

Figure 27:
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comparative purposes should be nunber of species per unit area,
Assuning that each environment is supporting the maximum number of
Foraminifera possible, referring the population to any base other

than available living space sappears to be arfificial®.

Therefore, it was decided during the early part of this study
that a sampler was needed that could take sediment samples of a
known surface area. Consideration of the sediment semplers available
at this time showed that no one design was entirely adequate. With
the various grabs and dredges one camnot detemmine the area of ‘the
sediment obtained. Various types of corer, particularly the Phleger
corer, have been, and still are, very popular but they have certain
disadventages. If they enter the sediment obliquely the area of
sediment will not be the same as the cross - sectional area of the
core tube and there is no way to allow for this. In addition,

this type of corer only operates satisfactorily in soft
Schefer (1967) elso consid-

sediments,

they rarely function in sandy sediments.
ered the disadvantages of the Phleger corer and noted
czuses a pressure wave in the water in front of it

the sediment surface before the sampler hits the bottom.
epifaunal foreminiferids. Schafer
samples

that it
which disturbs
This mnay

result in the floating off of
proposed that SCUBA divers would be more useful to take
but they would be- limited to a certain naximm depth and sampling

o

over a wide area would probably take a good deal oI

. time.

selected for the Ebro delta study was

The sampler eventually
functioning efficiently in

one which works on a slicing principle,
either muddy or sandy sediments. The author constructed the
sampler following an original design of Dre J.W. Kurraye It was
made considerably smaller than Nurrasy's original model,

it was not envisaged that sampling would extend to any
handling on &a small

partly because

great depths

of water and pertly for ease of transpori and

boat. MNurray has not yet described his design and so a brief

description will be given here to demonstrate Row the sampler works,



.

The sampling device is incorporated into a cubic <Irame
(figures 28 and 29). A t‘bucket! of kmown dimensions is slid onto
an amm which is free to swing about a pivot by means of o
weight systems To 'load' the sempler before lowering to the sea
floor, the bucket am is pulled back so that a suall flange on
the amm engages a notch in the ‘'irigger am', (see figure 28. 1).
This holds the bucket back wntil the frame reaches the sea floor
when the ‘'foot', which projects slightly below the fIreme, pushes
up the trigger am so releasing the bucket, (figure 28. 2). The
lead weight system then czuses the bucket arm to swing about the
Pivot so0 that the bucket slices into the upper layers of sediment
finally coming to rest ageinst a soft vrestraining pad. At the
seme time as the bucket hits the pad a bar engeges the noich
in the 'steel arc' waich effectively locks the bucket against the

pad for transport through the water to the surface, (figure 28. 3).

The moximum depth of the slicing arc, assuming that the frane

gettles on the sea floor, was fixed at 1.5 cm. In prectice, the
sampler usually sinks slightly into the sediment,

sinking vaerying with the sofiness of the sedinent,
maximum depth of cut is usually a 1little deeper.

ant since the surface arca of the sediment sampled cen always De
A greoh wes

the depth of
and so the

This is unimport—

calculated once the volume of the sediment is Ilmowne

constructed for this purpose (figure 30).

The procedure for sampling was carried out as follows, At

each station the sampler was lowered to the sea Zfloor end 1left
for about 40 seconds to allow the bucket to slice throush the

sediment and 1lock against the restraining ped  before being winched

or hsuled to the swface. It was carefully handled onto the boat
and turmed on end so that the open end of

most. The locking mechanism was disengaged and the

the bucket was upper-

bucket slowly



Fig. 2

8. Diagrammatic representation of sampler mechanism.

locking e
mechanism engaged

trigger arm

bucket steel arc frame

% G [
> 1

- lead

o weights

restraining pad

foot extended

l. Sampler 'loaded!

bucket sealed oqgainst pad

j E } ?ng of bucket

~

—— e bl 3. Sampling action complete.

sediment sliced
out by bucket

2. Sampler in action on sea floor.



Ficure 29; The sediment sampler
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8lid off the arm taking care not to gpill any of the water
contained in it. The water was - then poured through a 200 mesh
sieve to catch any foraminiferids that nay have floated off the
sediment surface with the disturbance caused either by the sampling
action or during trangport to the surface. The bulk of the sed-
iment v.:as scraped from the bucket into a polythene bottle and any
emall remaining traces were washed into the sieve end finally the

sieve contents were tronsferred to the bottle. 987 alcohol wes added,

with at least as much alcohol as the combined volume of sediment
and wvater, &md the bottle shaken to thoroughly mix in the alcohol
80 thaet the protoplasm of the foraminiferids alive at the time

of collection would be preserved. Finally, the bottle was labelled
and stored for transport and the bucket and restraining

the sampler carefully washed to avoid contamination of subsequent

pad on

samples.

The instability of the boat frequently made sampling very
difficult. Handling a heavy samler was very precarious on a rolling
deck, but even more irksome was the drifting of the boat whilst
samplings The boat's buoyancy meant that it drifted feely in even
the slightest seas. Corrective measures such as ruming the boat
very slowly against the sea did not prove entirely successful. The
result of drifting was that the sampler was not lowered vertically
and consequently if often fell on its side on the sea floor and

did not ‘'fire's At meny stations the
was obtained, and in a Zfew cases

sampler had to be lowered

several times before a sample
a station had to be abandoned
traverse had to be abandoned altogether when

rough, and because of a tight budget and time limitations,
eanother day. Off

without a sample. Occasionally a
the sea was particularly

it wvas

not always possible to complete the traverse on
the river mouth in spring there was a very strong ourrent resulting

from the outflow of water and boat drift here was considerable.



Ui
o

Consequently the river mouth traverse in the spring produced few
samples. Ouiflow was considerably reduced in the swmmer and sampling

was more successful.

Water sampling

At most stations bottom water samples were taken for salinity
determination. A bottom water sampler was constructed by the author
besed on the design of Imrray (1962) and this was lowered simult-
enedusly with the sediment sampler to take a water sample as close
as possible to the position of the sediment samples At the bYeginning
of the summer 1967 (SU) survey it was discovered that the sampler
was not functioning as it should be, due to a defect in con=-
struction rather than design. This method of water sampling was
therefore abandoned and bottom samples were obtained from the water
contained in the bucket of the sediment sampler after passing it
through the sieves The seal of the bucket against the restraining
Pad appeared very effective and so there was negligible contamination
with surface and intermediate water in the passege Irom the sea
floor to the surface. An advantage of this method is that it
ensured that the water semple came from directly above the arca of
sediment sampled. There is a slight possibility that as the sampler
was lowered to the bottom the bucket retained sea water from near
the surface. Hore likely, however, water was continually circulating
in the bucket es it was lowered and the water contained in it

when it was Dbrought to the surface was true bottom water,

Surface water samples were also taken in certain places, partic-

ularly in the area arownd +the river mouth where there is consider—
able variation of surface selinity. Small glass bottles were used

%0 contain all water samples; these were carefully sealed and
labelled ready for transport back to the laboratory. !



Temperature measurements

Frequent temperature measurements were made along all traverses
by means of a thermometer. Surface temperatures were measured dine
ectly while bottom temperatures were measured by taking the temp-
erature of the bottom water samples as soon as they reached the
surfaces Hauling or winching the samples from the sea floor took
very little time and it is not considered that any neasurable
temperature change would have occumed during that times A1l neasure-
ments were conducted in the shade to preveat any slight rise due

to direct sunlight.

Depth measurement

Depths at each station were measured and recorded ’by means
of a Marconi ‘'Inshore Ferrograph' echosounder (figure 31). s is
a small model powered by a 12 volt car battery and has an
effective range down to 1680 feet (55 metres). The makers »rocommend
that the transducer of the echosounder be fitted to the central
region of the hull of the vessel and fared in. This,
was not possible on the fishing boats and an alternziive systen
had to be improvised. The transducer was firmly fixed to the end
of a length of timber and the transducer cable stapled elong

i

of course,

its
length, The timber itself was lashed sccurely to one side of the
boat amidships so that the transducer was in the correct attitude
and about 1 m. from the surface of the water. luch to the surprise

of Marconi Instruments Ltd. -this system worked very well indeed
SeaSe

and good depth records were oblained in all but the heaviest

In rough weather the boat rolled a great deal aud the pulses

emitted from the trensducer at a shallow angle did not reach the

sea floor. Naturally, therefore, no echoes were picked up and no

depth rTecord obtained.s When this occusred
metre scele plumb line was lowered and the depth

at a sample station, a

read off,
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Station plotting

The greatest difficulty associated with sampling was in fixing
the position of the sampling stations. The fishing boats had no
system whatever for position fixing and it was necessary to relate
position at sea to landmarks on the shore. However, this was never

entirely satisfactory because of a mumber of reasons:

1. Inaccurecy of the availeble naps.

2+ Bearings taken by compass or sextant are only accurate %o
within something less than 1°,

3« ‘the delta is exceedingly flat and there are very few visible
landmarks anyway.

4. On a sunny day the heat
landmarks as there were from as little

haze over the land obscured such

es 2 kme. from shore.

stations as
shore that

A method was devised for fixing the position of
follows. For each traverse a landmark was. chosen on the

was either actually on the nmeps or could easily be fixed on them,

such as the lighthouses along the delta front. The traverse was

then begun from the chosen landmark on a fixed compass bearinge
factors including

a number of

Permination of a traverse depended on
the distance from shore

the depth of water reached, the weather,
at the end of the traverse. The

etce A sample was then taken
on the map

position of this station was obviously along a line

drewm out from the landmaxk on the appropriate corrected be
ot be determined accurately

aTANTy

but its distance from the shore could n

by bearings,

Instead, the echosounder was used as a ¥ime / distance measure.
The recording apparatus of the echosounder jncorporates a rotating
drum which winds on the recording paper at & constant rate., An
experimental traverse was run close jn and parallel to the coastline



80 that distances could be measured reasonably accurately from a
map. Throughout this traverse the boat maintazined a constant speed
and for a measured horizontal distance a certain length of record-
ing paper in the echosounder was used wp. It was then calculated
what horizontal distance a unit length of recording peper represented
with the boat travelling at that particular spesd. Once this was
established it was a relatively simple matter to measure the tolal
length of recording peper used on any traverse and relate it to

a horizontal distance so that the actual length of the treverse
could be determineds Once the farthest station on the traverse was
fizxed, samples were taken at regular intervals, using the echosounder
as a measure, and with the boat travelling at the same speed, back
towards the landmerk from which the traverse originated.

It is acknowledged that this method of station plotting is by
no nmeans vwholly satisfactory but it is the best that cowld be
achieved with the equipment available. Compass courses were followed
as accurately as possible, probably to within i 1%, and ezppropriate
allowances were made for the run of the sea. This method fixes
stations nearshore reasonably accurately,
from shore. Stations farthest from shore are probably plotied only
to within + % km., However, as will be discussed in the section on
gignificance of samples, a high degree of accuracy is not considered

necessary for plotting offshore samplese

but accuracy decreases avay

Station plots end traverses for the different surveys are

illustrated in figure 32.



x Spring survey 1967 (SP/-)
. Summer survey 1967 (SU/-)
. Summer survey 1968 (sr-)

Tortosa traverse

hannel traverse

San Coarlos de la

Salings traverse

SCALE

012345
et b

Punta Bafia
/ traverse

traverse

Fig. 32. Echotraverses and station plots.
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Laboratorv methods

Foraminiferid sample

The volumes of the sediment samples in their settled condition
were measured still in their bottles by reference to a similarly
Eized, graded bottle. This method was probably accurate %o within
% 10ml, ‘and its rapidity amply repaid any small loss. of accuracys
Each sample was theﬁ emptied into an alwminium container end some
water added to restore the water content of the foraminiferal
protoplasm. After standing for a few minutes, the scdiment was
washed on a 200 mesh sieve (eperture 0.076 mm.) with a gentle jet
Of tep - water to remove the finer sediment. The residue was left
in rose Bengal stain (1 gm./litre) for a period of 45 minutes. A
full discussion and review of this method of staining is given by
its originator, Walton (1952). Following this, the sample was again
washed over a 200 mesh sieve to remove excess stein and dried in
@n oven at 70°. It was allowed to cool before being
to a beaker and carbon tetrachloride added. The foraminiferids and
other light material rose to the surface and were decanted off to

collect on a filter paper. The process was repeated until no more
Finally the

glass tubes

transferred

foraminiferids were seen to rise from the residuc.
residue and ‘'float' were dried and stored separately in
to ewait exemination.

A portion of the sample float was separated for examination
of the living foreminiferids as follows. From the measured volume
of the sediment, the surface area was obtained by reference to

8 graph (figure 30). The foraminiferid float was weighed and the

équivalent of 50 sqe. cm. surface area of sediment calculated . and
Weighed off. It was discovered thet a 50 sqe cme sample was the
most convenient size for counting; the more popular 10 sq. cm.

sample produced very small counts of the living foraminiferids +that



did not adequately portray the proportions of the species.

The 50 sq. cm. portion was examined under the microscope and
gpecies of foraminiferids that were stained pink were listed and
their numbers counted. Staining was occesionally not decisive and
it was necessaxry to use discretion in deciding whether or not a
pParticular individual was alive at the time of collection. Tor
example, a few individuals exhibited a bright green colour, possibly
due to bacteria or algee living within the test, and these were
considered as 'living' forms. ILutze (1964) also recorded this phen-
Omenom. He noted that living specimens of (Cribrononion turned green
when the staining solution was added, and that green specimens
‘should therefore be counted as living. Many specimens, particularly
miliolids, did not show the stain colour through the test but only
a pink colouration around the aperture. In these cases, and 1in
any case where there was any doubt, the test was broken open to
see if there was any properly stained protoplasn within. Vith most
individuals, however, it was comparatively straightforwerd %Yo decide
if they were living or not. A total of 38,906 individuals were
counted from the three surveys and many specimens were mounted on

slides for further examination.

For counts of the dead population, a representative portion

of the float was taken for examination. 411 empty tests were

identified and counted; 250 - 300 individuals were counted in alle
This - number was selected since it was found that it was the
minimum nuober that neéded to be counted to give 2
accurate representation of the relative abundance of
species. Phleger also found this totsl to be the most convenient
and in his book (1960) he states "The accuracy obtained by

counting a fraction of the population larger than 300 individuals

reasonably

the component

increases only at a very slow rate®.



Samples from cores were processed in much the same way eas
the standard sediment samples except that the steining with rose
Bengal was omittede In a few ‘ cases the nmuddy sediments had dried
out and become very hard. Shese were left to stand in water as
before but a few flakes of sodiwm metaphosphate were added to help
break down the clays. Foraminiferids were egain floated off by
carbon tetrachloride flotation and after drying were counted in the

Same way as the dead populations.

Water samples

The salinity of each water sample was determined by the
standard method used by water — supply chemists. In fact, it is
impossible to determine directly the salinity of a water sample
by chemical methods, and it has to be determined indirectly by

firgt determining the chlorinity.

Chlorinity is a measure of the chloride ion content and was
defined by Sverdrup, Johnson and Fleming (4942): "The mumber giving
the chlorinity in grams per kilogram of seawater is identical with
the number giving the mess in grems of ‘'atomic weight silver!

Just necessary to precipitate the halogens in 0.3285235 kilograms

of the seawater sample". This was introduced to make determination

of chlorinity independent of changes in atomic weight.
The relative proportions of the various chemical components of
Seawater are constant even though the absolute concentrations nay

Vary and so there is a constant relationship between chlorinity
and salinity which can be expressed as follows:

Salinity = 0.03 + 1.805 x chlorinity

The reagents used in the salinity determinations were made

W as follows;
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Silver nitrate =solution:

Potassium chromate indicator:

4,791 gme
solved in distilled water and made up

5 gne

Analar silver nitrate was dis—
1000 ml.

potassium chromate were dis-

to

solved in distilled water and made up to 100 ml.

1 ml.

of the seawater and 100 ml.

of deionized water were

Pipetted into en evaporating basin and 1 ml. of the potassium

chromate indicator added.

the silver nitrate solution with continual stirring.
nitrate causes a white precipitate and titration
until a slight pink or red colour was noticed.
is due to the fommation of silver -chromate

excess silver nitrate had been used.

solution used was read off and

to allow for the excess silver

The silver nitrate solution

of it was equivalent to 1 mgr.

The mixture was stirred eand

titrated with
The silver

was continued

This colouration
that

indicated

and

The volume of silver nitrate

with 0.2 ml. subtracted

recorded

ritrate.

that 4 ml.

The sal=-

had Dbeen standardized =0

of chlorine as chloride.

inity was then easily determined from the chlorinity as indicated

previouslys

Bedinity w:

0403 + 14805 =x titration figure

At least two titrations were cerried out on each water sample

until subsequent results were reproducable to within O mi.

Recordinzs of infomation

In the field samples were labelled with a code for the

appropriate survey followed by a

Reconnaissence survey -

Spring 1967 survey
Summer 1967 survey
Summer 1968 swrvey

as followss

number. Codes were
ED/
o S BB
- . gu/

2 s/
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In the field, positions of the stations were ploitted on
charts and details of the sta%ions and other observations were
recorded in field notes. In the laboratory, data cards were est-
ablished for each station and all the information from the field
notes were transferred to them. 411 station data is recorded in
Appendix 1. Deteils of foraminiferids and their counts were recorded
on separate data sheets, one for the living and one for the dead
Population. In this way data was readily available for closer
examination, plotting etc. All population data is recorded in

Ap‘pendix 2¢

Significance of foraminiferid ssmples

A great deal of information can be derived from quaniitative
studies on foraminiferid populations. lost workers now realize the
importance of taking semples of wunit size, but few have paid
much attentien to the question of adequate sampling of a study
area. It has always been assumed that a sample is not only
representative of the sampling site from which it was obtained
but also of the general area from which it comes.

This assumption was tested in the Ebro deita study by takdng
a second sample at three sclected stations to see how closely
they resembled the first samples. The purpose of the test was
to determine how homogeneous the foreminiferal population was over
a short distance. As the sampler was lowered twice in the spzce
of a few minutes, the two samples at each station were probably
only a few metres apart.,  The sample peirs are compered in table

1. and the foraminifersl data is recorded in Appendix 2. In Dboth

legoon and inshore stations there is a considerable difference in

the standing crops and the numbers of species in
differences betlween

the pairs. This

Suggests that there are appreciable the populat-

ions in the pairs, but examination of the component species shows




noe 0Fi N0, 0f

W

S| species|indivs.
gsr | 0 | e ] % ot in for thes
Spacaer SEoD 24 other 4 species
36 574 8¢5 ré 8
84
24 644 746 5 10
i
, 11 70 3l (¢} 0
83
15 148 4ol 5 6
91 :
11 240 244 2 6

of sample pairs.




59

that each pair hes many species in common. In addition, the
relative abundance of the dominant species is very similar and
accounts for the high percentage similarity indices. (4 full
explanation of percentage similarity indices is given in chapter 8,
section b) ). in the offshore sample pair, both standing crop and
mmber of species are similar. <he percentege similarity index
between the two samples is also high and the only differences
between the two samples are in the rarer, less important species.

The relative abundances of the mnain species are very similare

This brief survey sugsests that stending crop and number of
species per unit area vary much mnore over short distances nearshore,
although the relative abundance of species remains rmach the sane.
Offshore standing crops and mmbers of spccies are steadier over
short distances and probably only vary gradually over wider areass
This would confirm that samples are adecuately spaced offghore
and that they are representative of fairly large areas. Necrer the
landward influence, populations are much more varieble in terms of
absolute nunbers per unit area but the fact that the relative
proportions of species do not vary o great deal over short dist-
ances probably means that sampling is adequate is these areas alsO.
Purther confimmation of the adequacy of sampling cones
distributions of species described in section c) of chapter 8. These
invariably follow steady trends and =0

all areas must have been sufficient to bring
would have varied much more

would

from the

the pattern of sampling in
this out, Had sampling

been inadequate, abundance of species
from station to station and definite distribution patlerns

have been difficult to observe.

Phleger (1952) stated that his foreminiferal semples from the
Gulf of laine were representative of the areas from which they
were taken because the distribution of species is not haphazard

but has locslized centres, or highs, and decreases awey from these



highs in an orderly memner. Walton (1955), in his study of the
foraminiferids of Todos Santos Bay, Baja California, found the
highest rate of varistion of populations in depths less than 50
fathoms; in deeper water fluctuation diminished. He discovered that
standing crops in the marshy conditions over Estero de Punte Banda
Varied from 0 to several hundred over a few feet or even inches,
Open ocean species occured abundantly over depth ranges of hundreds
of fathoms and distances of several miles so that samples from
this environment could be spaced over greater intervels and still
adequately represent the populations. Walton based his bay semples
on a one mile grid which he thought adequate, butr he recommends
closer spaced samples for merginel marine environments.

Buzas (1965), working on samples from Long Island Sound, found

that the percentage distribution of the foraminiferid species
meaningful and repeatable which suggested that his samples from the
Sound adequately represented the distribution of foreminiferids in
the area. He also took semple pairs for comparison and concluded

that species proportions were fairly homogeneous in the offshore

wes

area.

Shifflet (1961) obtained close - speced samples Ifrom the Heald

Bank, Gulf of Mexico, znd recorded considerable variation of
I

species and standing crope She rccommended that perhaps samples

should be much closer spaced than those presented in most ecolog-

ical studies on foraminiferids. However, her data is not as reliable

as it might be because of the very small size of her counts.

Lynts (1966) has also studied the veriation of stending crop over
short lateral distences. He took closely speced samples in Button-
wood Sound, Florida Bay and found that there was gererally little
variation over short distances. He calculated that most foraminiferal
micro - envirorments extend for at least 30 sq. me In addition, he
obtained further information from Shifflet concerning the Heald Benk
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Populations and found that mnicro— environments there extended for
at least 2900 sq. m. This he suggested reflected the more stable
conditions there, compared to Buttonwood Sound.

The subject of micro - environments needs close exemination in
the future. It may well be that species of foraminiferids have
certain micro - environmental preferences such as crests or troughs
of ripples, around pieces of organic debris etc. Only very detailed
sea floor examination and close sampling will bring

However, with more general ecological work such as the present
foranminiferal

this out.

study, micro - enviromments camnot be considered. 4s
distributions on the sea floor are probebly clustered rather then
random, Dennison and Hay (1967) odvise as large a sauple as poss~
ible to minimize the risk of sampling eny isolated nicro — environ-
ment that would not be a true representation of the whole foram=
; iniferal population around that point. The sediment slicer has the
advantage here over the corers because it tokes a sample oI rmuch
larger surface area. Semples of less than approximately 100 ml.
volume were not accepted for analysis because of the possibility
of inaccuracies; only larger samples were relained in the field.
However, at two stations, SP/4 and §/13, only very small samples
could be obtained, and althoush these have been processed, their

foraminiferal data is not strictly wvalid.

A feature which could cuestion the velidity of the tsurface
area' samples is the depth et which foraminiferids live in the
sediment. liyers (1942) found that Llphidium cwigpum could not free
itself when buried in sediment to more then 5 =7 times its test

diemeter. Following this work it was assumed thet most foreminiferids
1 cm. or so of the

were epifaunal or living only in the top
sediment and 211 quantitative studies have been based on
from the top layer of sediment. However, there heve been several

studies in recent years to suggest thet foraminiferids can live at

semples
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considerable depths in the sediments. Richter (1961) reported
'm—w living down to 4 cm. below the sediment surface,
and (1964) Elphidium selseyensis living in depths from 0.5 —= 6 cm.
Boltovskoy (1966) carried out a study on the depths at which
foraminiferids could survive in sediments. He took several cores
and discovered that although the greatest numbers of species and
individuals lived in the top 0 - 2 cm., there were almost as many
species at 4 - 6 cm. Numbers decreased with further depth
sediment, but a few individusls were found living as deep as
Brooks (1967) anelysed the occumence of Ammonia becearii at various
levels and .produced the following results:

in the

15 Clle

Depth level in sediment
(cm. ) 1 2 3 4

Mean no. of individuals 4.8 4.8 Vi | 3e1
Per ml. of sediment

It does appear that present sampling techniques may be inade-
quate if the above trends are at 211 typical. It is possible
that many species are infaunal and that different species nay

prefer different depths in the sediment, Jjust as they have other

ecological preferences. Sampling of the top centimeter or so of

the sediment may not give an accurate representation of the for-
aminiferal population at that point. Obviously, a good deal of

work is necessary %o investigate this subject.

it seems that the variation of populations over

In swmary,
brought out by nore general

short distances follows the pattern
studies on wider spaced samples; 1.e.
populations close to the shore and increasing
Some authors have advocated thet closely spaced

there is more variation in
stability offshore.
samples are necessary
in nearshore enviromments to adecuately represent the populztions.
should only be necessary in

However it is oonsidered that this
’
around the Ebrd

really extreme environments; in nesrshore stations
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delta there is variation of stending crop over short distances,

but relative abundance of species is fairly steady. There is
generally no extreme difference between any adjacent stations and
Phleger's assertion that the distribution of species decreases grad-
ually away from local 'highs' seems to hold true. Sample stations
are approximately 1 k. apart off the delta flanks but are closer
spaced in the lsgooms, and closer still in Encanizada., It is thought
that this sampling pattern, in terms of spacing, is entirely adequate
to give a good representation of foraminiferal populations around the
Ebro delta.

As a quantitative study has been underteken and a large amount
Of numerical data presented, it is worthwhile considering posdble
errors that may have occurred during the emassing of this data.
Errors that may possibly have occurred during processing or counting

of samples are sassessed.

The measurement of the sediment sample is probebly accurate 1o
within 4+ 10 ml. and Murray (1968) considered that the conversion
of volume to surface area was accurate to within + 3%, It is

possible that some foraminiferids are lost or destroyed during
but probably too few to make

Very small Jjuvenile indiv—

Processing of the sediment samples,
any difference to the population data.
iduals (less than 0,076 mm, diemeter) will pass through the sieve

but these are probably few and they would be impossible to
identify.

The counting process is where the larger errors occure, The
Yhuman' factor cammot be eliminated during counting and it is



likely that several specimens are missed and occasionally one may
be misidentified. Consistency of counting was checked: the portion
of the float from sample SU /21 representing 50 sq. cme was counted

three +{imes producing the following results:

Count 1 2 3
Number of species 36 34 35
Standing crop 356 348 362

The accuracy of counting the 50 cm? portion cen be calculated from
these results to be about + 3%.

Another factor investigated was whether the 50 cm.2 portion
Was really representative of the foraminiferal float as a whole.
Three separate portions from sample SU/21, each representing 50 cm.?,

were counted and compared:

Portion A Portion B ! Portion C

Portion A | 36 : 82 864%

Sample SU/21| Portion B 38 415 86¢%
Portion C 37 421

number of species
standing crop
8% = %. similarity index

s

The results demonstrate that separsting a portion of the <float

for counting may produce some inaccuracy; the different counts
were only reproducable to + 15% (in terms of standing crop) end
* 4% for the number of species. Veriations in the similarity
indices are the wresult of fluctuation of rare species, usually
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on:lyi comprising a few individuals.

For counts of the dead population, accuracy increases with the
size of the count but after about 250 - 300 individuals accuracy
only increases very little with additional numbers cownted:

30 -
Percentage |
probable 20 1
error ' : 100
10 7 200
M
RS PR T R T
Species frequency
Figure 33: Probable error of a given frequency, counting 100,

200 and 300 individuals. (From Phleger 1960).

Dryden (1931) showed that with counts of this size (250 = 300)

the accuracy that could be expected was + 20% for factors com-
Prising more than 5% of the total. For factors comprising less
than 5% the accuracy was less relisble.

It is estimated that the quantitative counts of foraminiferids
Probably represent the true sabundances to within 20 - 257% both for
the living 2nd for the dead populations. Although this mergin  of
€ITor appears large, it is not considered to be prohibitive.
Accuracy is very difficult to obtain in quentitative ecological
studies but it is thought thet the acouracy obtained in this
study is higher than averaze.
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ENVIRONMENTAL PARANETERS

It is well known that the distribution of foraminiferids is
influenced by factors operating in the environments in vhich they
live and measurement of same of these factors wes attempted in
the field. leasurements were limited by equipment available, but
temperature, depth, salinity and substrate type were fairly accurately
recorded (see chapter 6) and information about other variables was

obtained by observations in the field.

It is not proposed to include in this chepter a long vreview
of previous work on ecological factors as many authors have already
done this satisfactorily (Phleger 1960, Bolicvskoy 1965)s The nature
and variation of each ecologicel factor measured or observed in
the field is discussed, particularly in respect of possible effects
on forsminiferids, but the influence of the faclors on individual

Species is considered in chapter 8.

Environmental parsmeters have been divided into physical and
biological factors:

Physical factors:

Currents

No equipment was available for current messurements during the

Ebro surveys and information has been obtained from Other sources.
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For most of the year, the wearm, dry climate of the Nediterranean
érea results in low runoff from the land. Heat from the sun
causes evaporation from surface water which results in an increase
in its density and it tends to sink. Nommal density seawater
flows in from the Atlantic to make up the water balance and this
infloy through the Straits of Gibraltar is the basis of lMediterr-
anean circulation. Atlantic water flows in as a surface current
and travels due east until just north of Tunis where it splits,.
One branch continues into the eastern Mediterranean and another
veers north into the Tyrrhenian Sea. The latter branch is respon-
gible for the surface currents in the western Nediterranean, flow-
ing north along the coasts of Serdinia and Corsica and then west
and finally south before rejoining the main flow from the Straits
of Gibraltar (see figure 34). Water made denser by evaporation
sinkg to Jjoin the intemmediate and bottom current systems Currents
from the eastern Mediterranean flow into the Tyrrhenian Sea and
parallel to the coasts of France and Spain UYefore finally exiting
through the Straits of Gibreltar into the Atlantic.

Currents off the Ebro delta flow predominantly north = north -
east to south - south - west parallel to the coastline but are not
consistent. The Mediterranean Pilot (1963 Edn.) records that currents
along this part of the Spenish coast have a consistency of between
25 and 50% and a mean velocity of 16 kme per day. Hargalef (1963)
also noted that superficial current observations are confused by
temporary chenges in direction and velocity. Field observations froa
1966 = 1968 confimmed this; winds were Trequently strong enough to
create temporary downwind surface currents. Longshore drift is pre-
dominantly to the south although there is evidence for drift in

the opposite direction as well. Nargalef (1963) also observed

‘ that there is frequently a spring inversion of currents resulting

in the invasion of very transparent waters from the south and

southeast,
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Surface currents probably .have only an indirect effect on the
ecology of living benthic foraminiferids; they may influence other
ecological factors such as the rate of sedimentation and the
supply of potential food. Bottom currents have a much greater
influence. Strong bottom currents may determine the nature of the
substrate and may winnow away smaller foreminiferids leaving only
& population of larger forms or those able to adhere to particles
in the sediment.

Depth

Semples from the Ebro delta area were obtained from depths
between 1 and 53 m. Some foraminiferids showed distinct depth
Zonation and although there has been a great deal of work done
elsewhere on depth zones and the depth ranges of individual species,
relatively little is known about the effects of hydrostatic pressure
on their phsiology.

larsland and Brown (1936) discovered that the pseudopodial
activity in Amoeba ceased at 250 atmospheres pressure. rressurcs
greater than 450 atmospheres resulted in the withdrawal of pseudo-
podia, and one hour's exposure to pressures greater than 300
atmospheres resulted in death of the individualse

Bradshaw (1961) conducted pressure experiments on Ammonia
beccarii var. tepida and found that it could withstand pressures
of up to 400 eatmospheres for three days, but vas immediately
Iilled by pressures of 1000 atwmospheres. He noted that shallow
water species would be killed by pressures equivelent to those
of the abyssal depths, and ‘coacluded that the protoplasm of
foraminiferids living in the abyss must be specifically +o with-
stand the great pressures at these depths. Nicol (1960) reached
the same conclusion and stated "At high pressure, protein molecules




are compressed, denatured and altered in siructure and chemical
activity. In the ocean depths, two factors, low temperature and
high pressure, both of which affect biologicel processes, are
acting concomitantly and the animals of the abyss must be geno-
typically modified to withstand the conditions obtaining thereM.

It appears from these experiments that most foraminiferids can
probably withstand pressures equivalent to a wide range of depth
above and below their preferred dépth ranges. Depth ranges of
many species, certainly those living on continental shelves, are
probably determined by other factors that are themselves associated
with depthe Only in the greater depths would hydrostatic pressure
itself become a controlling factor, and Phleger (1960) suggests a
'pressure threshold' at about 2000 m. depth below which organisms.
have to be specifically edapted to pressure.

- Zemperature

Temperature information obtained from the Ebro delta surveys
is summarized in figure 35, and isotherms for the whole of the
western Mediterranean are shown in figure 36. Open sea temperatures
Teach a maximum probably in late August, and the highest sea
temperature recorded was 27°C. MNinimum winter temperatures (froum
Margalef and Herrera 19645 are in the region of 12 = 13° which
means a seasonal range of approximately 14°. lNMinimum temperatures
are attained in Pebruary, and following this there is a rapid
increase through April to July and the maximum is reached in
August and September. There is a very rapid decrease of temperature
during October to December until the winter minimun is reached.

During each of the Ebro surveys both bottom and surface
temperatures varied only one or two degrees over the whole study
area which shows good mixing of waters. There appeared to be no
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FIG. 35.

Sumeary of Ebro delta temperature data.
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Fig. 36. Surface isotherms of the western Mediterranean
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Tegular pattern of temperature distribution ezcept in the sumer
surveys when the lagoons tended to have a slightly higher temp-
erature. than the open marine areas. For example, in the S/ survey
of the northern part of the delta, the lagoon had a temperature
of 22 - 239, reaching 30° in the shoaler perts at the edges, com—
Pared with 24 - 25° in offshore ereas. Water discharging from the
river has a lower temperature than the sea water; in the sumer
survey the contrast was 24° to 26° and in the spring survey 11.50
%o 14.5°. In the latter case it appeared that the coolness of
the freshwater had an effect on the surrounding seawater since
temperatures around the river mouth and Cabo Tortosa were % = 1°
lower than farther south.

Surface and bottom temperatures at most Ebro stations were
usually the same; only in the deeper water stations was there
any contrast, and then it was only of the order of a degree or
80. However, lMargalef and Herrera (1964) record considerable temp-
erature stratification in three shallow water stations off the
southern part of the delta. There was no stratification in the
winter, but in the summer they recorded bottom temperatures as
mich as 9° lower than the surface temperatures in a depth of
Just over 50 m.

The shallow bodies of water on the subaerial part of the
delta have greater extremes of temperature than the open marine
areas. In the summer, some of the shallower lakes had temperatures
exceeding 35°, and although measurements were not made, it is
likely that in winter temperatures in these lekes fell to below
those of the seas They probebly also have a considerable diurnal
temperature range, particularly in the swmer. Encanizade had a
mean temperature of 27° in June/July 1968, compared with 23° for
the open sea.

Seasonal temperatures are not alweys consistent from year to
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year and Bougis et al. (1957) show isotherm maps of the westem
Nediterranean for three successive summers in which the temperature
off the delta varies from >27° to <25° lars (1963) shows the
Ebro region to have an sugust surfece temperature of 22.5° which
seems particularly low.

All the depths sampled off the Ebro delta fall within the
'seasonal layer'; that is, the temperature varies according to the
season. Kruit (1955) noted that the temperature in the north -
western lNediterranean remains approximetely the same at about 13°
throughout the year between depths of 100 m. and the bottom of
the basin at 2000 n.

Individual species of foraminiferids have different <teumperature
tolerances and laboratory experiments by several workers with
various species have confirmed the work of Orton (1920) who stated
that most organisms have the following:

A minimum t{emperature for survival

A minimum temperature for reproduction
An optimum temperature for reproduction
A maximum temperature for reproduction
A maximum temperature for survival

Most species are specifically modified to cope with the temperatures
that prevail in the enviromments in which they live. Thus those
species able to withstand the greatest ranges of ‘temperatures are
usually found in environments where such extremes are normal, while
Bpecies living at great depths in the sea where the temperature
is constant throughout the year are probebly unable to withstand
even very small temperature changes. Field evidence for Orton's
statements comes from the fact that many species have a seasonal

reproductive period when repid reproduction tskes place as the

temperature reaches a certain optimum level. Discussion of the

effects of temperature on the Ebro delta species is unfortunately
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Limited since no winter data is' available for comparison with the
Spring and summer results, but it can be seen in several cases
that there is highest abundance at one particular season, suggest-
ing a temperature preferences :

Temperature on a regional scale will determine the species
that inhabit an area. Thus a particuler species may be a cool =
temperate or tropical or cosmopolitan species, whilsi on a local
scale its abundance will be determined by the proximity of {emp=
eratures to the optimum for that species.

Salinity

Bottom water samples were teken at most stations where sediment

samples were obtained, and in some cases surface
taken as well. Bottom water at all stations, except in Encanizada,

had salinities within a range of 37 - 39%/oo which can be clase-
ified as ‘'nommal marine', Mean salinity for the whole of the Ied~-

iterranean is approximately 38°/oo compared with the world average
of 35°/°°; Apart from off the river mouth, differences in salinily
between surface and bottom water were not detected although Hargalel
and Herrera (1964) discovered a gradation from the surface to the
 bottom at three stations off the delta. However, the meximum con=
trast was only of the order of 1 - 2%/oo, and differences of this
magnitide were too small to be considered significent with the
rough method of salinity determination used by the author.
and Herrera also noted that there was variation of salinity from
year to year, and from 1956 - 1962 there was a decrease in sal=-
inity coinciding with higher than normal precipitation and runoff
fron the land.

samples were

Mergelefl

Salinity only deviated from normal in the marginal marine
environments where bodies of water are affected by freshwater Ifrom
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the river. Outflow from the river mouth itself issues as a
surface stream of freshwater which gradually becomes mixed with
seawater at the edges and underneath the flow. Bottom water samples
off the river mouth had nommel salinity showing that normal marine
water extends underneath the freshwater flow as far as the river
mouth bar. Salinity wvalues of 21 - 259/oo were recorded at the
edges of the lagoons while nomal marine conditions prevailed else-
where in the lagoons. Dilution of seawater here is due %o small
discharge from the numerous drainage chamnels from the delta. On
the spit side of the lagoons there are extensive shoals, and
although the water had mostly normel selinity, one value of 42%00
was recorded in the summer indicating that' evaporation of water,
leading to hypersalinity, may occasionally teke place.

Lakes on the subserial part of the delta vary greatly in
their salinity. Encanizada is virtually a freshwater leke; a value
of 2.6%00 was recorded near the cornection with the lagoon at
station S/27, but from here selinity decreases rapidly to the east
and the easternmost perts of the lake have salinities around 0.6%/0o.
Other lakes on the delta behind the frontal beaches have salinities
ranging from 8 - 37%00, All these lakes are very shoal and each
probably varies in salinity from time to time depending on the
eamount of dilution by water from the river or the rate of evap-
oration by heat from the sun. Some of the 1lakes have undoubledly

become hypersaliné at times because there were many depressions
where lakes had dried and left a thin salt crust on the surfece

of the sediment.

Different species of foraminiferids are adzpted to different

ranges of salinity but, as with temperature, those tolerant of .

wide ranges of salinity arve usually found in environments where

such ranges are commone
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Substrate

Distribution and variation of bottom sediments have already
been discussed in chapter 4., There is a difference of opinion
among many authors as to the importance of the substrate in the
ecology of benthic foraminiferidse fThere have been many published
studies in which the authors have recognized distinet faunas on
different substrate types. In the author's opinion, substrate is

an important ecological factor and it will be demonstrated in

~chapter 8 that the distribution of several Ebro delta species is

related to the grade of bottom sediment. However, it is not

Imown whether the sediment itself is 211 important or whether
factors associated with it have more influence. For example, several
species are confined to muddy substrates but it maybethat, rather
then heaving a positive preference for the physicel properties of
fine grained sediments, they are wunable to withstand the turbulent
or current - swept bottom conditions associated with substrates of

Ccoarser sediments.

Phleger (1960) said that fine = grained sediments generally
contain a larger amount of organic material, and thus more potential
Fine - grained sediments nay
especially where
also con=-

food, than coarse - grained sediments.
therefore support larger populations than sands,
there is a mixture of mud and sand. Boltovskoy (1965)
sidered that a mixed fine - grained sediment will support highest
populations, the mixture consisting of sand, clay and a little
shelly material.

Chemical constituents of +the seawater

Apart from ealinity, no other chemistry was attempted on

water samples. However, relative availablity of dissolved oxygen

in the bottom water was assessed by measuring the depth in the

sediment of - the oxidation/reduction line. This is marked by an
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abrupt change in colour in the sediment from 1light browm or
yello¥ to a dark grey or black.s A poor supply of oxygen in

the waters above the sediment surface results in stagnation and
the sediments become black in colour following the reduction of
sulphates to sulphides by anaerobic bacteria. Low oxygen content
is usually attributable to poor or non - existent water circulation.
Oxidation/reduction levels off the Bbro @elta vary from 0 ->10 ca.
below the surface of the sediment. They are deepest on  the
delta front platform where there is obviously a good supply of
dissolved oxygen available to surface sediments from the currents
that flow parallel to the delta flanks. Poor water circulation in
the lagoons results in a relatively reduced supply of oxygen end
consequently the oxidation/reduction 1level is rarely deeper than

1 cm. below the surface of the sediment. In Encanizada circulation
is even poorer and surface sediments are frequently grey in colour
indicating stagnation and low oxygen availablity. Black sediments
resulting from oxygen deficiency have a high content of hydrogen
sulphides produced by anaerobic bacteria, and it is well Inown
that this limits the distribution and occurence of many organisms.
It seems reasonable to suppose that it is adverse for foraminif-
erids as well and field records show that very few species are

able to tolerate stagnant conditions.

Several authors have pointed out the importance of hydrogen

ion concentration (pH), and some species are known to be nore

tolerant of wide variations than otherse
found where fluctuations of pH

These are invariably
marginal marine species that are
are most common. Open water species are probably less able o
tolerate changes in pH; Zobell (1946) stated that most open

water sediments have a pH within the range 7.5 %o 9.5. Boltovekoy
(1965) observed that cultures of Elphidium mecellun and Quingue-

loculina seminulum were rendered completely inactive by a lowering

of the pH to 7.0.
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Other chemical constituents of seawater may affect foreminiferal
distributions. Many other marine - plants and animals require very
small quantities of certain elements and it is possible that ;:he
distribution of these is important to foraminiferids. In the oven
8ea, chemical constituents of the seawater are fairly congistent
in their concentrations. However, in nearshore areas runoff from
the land may locally affect the proportions of the chemical con=
centrations of the water. Boltoveltoy (1956) attributed a 'depeuperate
fauna' on part of the continental shelf off Argentina to the
Presence of abnormally high concentrations of lead in the seawater.

Biological factors:
Food

Distribution and availsbility of food is of prime ecologicel
importance to 211 orgenisms. Several workers have correlated high

living foraminiferal populations at particular tinmes
availablity wes not tested

of the vear

with meximum abundance of food. Food
around the “bro delta but it is generally recoguised that deltaic
areas are very productive because of the larce quantities of
inorganic ‘'raw material' being brought down by rivers. Moroalef
(1963) analysed vorious features of the phytoplenkfon in the sur-

face waters around the delta and discovered that populations were

higher than in waters farther south dowma the coast near Castellon:

Off the delta lear Costellon

Decs — May June = liov. Dec, = lMry June + Hove

lillion cells/m.2 2296 1158 1435 1052
Dry wt. without ashes (ng/n2) 2450 2350 2230 2010
Chlorophyll (mg/n2) 5475 2.71 522 2.47-
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It can be seen that values are highest in the winter - spring
period; this is due to the spring bloom of phytoplankton associated
with maximum discharge from the river mouth.

Food requirements of foraminiferids are discussed more fully in

the section on standing crop in chapter 8.

BioloE’ cal competition

No method is yet available which allows observation of animel

activities and inter - relations on and within the sediment on the

sea floor and it is not possible to reproduce the complexity of

the marine ecosystem in the laboratory. However, in most other

environments different groups of animals have some
other, either directly or indirectly, and it is reasonable %o
assume that the foraminiferids are affected by the
other animals, Competition for food may occur, particularly when

it is in short supply, although many species of foraminiferid eare
sufficiently adaptable to accept almost any type of organic material

effects on each

activities of

as food. Nevertheless, species with similer food -requirements mnay
compete with each other, and competition with other animals nay

also occur.

Several stations in the Ebro delta area had very high pop-

ulations of juvenile bivalves, and these, and possibly other aninals,

may compete with the foraminiferids for available living space at
or near the surface of the sedimeat. Counts of bivalves rovealed
that highest populations are generally in the lagoons, particularly
on the weed, and at some stations with sandy subsirates on the
delta front platform. Bivalve populations are higher in the summer
and generally decrease with depth, (see figure 37). Schafer (1967)
noted that many animals affect foraminiferids living on or within
the sediments, including vertebrates and larger invertebrates, He sug-
gests that local variations in foraminiferel populations may occur

- where animals such as flounders rest on the sediment and disturb it.

=
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CHAPTER "8

DISTRIBUTION AND ECOLOGY OF THE FORAMINIFERIDS

a) INTRODUCTION

This chapter deals with detailed informetion on the 1living
foraminiferids. There have been few previous studies on living
foraminiferids in the MNediterrancan. Xurc (1961) studied the
livins foraminiferids in the Eteng de Than on the French Nedit-
erranean coast and Blanc - Vernet (1963) examined the fauna of
the Gulf of Herseille and distinguished distinct faunas on sand
and mud substrates. Other studies have generslly only been con-
cerned with the dead populations. Only data fron the 1living pop-
ulations cen be used for velid ecological interpretation of species
and the bulk of this chepter is therefore concerned with various
aspects of the living populations. The dead population is briefly
dealt with in a short section to examine the similarites end
differences with the living populations and the extent of post =
mortem redistribution of empty tests.

The first part of this chapter is concerned with non - specific
characteristics of the living foraminiferids, faunal ascemblages,
diversity and standing crop, while the later part deals with the
ecology and distribution of the most importent species. The ains
of this later section are to attempt to relate the distribution

and szbundance of each species to any of the measured or observed
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environmental factors and to discover any changes in abundance and
distribution at different secasons. Although only soring and summer
collections were made, differences in abundance between the two

are probably sufficient to point to temperature preferences exhibited
by individual species. 4 brief review of their modern an? fossil
occurrences is also presented, perticulerly with regard to the
European area. “he author's collection of European sanmples (listed
in Appéndix 3) and faunas examined in the Recent Foraminifera
collection of the Protozoa section of the British luseum of Naturel
History have Dbeen used to swupplement information in the literature.
A sumuary of the ecological infommation obtained from the Lbro
delta  is presented in Table 10 at the end of the section.

b) NON - SPECIFIC FAUNAL CHARACTERISTICS

LIVING FORANINIFERAL _ASSENELAGES

*he nature and mognitude of the physical and biological
factors that operate in 2 porticular area will hove a direct
influence on the species that con live within it. Therefore oaress
with differing envirommenital fsctors will usvally be cherscterzed
by distinct assemblages of foreminiferid species. In most crses

the scame environmental perameters determine sedimentary environmenits
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and thus forsminiferal assemblages frequently correspond with sed-
imentary enviromments in their sreal extent. Heny workers heve
conducted studies in which assemblages have been distinpuished and
they variously been called populations, fawnas, focies, biofacies,
ete.

A living foraminiferal assemblage can be defined as a growp
of populations of forsminiferids living in a particuler envirorment,
Or part of an environment, vhich is distinct from adjrceni sssen-
blages because of the unique association of physical and biologieal
factors operating in the environment. Distinction from adjacent
assembleges is on the besis of gpecies composition or the relnative
abundance of the same species. Within each assemblage there are
usually seasonal variations in the abundance of the corponent species
and often there are changes in the foraminiferids from one pert
of en assemblage to another. However, such chanzes are necesserily
smell and gradational and the ascemblage at all times maintains

a distinction from neighbouring assemblagess

aveas delimitation of foraminiferal agsembleges

conditions

In marginal narine
is usually easy; the wider variation of envirommentel
means that there are grester veriations in the foraminiferid por—-
ulations and boundaries between assemblages ere relatively ecasy to
detect. Doundaries may frequently be physiographic; for
boundariss of a lacustrine essemblace ere defined by the edees of
the lzke.

exsmple, the

In the subaserial enviromments of the Ebro della, two forem=

iniferal assembleres are distincuished, mersh and lrcustrine, Discussion

of these, and other, assenblages follows in which the comnonent

forsminiferids aere listed and divided into three categories:

1e Those confined exclusively to a particular assemblage.




macrescens. These both have agslutinated

81

2. ‘hose that occur in other assemblages but are most abundant

in a particular assemblage.
3. Those occurring in relatively low frequencies that are more

abundant in other assemblages.

The lists are somewhat long in places but need to be presented
for the sake of completeness. The most important species (those
frequently occuring with more then 10 % relative abundence) are
marked with an asterisk. A summary of the forsminiferal assemblages
is given in Table 2 at the end of the section.

Marsh assemblage:

Only one non - quantitative sample wes taken from the marsh envir-
onment for foraminiferal enalysis and it is not known whether the

foraminiferids recovered are representative of the mersh assemblage

88 a whole. The sample, in fact, contained very few foreminiferids

but there were equal numbers of living liligmmina fusce and Jrdammine

tests and several authors

including Phleger (1960) and Parker and Athearn (1959) have noted

the preponderance of Textulariina in hyposaline marshes. Living hyaline

5 And s
calcareous species are occasionally reported, but they note that

empty tests are very rere and suggest that the low DH associated

with marsh conditions ceuses them to be dissolved. Phleger also

observed that mary marsh species have surprisingly wide

distributions considering that marshes are nowhere neer continuous
were possibly far

geographical

along most coastlines. He suggested that mnarshes

more widespread in the Upper Tertiary then they are at present.

Lacustrine assemblace:

dhe shallow lskes on the subaerial pert of the delta have a

characteristic foraminiferal assemblage, and following the sedimerntary
pattemn, fhey are divisible into freshwater and brackish types. The



component species are as follows:

Braclkish lakes
Category 1 Cetegory 2 Category 3
Reophax monlllfome Ammonia beccan:.* Protelphidium anglicum*

Anmotivm c.f. A. .,als".zn Flphidium ocesnense*

.Trochammna inflata

¥reshwater lake (Encanizada)

Protelphidium  anglicum* Ammonia beccarii
Vl")hl(ll“"“ ccemoﬁﬂ,e

In Encanizada, P. anpglicvm usually comprises 100 % of the fauna;

the other two species only occur near the connection with the
southern lagoon where there is a slightly hirher salinity. In the
brackish lakes A. beccerii (ver. 1) is dominant, usually constituting
about 80 % of the living population, but the other species very
in their occurrences and relative abundance. Ostrecodes are very common
in the lakes and frequently outnumber the foraminiferids.
In marine areas delimitation of assemblages is not always easy;
the increased stability of offshore marine envirommenls is reflected
by smaller chenges in the foraminiferid populations.
assemblages tend to have wider areal extents. In offsiore areas
many authors distinguish foraminiferal depth assemblages btut it is
thoupht that most species, particularly those living on thc contin-

ental shelf, eare not directly influenced by hydrostatic pressure.
1961) have demonstrated

Consequently

Laboratory experiments (e.c. by Eradshaw,
that nearshore species can withstend considerable

species probably has a preferred depth range but con trol
factors related to

pressures. Lach
of depth

distribution of many species is associated with
depth, such as the base of the sessonal layer etc. Therefore,
althoush depth assemblages may readily be distinguished, it is

necessary to consider whether other factors are controlling then
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apart from hydrostatic Pressure itself. fThe 1latter probably has
increasing significance in much " deeper water.

Delimitation of offshore asseublages has usually been carried
out by simple inspection of population data, but recently come
authors (e.g. Keesler, 1966, iello and DBuzas, 1968, and Bonhen -
Carter, 1968) have applied cluster analysis techniques %o the
detemination of assemblages. Population data is enalysed to calculate
correlation coefficients between semples and the magnitude of the
coefficients reflects the degree of similarity between them.
results are then subjected to cluster enalysis and similer seamples

The

are grouped into assemblases; all coefficient calculations and
clustering procedures can be carried out very rapidly hy compuier.
Such techniques were not utilized for Ebro delta foraminiferal datn

a8 it wes discovereéd that, without the aid
with computer technioues,

of other persons, there

wes insufficient time to bocome familiar
writing programs etc. to produce acceptable results. In eddition, =2
preliminary survey revealed that no one correletion coefficient was
tOtally satisfactory; most wutilize only presence/nbsence data which

means that quantitative data is useless. However, il is aclmowledred
that once the techniques have been developed and tried,
of population data by means of computering is a vey rapid method

of assemblage delimitation.

analysis

by which boundaries

of

The =author came ecross a very simple nethod

between essevbloges can be detected. It involves the calcilation

a tsimilarity index' (hereafter referred to as SI) between samples
The index was first used by Resbe

from relsotive abundance datae
epplied to foramin-

(1952) in plant ecolozy and has not yet been
iferal data. It is derived from:

Bt Lo b0y venraarsaseX) = F Gl

For eny two samples the relative abundence oOF the component spccies




Vi both
i8 inspected. Vhere a specics is common to [ samples, the rmaller

of the abundence values is recorded; the total of all the minimum
Values for 211 the species common to both semples renresents the
% SI. Identical samples have ST = 100 %, while values in ecxcess of
80 & indicate thet the populations in question are very closely

sinilar,

1 important feature of this index is thot it trkes into sccomnt
the relative abundance of species and not just their presence or
absence. It is p: articularly useful for comparison of roughly equally
spaced samples along offshore treverses. Within a particulsr assem-
blage, % SI's will vary little between adjacent samples but a
transition to another assemblage will be mariced by lower wvalues.
“he actual g7 values will vary from area to area, dependin~, among
other things, upon the spscing of the samples. However, this is
vnimportant, the vital point is that boundaries between assemblages

can be detected by a relative lowering of values.

aethod
In

411 the &bro delta semples have been compared by this -
and % SI's between adjacent samples are shown in fieure 38.
addition to the two assemblages alresdy described, five further
assemblages are distinpuished in the marine area and are deseribed
in the following pages. <he areal extent of all assemblages is
illustrated in figure 38,

Lagoonal assemblage:

Foraminiferids typical of the lagoons are as follows:
ot £ ans

Category 1 Category 2 Caterory 3
Quingueloculina Sp. Cyclosyra incerta Q. schluaberceri*
Trilocullna rotunda Buliminells elesanti ‘LS}_:‘I: :1?3_0_0_'_11”13 SD.
~ Roselina c.f. R. concimma Bolivina nqeudon"lmta Bulimina sculeata
- Re c.f. R. mediterranensis Brizalina s tula Elvhidium ocesnense

Hovkinsina pe c:.f lC?Z"'tlan—PI'O telphidiim emrllcw
Nonion G‘?“I‘L“““‘U,ld*‘

 Patellina corrurata
 Mmmonia beccarii var. 2% Rotaliaz perlucida
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Nonionella atlantica Ae beccarii var, batavus® N, loevisatun
Fursenlkoina schreibersiana Nonionella opima%*

Aomonia  beccarii is the dominant species with relative abundance
verying from 20 - 80 %, while a few other species attain around
10 % in places, notably Brigalina striatula, Patellina corrugata,
Nonionella opima, Quinqueloculina schlumberseri and Cyclosyra _incert-.

The northern lagoon has fewer species than the southern lagoon
and also has a higher percentage dominance of A. beccarii. In both
lagoons, non - quantitative samples taken at the edges reveal smaller
numbers of species than in the central parts. However, A, beccarii

is still dominant, followed by P. anglicom and E. oceanense.

In both 1laroons there are large arcas covered by weed and
these consitute a lagoon ‘'subenviromment! with a fairly distinct
living assemblage, SP/43 was the only sample to be taken on the
weed and the difference between this and adjacent ‘'normal' lagoon
sarples is brought out by relatively low SI's (see figure 38).
o one species is dominsnt in this population and there are
between 10 eand 20 % each of Cyclosyra incerta, Triloculina rotunda,

Patellina corrusata - and various miliolids.

With the lagoonal 1living assemblage there is a gradation from

inner to outer lagoon faunas. In the southern legoon, the inner

part of the lagoon contains a greater proportion of indigenous
lagoon species while increasing numbers of open marine species,
sich as Nonionella opima and Brizalina pseudopunctata, are found

in the outer lagoon.

Transitional assemblages

The area occupied by the transitional assemblege is not a

sedimentary envirorment in its own right. It is an area just
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outsi
side each lagoon where several different assemblages converge,
but is basically an area in which there is a chengeover from

r l z :
agoonal 1o open marine faunas. The assemblage contains ‘'inshore!

and 'offshore' elements (see later) plus a few lagoonal specie
and some forms that are possibly more ahundant farther north or
south along the non - deltaic coastline. The transitional nature of
the assemblage is illustrated by relatively low % SI's between
stations over a wide area (17 - 62%). In addition, there is a
preponderance of species of category 3, i.c. species thet are more

sbundant in other assenblaces. ‘“he typical species are:

Category 1 Category 2 Category 3
Rosalina valvulata* -Haplophragnoides Esgerella scabra
cenariensis Clavulina obscura
Elphidium cefe Ee Cveloryra incerta
flexuosun Q~L.~1cmeloc~\111na schlvmberseri
Florilus cefe e friloculina sp.
jeponicum Bulininella elecantissima

Bolivina psendonli r*"‘

D r;cJ*n‘to ‘)ﬂeﬂﬂnvvvﬂpf tn*
*

Be nbn

Tomlmineinn naci £3 M/q-n antion *

e et
Onﬁetﬁ"DI ~11n *ﬁ Tren
e et -

ﬁvpl'n‘nﬁ"ﬂ' 13“'10 o1,

nﬁ&cpnﬂﬁr}ﬁi‘q ep'
As Moy 1-‘11‘”’:
'Ro-‘-n"_ﬁ a' perluecida
Ammonia beccarii # -

BInhi (]l-v"w\ ﬁ(’{v-pvnv—v‘

B ey spum

7~rﬂﬁr°e

'H“-nnpr\ —01 na “C -“nw '\'\(:V‘G‘! ana

Nonion & (v"r\rx-*ﬂﬂ'h'ﬁ

Nonionella atlantica
N. opima ¥

Dominance of this assemblage is usually by 1. onima or
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B. »
=« Pseudopunctata, althoush Q. schlumbermeri tends t0 become dominant

on the sandy substrates close to the spits. Rosaline valwlata is

the only spccies more or less indisenous to the <tra-sition area
and it reaches its peak of abundance (14 %) at station SU/44. At

the same station in spring Asterirerinata spe dis most abundant.

Inshore assemblage:;

The % SI values shown in fipure 38 bring out and important
famal boundary just offshore from the delta flank coestline. It
can be seen that on 211 offshbre treverses SI's very from approx-
imately 40 - 80 %, but at some point on cach treverse there is a
realtively low value, from 18 - 40 %, which marks a faunal change.
This change marks the appearsance of a number of new species over
& relatively short distance, 1 - 2 lm. The boundary veries in
depth from about 9 - 15k m., in the spring and from 9 - 16 m.
the summer when it reaches its maximum depth along the Salines
traverse. On the northern side of the delta the seme boundary
varies from 12 - 15k m. in depth and is slightly ferther from the
shoreline. However, it is not distincuished off the river mouth
where there is obviously a different set of conditions in operation.
'Inshore' eond ‘'offshore' assemblaces are distinguiched on either side

in

of the boundary, each having its own typicel species. The boundery
seaward limit of the delta front plat-

roughly corresponds to the
The inshore assemblage occupies the

form sedimentary environment.

area affected by nearshore turbulence and its component specics are

those able to withstand turbulent conditions. %hey include:

Category 1 Category 2 Caterory 3
Quinquelocnlina depressa Reophax scottii Textularia calva
Elphidiun excavatum Trochammina lobata Ammospheeroidina
E’__E‘_’P_{"‘_n; Quinqueloculina rugosa snhaeroidiniformis

Nonion c.f. N. sermenicum Q. schlumberseri Qe seminulum




&3
erigerinata sp.* Ammonia beccarii*
Nonion asterizans* Elphidivm advenun
Nonion depressulus¥ Zj;:o—{fs__;q’g
Ne laevigatum¥ Ee cofs E. flexuosum

E. licdoerse
Hiohidivm ep. 1

Bulinina aculeata
Brizalina pseudopunctata

0f the indigenous Species (category 1) only Eponides sranulata
is widespread throushout the inshore assemblage, the others only
occur locally. The assemblage has a smaller number of species per

sample than the offshore assemblage and the dominant species tends

%o vary from plece to place and from seeson to season. Asterigerineta

SPe is dominant on the southern side of the delta in spring

followed by miliolids (chiefly Q. schlumbersexi), while in the sumer
miliolids (asain chiefly Q. schlumberceri) are usually donminant on

both sides of the delta followed by more local hirh abundance of
c.fs Ne matagordanum,

N. depressulus, 1. laevigatum, N. astevizens, K.
Reophox _scottii. At

Ne ceof. N. pemmenicum, Ammonia beccarii and
the ends of the spits  the inshore assemblage
transitional assemblege, while directly off the river mouth it gives

grades into the

way to the deltaic merine assemblage.

Offsghore assemblage:

The offshore assemblace succeeds the inshore assemblage with

depth off the delta flenks. It merks the introduction of meny
deeper water specics and samples invariably have more species than
the inshore assemblege. The larger number of species results in
the dominant species having a lower relative abundence than closer

to the shore and it is common for there to be two or three

species with between 10 and 20 % relative abundence in offshore
samples.

The assemblage coincides with the pro della slope sedimentary
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environment as far as the latter is sampled, but it is not
mowm how far the assemblage extends out to sea. It forms the
first environment away from the nearshore turbulent zone and marks
the incoming of meny true opem shelf species. The typical
foraminiferids are;

Category 1 Category 2 Category 3

Saccenmina atlantica S. difflugiformis Reophax ¢ subfusiformis

Se comprima S. 1,~mm~1a T“nlorﬂ T".mQ_l_dO, canariensis

Regghnx cefs Ro ﬁzszfoms’f‘extulp:ma calva Trilocul 11ina spe

Re scorpiurms tcvnueq_&ma b"‘l"'"l“’l“ uveudownotetn *

liouria l)olymornhldes A. ST)hPPI‘OldJ.meImJ.S .B. Sﬁrgl"}lﬂ

Trochamuna Cefe U advena.‘s'*ﬁerella scabrf.. L‘xlwmn y aculea m*
Ecgerella advena g,_levuhnamob cura

Qe lon@.mstra Ye_seminulun LA,

Pyrro inornata Be Cefs Be aenariensis A%r‘n"cl‘,'g_tg_;r_—; SP

Florilus scaphus B._spathula 'Rotalin! nerineida

B'me*’m ne pibba #*
'er*ne]]_-a aonleanta

e e e ——

Tmremas sp

C Mlm.'h na 1

RO"‘hWTL"f‘T:L‘!‘!". cef. Re :
comnressa Monion rmr-wm'!
Gavcliron sis prececeri l‘_. T e ety m

/‘qtnrﬂ rerinate memilla
Elnhi dirm sdvernum

Be Crisnum

Zo lidocnse *

T. selsevensis ¥

Fe pe 1

Ee. spe 2
Fﬂrseﬂ koina cefs Fe_compleonata

’*om rmr-s'lln onima *
I Color onis no*rulw oides

Nonionella opima dominstes the assemblage at most stations ond

has particularly hich relative abundance to the

Vinaroz traverse, while Brizalina pseudopunctata reaches hish abund-
Other specics such

south alonz ‘the

ance in places, particularly in the sumner.
a8 Valvulineria comnlenata (especially in the sprine)

gculeata (summer) also have locel high abundance within

The species listed above ere those that occcur most
but there are nmony others

end - Bulimine

the

assenblage.
commonly in the offshore assemblage,
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that occwr irregularly and in very low frequencies.

_Deltaic marine assemblage:

Directly off the river mouth there is a distinct assemblage
controlled by the unusual sedimentary conditions in operation there.
No species found there is exclusive to the assemblage; it contains
chiefly 'offshore' species in different proportions to their occurrences
in the offshore assemblage. However, there are fewer numbers of
species per sample than in the offshore assemblace and it aprerrs
that not all offshore species are sufficiently tolerant to withstand
the conditions of repid sedimentation.

The boundaries of the deltaic merine assemblage with the
adjacent inshore and offshore assemblages are vague since discharge
from the river, and hence the area of repid sedimentation, changes
8lightly in direction according to the strength and direction of
the wind. The assemblage is most distinet close to the shore
where several offshore species occur in relatively shallow water;
this contrasts with the adjacent inshore assemblage in the same
depths. In deeper water sedimentation becomes progressively slover
and the deeper faunas are more similar to a normal offghore
assemblage. The % SI values between the deltaic marine ascemblage
atgtions and those of the northern platform traverse (fisure 38)
illustrate this feature; they are lowest inshore and increase
with increasing depth.

Typical species of the deltaic marine assemblage are;

Category 1 Category 2 Catecory 3
Reophax subfusiformis accemmina difflucsifornis
Brizalina pseudopunctata¥* Henlophrasmoides canariensis
Bulimina aculeata#* Textuleria calva
Bulimina sp. 1 Emosnh.s_ggq_ij;j:n:
sphaeroidiniformis

Epistominella vitrea*
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The high percentages of miliolids in the inshore assemblage result
in it plotting hicher than the offshore assemblage wvhich has a

low miliolid content but a relatively high proportion of Textulariina,
The lagoons have a variable percentaze of miliolids but always a

low proportion of Textuleriina, so the lagoon ascemblage plots very
close to the margin of the diagram. The transitional ossemblage
covers a wide field embracing part of each of the Tfields already
mentioned. “he deltaic marine assemblage has a very low vproporiion

- of Miliolina, while the lacustrine assemblages have very few miliolids
at all and plot along the base line.

Murray (1968) plotted 201 population anelyses from different
types of legoon on a similer triangular diasgram. His 'nomal marine!
lagoons had higher proportions of both Niliolina and Textulariina.
However, the only published data on normal marine lasgoons aveilable
for plotting this field was on two legoons on the
coast, and it is likely that the field is not as wide as it

might be.

Colifornian

Comparisons:

Kruit (1955) in his study of the Rhfne delta, distinguished

several ‘microfsunal associations' but his foreminiferal deta is

not very comprehensive and he did not use staining methods to

distinguish 1livine forms. Novertheless, some analogies can be drpwn
i i i a N maales o
and it is interesting to note that the RhOne delta brackich
o . z s s
environments are characterized by Amwonia beccarii, Trochemmine inflate

Nonion depressulus (this is more 1likely Protelrhidium snrlioun) and
Anart from the last

Heplonhrasmoides ceoneriensis var.

named, these are all common to the Ebro delta brackish enviromments
k . G et
28 well. Awmonia beccerii is also dominent in the “olfe de Ios

PRIPY- |

- SeeC L

which is equivalent to the Ebro lagoons, Kmuit also dictinoud

an inshore essemblage with "Species whose distribution is restricted
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to 3 ;
the zone where transport is active". among the sepecies typical
of this assemblage, the following also occur in the ecuivalent
in . ;
shore assemblege of the Ebro delta: MNonion rsterizens, Inonides
Sframilata, Triloculins sp. and %in.oueloculim recosa., Fe 2lso dis-
tinguished a2 further assemblage which is cheracteristic of quiet
w . . A - -
ater conditions off the Rhéne delta; the species in common with

¥ :
the “bro delta are: Saccemmina difflugifornis, Textulsria ecalva,

Errerella scabra, Quinoueloculina longirostra, Pvrro inornata,

Yalvulineria complanata and Elphidiwm lidoense. The author's om
sarples from the Rifne delta have produced forsminiferids with rany
More species in common with the Ebro delta than Kruit's work

Teveals. The Rhéne delta, althoush slightly larser, is similer in
tozether with their

many Trespects to the Lbro delta, and this,
geographical proximity, has resulted in very similar foraminiferal
fauwnas,

The Mississippi delta, on the other hend, is an entirely diff-
erent type of delta; it is meny times lerser than the Zbro delta
and is of the ‘'bird's foot! type. Even so, there are e surprising
number of similarities of the foraminiferal assemblages

the Ebro assemblages. Lankford (1959) distincuished a marsh feuna
: iliammina fusca and

compared with

with exclusively arenaceous species, dincluding
Jedammina macrescens, and although his interdistributary
ment has no exact parallel in the L:bro delta, its brackish nature
glves it a foraminiferal fawna very similar to that of the Ibro

brackish lakes, with pmmonia beccarii and Elvhidiwn runteri (probably
Lenkford also listed a deltaic

bay environ-

gynonymous with E. oceanense) cormon.
marine assemblage whose boundary coincides with the
sedimentation with nomal culf water"; the following four species

comnonly constitute more than 90 % of the fauna: Pulininella c.f,

"Overlep of rapid

Be bassendorfensis, Bolivina lowmani, Honionella opima end Epistominelle

Yitrea. B, lowmeni is very similar to Brizelina pseudopunctata vhile




Swmmery of the Ebro delta living foraminiferid assembléges,

Table 2:
; Lacustrine ; :
Assemblage Marsh Lagzoon Transitional Inshore of fchore Deltaic marine
Freshwater Brackisgh il T e
Mean number of 5 1 3 1 5 36
species/sampld : i , 3 19 24
Jadammina macres— |Protelphidium A, beccarii B. Dseudopunctata |g,_ schlumberzeri, | M. opima B, aculeata
cens anglicum - T Up
&% o N ina striat- N. opi - S A B. pscudopunctata | V. comnlanata
ST Che, s Annonia Brizalina ti;;_ =~ 0pima Asterigerinata sp. e omnlan
: beccaril e &Jﬁgifica/atlan—mnonides sranulata Bulimina aculeata | N, opnima
flohidium B, posudopuictsg tica |+ nion depressulus| Valvulineria com- | Epistominella |
Dominant oceanensp Hopkinsina pacif- ggﬁéliga valvulatalA, beccarii planata vitrea :
species . anglionk ica/atlantica QEEHHEElESBliEE A, beccarii
Nonionella opima Schlunbereeri
Miliolids Aterigorinata sp.
e — b
.
Hature of Physiographic Physiographic Physiographic, |G¥3dational; is Coastline on Gradational on Gradational; ,
boundaries but gradational area of ' converg~ landward gide, landward side, bordered by the
e’ at scaward end.|efCe of jnghore, | grades into from a depth of | inshore and '
offshore and offchore assem— [9 - 16 m, to ? offshore assem— 1
13@001&3,1 assem— b]_a,ge on Sseca- blages .
blages, ward side.
Seve'ral offshope | Coincides a'pprox Coincides approxl, This assemblage i
sPecies oocur with the delta with the pro is typical of !
Remarks in the ghallow | front platform delta slope the area of
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N. opima and E. vitrea are also very common in the Ebro deltaic
marine assemblage. Finally, Lankford's Sound fauna occurs in con=-
ditions very similar to the &bro lagoons and bears certain
resemblances to the lagoonal ass'emblage, notably in the great
abundance of Ammonia beccarii and miliolids.

STANDING _CROP

The term ‘'standing crop' or ‘standing stockt refers to the
quantity of living organisms in a given area at a given tTine.
It can be expressed jn a number of ways involving the absolute
numbers of organisms, their live weight (biomess), their di splacenent
volume, their calculated volume, etc. To dete, stending crops of
foraminiferids hsve usually referred to the absolute mmbers of

foraminiferids per unit sample. '

Standing crops of foraminiferids around the Ebro delta: have
been measured in two ways, in terms of absolute numbers of ind-
ividuals per unit sample (eouivalent to 50 =q. cm. surface area
of sediment) and 2lso in terms of the total caleulated volume

‘of foraminiferids per sample.

Standing crop in absolute mnumbers

Contoured stending crop values are illustrated in fiscure 40
and mean values for each assemblage are dramm up in Teble 3.
Standing crops vary overall from 7 - 1628 individusls per semple

.
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and the mean value for 2all samples is 300.

In the soring, the mean standing crop per sample is 289. In
general values increase graduslly away from the shore, but there
i8 an area in the 25 - 35 m. depth range southeast of the southe
erm epit vhere maximum values are attained and decper then this
standing crop falls off slightly., 0ff the delta flemks there is
8 marked difference between the mean stending crop velues of the
inghore and offshore assemblages, 148 and 414 respectively. Values
in the southern lagoon are relatively low, but there is a high
in the central area with one value exceeding 500. Althoush the
'traveree was not complete, standing crops off the vriver mouth are
low, ranging from 81 - 215, The relationship between standing crop
and sediment grade is not clear cut, but generally the muddy
sediments have hisher values than sandy omes (see Table 4).

In the summer the general trend of increasing standing crop
with increesing depth is etill evident btut the overzll mean value
has considerably increased over that of the spring, beins %49. One
of the most notable changes is in the merked increase of standing
crop off the river mouth. One value exceeds 1000 and the mean of
468 for the deltaic merine assemblage is more then double thai
of the spring. The area of maximun stending crop remains in
same position as in sprinz, southeast of the southern spit, and
the contrast between inshore and offshore assemblages is still
apparent with mean values of 182 and 532 respectively. Lagoon
stending crops ere still relatively low but the erea of highest
values has shifted from the centrsl avea to the northeastern
end. The relationship between stending crop end sediment type is
more apparent with a great contrast between the mnean values for

sandy and muddy sediments (Table 4).

the

Off the northern side of the delta the oversll mean value of

- standing crop differs only slightly from that for the summer in



close to the shore ot station 5/10. This ‘reversal! is
in the relation of stendinz crop to sediment pgrade; sandy

have a higher mean standing crop than muidy ones. %The

on of the fertility (i.e. availability of mitrients) of the
ent: thus a hish stending crop would nean a fertile envir-
with plenty of nutrients available. Althouth this assumption

impossible to assess, but some explantions for the
~ in values around the Ebro delta are attennted and the
of . the different envirorments estimated.

to variations in the fertility of the enviromment. DBradshaw
dlmved that, in leboratory cultures, the foraminiferid pop~
(standine crop) increased when the supply of food (fertility
~ envirorment) incressed provided that physicol Sonal £ions

the same. Other laboratory studies, includinz Eradshew (1961),
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have confirmed this. Lee et al. (1966) stated that both laboretory
and field evidence sugrests that many littoral forsminiferids ere
bloom feeders, and they add "when low concentrations of mature

food orpanisis are present the Foreminifera eat and reproduce slowly;
when lerpe quantities of the approprinte food orranisms 2re present
in the form of a vigorously reproducins bloom, the Forsminifera

may exploit this".

The nature of the food consumed by foraniniferids is important,
Sandon (1932) concluded that the food is predominently algel and
Species ore basically unselective in what they accept as food.

Lee et 21. (1966) on the other hand, observed a considerable derree
of selectivity amongst species they tested in the loboratory. Some
species preferred a particular species of diatom and most yeasts,
blue - green algae, dinoflagellates, chrysomonads and bacteria were
rejected. Meny workers, including Armold (1954} and Lee et el. (1966),
have observed that exceedingly high concentrations of living diatons
and/or green flogellates may depress foraminiferal populations.

Arnold attributed this to chemical effects associated with excessive

algal growth.

Several suthors in the course of ecolorical studies on benthic
foraminiferids have correlated high standing crops with diatom bloons,

but it is necessary here to distinguish between Denthic diatoms

and those 1livins within the phytoplenkton. Lee et 2l. have established

that foreminiferids will preferentially consume livins benthic diatoms,
but it is not known whether they will accept dead species being
contributed to the sediment from the phytoplenkton, Walton (1955),
examining the foraminiferids of Todos Sentos Bay, Baja Californie,
considered that the June and August standing crop maxima reflect
the peaks of phytoplarkton production in the late sprinz and summer,

Vives and Planes (1952) examined the phytoplankton cycle in
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Figure 41:  imal cycle of phytoplankton off the Ebro
delta (from Vives and Planes 1952).

the nearshore waters of the Lbro delta area and drew up an
annual cycle (see figure 41 above). There is a distinet spring
(January - May) naximum and distoms are leest abundent in the sumer
from Jue to October. This does correlate with the standing erop
results, and it is likely that in the Ebro delta at least, the
abundance of phytoplankton has no obviow influence on standing crop
of foraminiferids.

The area directly off 'a river mouth has lonz beex considered
to be very fertile; rivers bring down rreat quantities of inorganic
materials in solution which are used as food by primary producers,
fhese in turn provide abundant food for other animals in the food
chain., Phleger (1955), referring to the Mississinpi delta, considered
that the river brinss down a great deal of plant nutrients and
silica that encourase prolific diatom growth. This in turn sunnorts

sam

high standing crops of foraminiferids. Lankford (1959) drew the eame
| eonclusions and stated "There are concentrations of nutrients and

= o



- elements from soils in the Mississippi drainage avrea; large
rial populations adhering to the surfaces of finely divided
tus which may be used as food; and orgenic solids". It is
' likely that there is relatively hiph fertility off the routh
the Ebro, but althourh sumer standing crops are quite high,

; values certainly do not reflect this fertility.

Off the southern delta flank stending crops increase with
but it is unlikely that depth of water itself has anything
do with the increase. Fertility, in tems of aveilablity of

is wnlikely to change much from nearshore to deeper water
it is more probable that the low standing crops in the inchore
lage are due to the turbulent conditions over the delta froni
o « The strong longshore currents make the environment wunguit-
for meny species. Sandy substrates ave typical of the area
by the inshore assemblase and these may contain less finely
orgenic material end fewer diatoms then muddy sediments
again would not encourage large stending cIOpPSe Elsevwhere in

ming that turbulence is probably the pnmezy factor ceusing
standing crop in the inshore gzone. There is no obvious reason
the area southeast of the southern spit should have the highest
crops; obviously environmental conditions eare particutarly

ble for the species living there, btut these same conditions
found elsevhere as well.

northern side of the delta does not conform to the same

as the southern side; the inshore assembloge generally

fn&er velues than the offshore assemblege. <his ney well Dbe

. of relative increase in fertility of the seawater because
inﬂuence of the mwiver discherging to the north. In ‘addition,
‘_bservations in the field, it is known that this ‘' side of
‘tha js less subject to turbulence than the southern Slde,
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Particularly in swmer. It is sheltered from the strons south-
easterly winds that develop during most swmmer deys, end the wiver
discharge may in some way ameliorate the effects of the longshore

currents coming down the coast from the north.

. Standins crops are relatively low in the southern 1l2700n,
However, the abumdant growths of weed in narts of the 1lagoon
facourage enimel life and relatively higher production of foreminif-
erids micht be expected in this subenviromment., Low standine crons
in the sediment mey be caused by the high level of the oxidation/
reduction line. Poor water circulation in the lagoon nlus decay of
Organic material contributed from the weed tend to mske the sub-
strate reducing in nature. The reducing enviromment is almost
certainly wnsuitable for the majority of benthic forsminiferid svecies
and therefore most will 1live vithin, or on the surface of, the
oxidized portion of the sediment. At all stations the depth of the
oxidation/reduction level in the sediment is less than 1 cm. end
the thimness of this nay restrict the size of the stending crons,
elthough there are doubtless several other factors involved. Standing

erops towards the western end of the lagoon are nerticulerly low,
but the reasons for this are wimown. It wee observed thet the

sediment in this area is particularly thick and sticky ad it

may be wnsuitable for living foreminiferids. %his n=y possibly be
‘due to some kind of pollution from San Cerlos herbour olthourh
Bamdy et 21. (1965) recorded incressed standing crops in polluted

areas around ocean sewer outlets off the coast of Cslifornia.

The reasons for the northern lesoon having lsreer standine
erops than the southern 1lsgoon may be due to a hisher fertility
there because of the influence of the river discharming on  the

. porthem side of the delta. Incenizada hes standing crovs opprox-

. imately the same as the southern legoon but differs in thet

the population consists almost entirely of one species, Protelphidimm
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anglicum. Yhe freshwater conditions and the poor water circulation
limit the species that can live there and P. anglicum flourishes
without: competition.

The general increase of standing crop from spring to summer
does not necessarily mean greater food availability in the summer.
As maximum discharge of the river is in sprinz there is probably
more food available then. The abundence of phytoplenkton (figuve 41)
would confirm this. It is probzble that temperature is very
important. Several 1laboratory studies, including those by Bradshew
1955, 1961, have demonstrated that most species have an optimm
temperature for reproduction and it is likely that as swmer
approaches more and more species begin to reproduce. *he level of
fertility, although probably lower than the spring, is still
sufficient to support large standing crops. Relatively rapid reprod-
uction continues through the summer and results in a gradual build
up of standing crop with a maximum probably in late sumuer.

Comparisons:

Several studies have becn published which include standing cxop
data, but the majority of these concern areas along the coasts
of the U.S.A. Other data is available from the coasts of Cenada
and Argentina. Only one other delta, the Mississippi delta, bhes
been studied for its living foreminiferids (Phleger, 1955, Lorifoxd,
1959) and this has been chosen for a close comperison with the
Ebro delta results.

It must be remembered during this comparison that the
Mississippi delta is altogether a larger delta than the Ebro delta
a8 well as being of a different type. The discharge Irom the
river is many times greater, and unlike the Ebro delta, seaward
A1

acretion is completely dominant over forces of marine erosion.

standing crop values from the Mississippi delta studies relate to
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a standard sample of 10 cme2 and o they have been multiplied by

5 %o pive tentative direct comperisons with the Ebro delta values,
Mississippi delta standing crop val;aes, together with data from other
published studies, is summarized in Table 5.

Lonkford recorded standing crops of 10,000 = 125,000 in the
deltaic marine fauna off the esstern Idesissivpi delta mermin with
& mean of 15,500, This is 50 times greater than the mcan for
the Ebro delta deltaic marine assemblage. Standing crops in  the
Mississippi delta mersh, interdistributary bay and fluvial narine
eivironments were far more variable, with values from 33 - 3,500.
Lankfordts tsound facies!, approxinately equivalent to the Ebro lagoon
envirorment, has a mean standing crop of 615, three times rreater
than the Ebro lagoons. The open shelf facies, with a mesn of
293, compares more closely with the Ebro inshore and offshore
assemblages which have mean- values of 206 and 443 respoctively.

The waters of the main passes of the MNississippi delta have

long been known to be extremely fertile with high orpanic production
rates (in terms of organic carbon fixation rates) recorded where
there are large foraminiferid standing crops. The water off the Fbxo
delta must be comparatively less fertile as standing crops never
approach the size of those off the Mississippi delia. lMergalef and
Herrera (1964), in a study of the waters off the Catelan coast,
stated that although detritus is alwars in hich proportion around
the Ebro delta, fertility is low. Their observations agree with
what can be inferred by comaprison with the Mississippi delta, It
appears that the River Ebro is not large enouch to have sipnif-
icant influence on the fertility of the waters around its delta.
Standing crops are probably little increesed from those that wounld

occur off an adjscent piece of non = deltaic coastline.

Standing crops recorded by Uchio (1960) off the Californien
coast are considerably higher than those of the Ebro delta (see
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Table 5), but those recorded by Hurray (1969) from a traverse off
long Island are much closer. lNurray (1968) has swummarized standing
erop data for lagoons in various parts of the world, and many

0of these have similar values to the Ebro legoons, although the
only other nomal marine lagoons studied, Phleger and Ewing (1962) -
Laguna Guerrero Negro, Beja California, have considerably higher
standing crops than the Ebro delta, ranging from 300 - 3,890.

Standine cron in celculated volume

The only publighed studies in which this measure has been
used are those of Murrsy (1968, 1969). He refers to his resulis
288 ‘biomass', but it is thought that this may be a little mis-
leading as biomass is conventionally teken as meanines live weight.

Ebro delta results ere therefore referred to as 'celculated velume'.

The volume of foreminiferids was obtained by measuring the

majority of the species under the microscope usinc
micrometer. About 50 specimens each of the most abundant species
were picked out 2znd measured and the mezsurenents

culate the average size of cach species at each station.
referring

an eyepiece

used to cal—

.A'!

ne

volume of the aversre specimen was then calculated by
its shape to one of the following geometrical shapes:
1« Cone, volume "’/3 . :
2. Oblate spheroid, volume 4/ 3w a2b.
3. Prolate spheroid, volume 4/ mab2.
4. Cylinder, volume arroh.
5. Sphere, volume 4/3 wrd,
vhere a and b are major and minor radii reepectively.
The colculated volume was multiplied by the nuwmber ol individvrls
0of that species recorded at a particular station to give the tToinl

volume for the species. For the less abundant species, the volume
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Was calculated in one of two ways. Eirstly, if thc species was
mmall, the volume was estimated, and secondly, if the species was
lorger, on taveraged sized! individual wes picked out, measured and
its volume calculated. F inally, 211 the separate species volumes
Were summed to give the total volume for each sanple.

A mnber of errors were involved in the calculation:
1e Errors in the actual measuring of specimens. These are thought
t0 be very emall and have been ismored.
2 The selection of en 'average sized' specimen can introduce errors.
However, it was found that the accuracy of this method was not
far off that obtained by measuring a large number of specimens
and calculating a mean size, but the =emall loss in accuracy was
amply compensated by the saving in time.
3. ¥oraminiferia tests are only epproximately the same as the
geometrical forms from which their volumes have been celculated and
another eall error msy occur here.
4. Estimation of the volume of the
by several factors. However, their volume is so snall as
very little difference to the total volume and the error can be
iemored.
5« Celculated volume should strictly refer to the total volume of
foraminiferal protoplasm and in the cealculations it is assumed that

the total volume of the test of a specimen is more or less the
Examination of +the staining effects

smaller species nay be wrong
to meke

same as the volume of protoplasm.
Oof rose Bengal shows that the majority of svecies stain all over
indicating that the test is full of protoplasm. However, in some
Species, notably 4Ammonia beccarii, only the last few chambers are
stained, which may indicate that the volume of the test is not

& true measure of the volume of protoplasm.

It is difficult to assess how large these errors are; Nurray

(1968) suggested that they may be in the region of + 20 %, but
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they are certainly not large enough to warrant abandonment of this
method of representation of staiding crop.

The purpose of determining the volumes of foraminiferids at
the stations around the Ebro delta was firstly to see if the
results had any meaning in themselves, and secondly to compare
them with the standing crops in absolute numbers; i.ee to see if
there was any significant difference between a sample with a =all
standing crop of large individuals and a sample with a large
standing crop of small individuals. It mey well be thet calculated
volume is a better reflection of the fertility of the environment
that the number of individuels in a samle. Not every station was
used for calculated volume measurements; those chosen were in most

cases those that could be used directly for seasonel comnarisons.

Calculated wvolume results ere illustrated in figure 42 and the

mean values for the different assemblages illusirated in Tables
6 and 7. In the spring the total of 29 samples chosen for
calculated volume measurements produced totals ranging from 0,055 =
4,422 cu, nm. per sample, with an overall mean value of 1.209.
The lowest values are recorded in the 4
delta front platform ond volumes generally increase offshore although
at the last few stations on the Selinas and Punta Bana traverses
the values fall off again slightly. Station SP/28 has the hichest
spring value of 4,422 and the offshore assemblage has the highest
mean value of 1.870. In the southern lagoon the mean calculated
volume is 0.618 and values increase from the San Carlos end to
the northeastern corner. }Muddy sediments generally have higher

calculated volumes than sandy sediments (table 7).

jnshore assemblage on the

In the summer there is =2 wider range of calculated volumes,
from 0,021 - 7.035, and the overall mean of 1.647 is slightly
higher then that of the spring. Arcain, lowest values are recorded
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in the inshore assemblage and highest values in the offshore assen—
blage; respective mean values are 0,527 and 4.102. As in spring,
values increase graduslly with depth until the deeper water
stations when there is a slight decrease. <here is a distinct
region of meximum calculated volume (more than 5.000 cu. mm. per
sample) towards the edge of the delta front platform running
parallel to the coast. The mean value for the southern lagoon is
only slightly higher than that of the spring, being 0.667, and

values again increase into the northeastern corner.

On the northern side of the delta calculated volumes range
from 0.399 - 2.752. The contrast between inshore and offshore assem-
blages is not as marked as on the southern side but lagoon values
are relatively high, ranging from 1.378 - 2.752. Vealues for the
three stations in Encanizada are also relatively high, with a

nean of 1.,977.

Discussion;

The general distribution trends shown by calculated volumes
are virtually the same as those shown by standing crop in absolute
nunbers. However, a plot of standing crop against calculated volume
(figure 43) schows that the relationship between the two is far
from steady and Jjustifies their separate examination. For example,
there are some samples which have only eaverace sized stending crops
but are composed of relatively large individuels and therefore

have a hirsh calculated volume.

As with absolute numbers, calculsted volume values incresse 2away

from shore to a meximum in a depth range of 13 - 20 . Tut deener

than this they fall off ogain slishtly. Asain the siemificance of
this arca of maximum valves is not obvious ™t conditions met be

especially favourable to allow such large standing crops to develon.
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Turbulence rether than lower fertility is vrobably the cruse
of low calculated volumes in’ the inshore assemblase on the southern
gide of the delts. On the northern side the relnrtively high values
in the same assemblage are probably due to hirher fertility result-
ing fron the river discharging on this side of the delta. This
increased fertility is also reflected in the northern lagoon where
calculated volumes are greater than those in the sowthom lagoon.
The inqrease of values to the northeastem ‘corner of. the southein
lagoon may be due to increasing fertility of the water; this in
turn may be aue to mmoff from the delta via the nunerous drainage
channels, Higher calculated volumes in Encanizada possibly infer that
fertility is higher there than the southern laroon; plant end
enimal life was observed to be extremely aebundant all over the

lake,

In the deltaic marine assemblage, calculated volumes are low

in relation to the mumbers of individuals bpresent in esch sar:p1.:.
It could readily be observed that specimens of most snecies were
slightly smaller than those from other environments. Bradshaw (1955)
stated that in areas of active sedimentation where there is =&
fertile enviromment (as off a river mouth), individuals are smaller
than their average size elsewhere because they are able to reproduce
Tapidly under favourable environmental conditions. Meny are wunable to
attain full size before being buried by sediment. Laniford (1959)
also reached this conclusion when seeking an explanation for small
individuals off the main passes off the Mississippi delta. It scems
therefore, that, in the case of river mouth areas, calculated
volumes are not a good indication of fertility; they imply low
fertility whereas the opposite is usually the case.

Calculated volume also follows the absolute numbers trend in
having hicher mean values in middy sediments, but it is not knowm
Whether the sediment itself is most important or whether factors




108

agsociated with it, such as food content, lack of turbulence, etc.,
have more significance. In both summer surveys the 'sandy mad!
grade of sediment supports the highest mean calculated volumes and
several authors, including Phleper (1960) ard Boltovskoy (1965), have
8lso observed that 'mixed' sediments support larcest populations.

On the southern side of the delta there is an overall increase in
calculated volume from spring to summer following the trend of
absolute numbers. The explanation for this is probably nelated

* to the absolute numbers in that more rapid reproduction throush
late spring and sumer results in larger standing crops and hence
larger calculated volumes.

cOIIIpari sonss

Murray has carried out similar studies on three areas along
the eastern seaboard of the U.S.A. (1969) and in Buzzerd's Bay
(1968). His ‘'biomass' values related to samples representing 30 cm.2
surface area of sediment but have been corrected to the equivalent
of 50 em.2 for direct comparsion with the Ebro delta resulis. They
are sumarized below:

Range lMean
sand 0.6 = 2.6 242 1,45
Buzzard! : .
g silt 0 = 0.9 0455
Vineyard Sound 04333 = 1730 0.690
Shelf off Long Island 0,015 = 3.120 1,542

Cape Lookout to Cape Hatteras 0,015 - 1.568 0.400

In Buzzard's Bay sendy sediments have a higher nean calculated
volume than the silty sediments which is the opposite ol the
Ebro delta pattem. Comparisons are made more difficult by the
environments being different, but there is a general trend in

the bay of increase in ‘'biomass' from the inner end to the oven




 to make any sisgnificant difference

109

Bea, which is opposite to the southern lagoon trend.

Vineyard Sound has a mesn calculated volume verv close to +that
of the southern lapgoon but again comparison is diffienlt becanse
Vineyard Sound is a totally different environment with a rocky bottonm
in places, strong tidal currents, etec. The Care Lookout - Cape
Hatteras region ‘has very low calculated volumes but Murray recorded
hicher values in the traverse off Long Island. The mean value here
is comparable with values off the Ebro delta flanks. However, the
Long Island traverse does not show a gradnal increase in values iwith
increased depth; Murray recorded fluctuations of 'biomess' near the
coast and then fairly wniform velues on the remainder of the traverse.

Conclusioﬁa;

In conclusion, it can be said that neither mcasure of standing
erop is totally satisfactory for fertility assessment becsuse both
are influenced by other envirormental factors besides the fertility
of the water. In the absence of comprehensive information concerning
the factors operating in an environment, standing crop can only be
safely taken as indicative of fertilily where values are extreme,
very high values indicating a high fertility and low values indicatine
a8 relatively low fertility. MNurray (1967) considered that areas of
the sea floor having the equivalent of more than 5000 living indiv-
iduals per 50 cm.2 sample must be regarded as regions of hirh fert-
ility, and that less than 50 individuals per sample indicates low
fertility. Similarly, areas with a calculated volume of 5.0 cu. m.
per sample probably indicate high fertility, and less than 0.5 low
fertility.

The indications are that the fertility

the Ebro delta, with the exception of the

river mouth, is little different from an area
discharze is probahly not, sufficient

to the fertility of most of the

of mnarine environments off

area directly off the
off the non - deltaic

coastline in the game area. River

surrounding water.
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troduction

Famal diversity, or variability, has been defined by Walton
(1964) as being based on the number of species of orgeanisms that
occurs in any given enviromment. Sanders (1968)  pointed out that
a8 search through the literature reveals two definitions resulting
in some confusion. He distinguishes one kind of diversity as the
mumerical percentage composition of the various species present in
the sample; the more the constituent species are represented by
equal mumbers of individuals the more diverse the fama. The other
kind of diversity is determined by the mumber of species in a
sample, the more species the greater the diversity. Sanders suggests
that this should be referred to as species diversity and considers
that it is the more valid measurement of the Wwo. ;

Measurement of diversity began when attempis were made to find

mathematical formulae to fit observed Ifrequency distributionse 4
great number of methods ave now available %o represent diversity
including the use of ‘diversity indices'.

Fisher, Corbett and Williams (1943) undertook an early exenin-
ation of diversity and proposed en index of diversity which can
be derived from the formula

X = x
where x = a constant <1 and nq can be calculated Ifrom N(1 - x)

where N is the size of the population.

Part of Yule's (1944) statistical examination of the literaxy
vocabulary was modified by Simpson (1949) for application %o
diversity. Gibson (1966) utilized Simpson's ideas in a study of
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diVe N P & .
: Teity of benthic foraminiferids from the Mississippi Sound.
€ used g diversity index calculated from the formula;

NN - 1)
Knj(n; - 1)
£

=

where N = total nuuber of individuals, K = number of species and
Bi = number of individuals of the ith species. '

This index has the drawback that it puts greater significance
on the more abundent species whereas the o index considers the

Terer species as well. Williams (1964) considers thet the & index
is the more consistent measure where the population distributions

are in log - series fom. Several other diversity indices are in

comnon use and Gibson (1966) notes that recently more use has
been made of entropy. This and other refined sample distribution
statistics have been used to measure the degree of wmiformity in
the distribution of a species within a population.

Many workers have utilized the logerithmic relationship that

exists between the distribution and species eand individuals within
a8 commnity. Odum, Cantlon and KXornicker (1960) introduced a plot
of the cumlative number of species from a sample against the

logarithn of the mumber of individuals. The resulting 'cumulative!

curves have a gentle slope when diversity is low

or ‘diversity'
Walton (1964) wutilized this

and a steep slope when it is high.
method but substituted percentege data for absolute numbers of
individuals, Murray (1968) argued that this has the disadvaniage
of eliminating the éffects of sample size,
Were all originally of the same number of individuals errors of

and unless the samples

interpretation may result.

In the present study, three methods of diversity measurement
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have been used:

1s simple number of species per sample.

e The & index of Fisher, Corbett and Willisms.
3¢ Cumlative curves.

One of the fundamental drawbacks of most diversity measure-
ments is that they are sample - size or density dependent. The
Usual difficulty in comparing samples of different gsizes is that
as the sample size increases, individuals are added at a constant
erithmetic rate but species accwmulete at a decreasing logarithmic
rate. However, in the present study all samples . are of wit size
end diversity meesurements can be safely comparcd. Sanders (1968)
introduced a procedure of measurement, the ‘rarefaction method', by

diversity can be compared irrespective of sample size.

The three methods listed above were chosen because they were
considered both velid and reasonably rapid methods. fThe number of
Species per sample can rapidly be assessed from the population
data, while the o¢ index can be quickly read off a standard plot
(figure 44, adapted from figure 125, Williems, 1964). Muwrray (1968)
considered +that cunulative curves are convenient because they more
readily portray diversity relationships at a glance then numerical
indicess e« indices can be read off from the same plot as the
cumulative curves, but as HMNurray stresses, with the latter it is
the position of the curve and the steepness of its slope that
is important, whercas only the end point of the curve defines the
e index. Cumulative curves have been used chiefly to define
diversity fields into which samples from particular assemblages Dplot.

Results

The areal distribution of the number of species per sample .
is shown in figure 45 and the mean number of species for each
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assemblage are drawn up in table 8.

The mean number of species for all samples in the spring is
2. Off the southern delta flank there is an increase in the
number of species with depth up to the 15 = 27 m. depth range
where the highest nwmbers of more than 50 species per sample
occur. With further increase in depth numbers fall off slightly
to between 30 and 40. The offshore sssemblage has a higher mean
value than the inshore assemblage, 40 compared with 17. Only three
samples: were taken off the river mouth and one of these was not
Of adequate size and so the mean value of 23 for the deltaic
marine area cannot be considered entirely reliable. The number of
Species in the southern lagoon is fairly steady, varying from 14 -
22 with highest nwmbers occuming in the central part of the lagoon.
The mean velue for the lagoon is 28, whereas the transition area

has a swprisingly high mean of 28.

For the sumer survey of the sowhern part of the delta the
mean number of species is 25, slightly lower than the spring.
Numbers off the southemn delta flank follow the sanme pattern as
in the spring although the tailing off seaward of the zone of
highest numbers is less apparent because only on the Punta Bena
treverse were the same depths reached as in spring, The area of

highest number of species (over 50 per sample) is in epproximately

the same position as in spring but is less extensive. The 20

species per sample contour is closer to the shoreline than in
the mean

Spring and this is reflected in a slight incresse in
velue for the inchore assemblage. The offshore assemblage, however,
has a slightly lower mean than the spring, 37 compared with 40,
Off the river mouth there are increasing numbers of species with
depth until the decpest sample when there is a slight decrease.
This follows the pattern off the southern delta flank, The

transition area 8gain has high numbers of species in places but

BB e



TABLE 8 Diversity data
| } |
ﬁ ! Mean | | Range | ®
Survey ] Assemblage oes OFf {naa. n; St | of o [ Mesn |
: samplesi specte e | indices ‘ <
i ] }
| Lagoon -3 | 16 [ =pd | 54 T, o
5 | f
SP Transition {56 el , 21 - 38 (6.7 - 10.‘J 8.7 |4
! 1 { 3
: :
ring ‘ 1 |
Spring Inshore ! 9 SR ’ 11 - 32 i 2.0 = 7--"i 5.0 |2
1967 ) | l 5 ‘ 5
Offshore 19 | 40 26 =59 (7.9 = 117 1145 |
I | !
Deltaic marine P, S . ’ Q=27 ‘3.‘5 - 11.';{ 7.9 lb
s | ! ! | !
All assenblages | 46 | 28 | 9-59 [3.5-11.7 &.3 |
3 T t l |
f ) | | ’ 1
Lazoon {' 7 14 I 5 - 17 FeH = 5.0) 4.0 ’ ;
!
b l e
s Transition 5 22 [ 15 =28 [3.8=12.4 Mol |
R e
nsnore | S - el = C_,lo~ Doy
1967 | 1 19 11 - 30 Dl | {
Offshore 17 7 21 = 53 16,2 = 11 ‘ nfu 3
Deltaic mearine 6 [ 25 ! 13 = 33 ! 35 = 9.Cf ST e o
i ! i ] f
I {
All  assenblages i 50 ’ 25 ’ 5=53 [3.1 =124 6.8
. | |
! _1 |
™  lacusirine - 2 1 =3 - ' <1.0
| i
58 T.2ro0n 5 19 | 11-25 |24-6.0 4.2 |
Swmer ? ’ | | )
Transition s 18 10~ 28 | 3.2=-Ted 446 | *
1968 i <‘ ‘ | 4
inshore o8 21 1 13-30 | 3.8 - 7.8 5.7
0ffehore 5 3G AB = ST B = 13.&‘ 9. §
! 5
A11  assenblages ‘ 21 22 10 = 37 3.2 = 13.0] 6.1

(excle P lec.)
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the mean value is less than that of the spring. The northeasterm
end of the lagoon has similar numbers of species as in spring,

Wt nunbers fall off towards San Carlos harbour and the summer

Mmean for the lagoon is consequently a little lower than that of
the spring,

In the summer survey of the northern side of the delta, the

inshore assemblage has a lower mean number of species than the
offshore assemblage, but this is a little higher than for the same
area off the southern delta flank. The offshore assemblage mean

i8 much lower than on the southern side of the delta but this
may be because there were not so many stations in deeper water
where it might be expected that larger numbers of species would
occurs The northern lagoon, -although much smaller than the southern
one, supports a slightly more diverse population snd the mean number
Of species is slightly higher than that of the southern 1agoon.
Encanizada has very low diversity; there are never more than three
Species in a sample and several samples produced only one speciess

Areal plots of & indices are shown in figure 46 and the
Wean values for the various asséublages are dram up in table ©.
& indices also increase with depth wp to approximately 20 Rej deeper
than this they fall off slightly. The mean index for the dinshore

assemblage does not vary much in the three surveys but the ranges
The two summer surveys have very sim=

are somewhat more variable.
but the spring mean

ilar mean indices in the offshore assemblage,
is noticeably higher. Deltaic marine assemblage indices are variable
but are generally lower than for the equivalent depths off the

delta flanks, In the lagoons o indices are similer for both

Seasons with mean values ranging from 4.0 = 4e4e The area' of

highest indices is virtually the same in spring and summer, southe
east of the southemm spit, although the highest indices in spring
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are much higher than those of the summers.

The diversity fields of the different assemblages are shown
in figure 47. The cumulative ocurves for stations from the offshore
assemblage are very steep while those of the inshore assemblage
are much flatter, indicating lower diversity. The deltaic marine
and transition assemblage curves fall into an intemmediate region
between the inshore end offshore fields. The lagoon field also
plots low, coinciding with the lower pert of the inshore assemblage
field. Encenizada (freshwater lake assemblage) has the most distinct
diversity field, the small mumber of species results in it plotting
very low.

Discussion

A plot of diversity values against depth (fipure 48) shows
8 general increase away from shore. with depth. However, it is not
considered that depth itself has any significance on species diver-
sity in the relatively shallow water sampled. One of the most
important aspects is the stability of the environment, Walton (1964)
considered that the nunber of species of benthic foraminiferids is
inversely proportional to the variability :of the environment and
Sanders (1968) proposed a ‘'theory of environmental stability' vhereby
the more stable the environmental paremeters, such as temperatuxre,

salinity end oxygen, the more species present.

On this basis, the offshore assemblage, which has the highest

diversity around the delta, occupies the most stable enviromment.

This ties in well with environmental observations from various
parts of the delta., The inshore assemblage on the delta ‘front
Platform is subject of considerable turbulence and only beyond the

wave base does diversity increase significantly. The significance
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of the effects of turbulence is clearly illustrated by comparison
of the diversity of the inshore and transition assemblages. The
two assemblages inhabit similar depths and are similar distances
from shore, yet the mean o¢ indices, ee.ge for spring, are 5.0
for the inshore and 8,7. for the transition assemblage. It is
clear that the sheltered location of the transition area provides
& more stable and less vigorous environment then the delta front

platform.

It is not Iknown what happens to diversity in water deeper
than that sampled in the Ebro surveys. In the GuIf of Mexico,
Walton (1964) considered that the maximum number of species OCCUTS
on the edge of the continental shelf. Bandy (1954) had recorded
the same observation but Buzas and Gibson (1969) suggest thet
meximunm species diversity occurs in abyssal depths greater than
2500 me They examined dead foraminiferids in samples from the
western North Atlantic and discovered two subsidiary diversity peaks,
at 35 -45nm. and at 100 = 200 m. However, the 35 - 45 m. pesk
was due to species equitability rather then a high number of
species,

Diversity is lowest in the subzerial enviromments on the
Ebro delta. Although quantitative samples are availsble only from

Encanizada, there are rarely more than about 6 species in either
This reflects the exceedingly

variations in

marsh or lacustirine environments.
unstable environmental conditions operating there;
salinity, pH, temperature etc. are common and extremes ere fro-
quently reached. Hurray (1968) stated that two environmental char-
acteristics seem particularly important in determining diversity in
lagoons, the deviation of salinity from normal merine and the
lithology of the substrate. Plots of the relation of sediment
grade to diversity around the Ebro delta .reveal no definite

correlation and it is considered that the nature of the substrate
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is relatively unimportant in this case. Salinity is consistently
flormal in both the Ebro lagoons and other environmental factors
mst be variable to account for the low diversity. Poor water
Girculation resulting in low oxygen availability may be one cause.

Sanders (1968) 1listed a number of other concepts related to
diversity., He recorded that all commmities tend to diversify with
ﬁ,'“e 80 that older communities are more diverse than younger
commnities. The 'competition theory' states that in environments of
high physiological stress natural selection is largely controlled
by the physical variables. This ties' in well with the concept of
faunal dominance as introduced by Walton (1964). Associated with a
decrease in diversity near to the shore as the environments become
more unstable, there is a general increase in the relative abun-
dance of the dominant species. Welton records that 100% of the
famas in the northeastern Gulf of MNexico whose dominant species

constitutes over 35% of the entire population, occur shallower than
This relationship oround the Ebro delta

10 fathoms (appmx. 19 m.).
with very low diversity, such as

is plotted in figure 49; samples

those from Encanizada, usually have one species comprising the
greater part of the fauna. Pew species are adapted to the rigorous
conditions of marginsl marine conditions and so one well adapted
species would easily be dominent. On the other hand, in the more
favourable, stable enviromments that occur offshore, there are nany

more species and inter - specific competition correspondingly more
intense. In this situation, a single species rarely achieves 2
significant high dominant percentage.

‘productivity theory*

Another concept listed by Sanders is the
the greater the

which states that "1l other things being equal,
productivity the greater the diversity". Sanders, however, is dubious
as to the validity of this theory. He suggested that it is con-
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ceivably correct, but under natural conditions it may be mnasked
by mmerous environmental variables. High productivity, from sheer
emount of organic matter produced, cen create severe stress con-
ditions and low diversity and he quoted cxamples of some upwelling
areas where high production is responsible for low oxygen content
of the water on and just above the ocean floor. Similarly, the
highly productive eutrophic lakes often have bottom water devoid of
Oxygen. This feature may also be illustrated off the Ebro delta
Where in the deltaic marine assemblage diversity is not as high
as for equivalent depths off the delta flanks, This may be due
Yo very high productivity, or alternatively, to the adverse effects
of very rapid sedimentation.

Comparisons with other areas

In only a few published works on living foraminiferids has
diversity been considered as a separate topic. In addition, nost
studies have used a sualler sample and so the ubro resulis are
not directly comparable, beceuse, as as been mentioned earlier,
diversity is dependent to a large extent on sample size. Neverthe-

less, some general comparisons can be made.

Data from Larkford (1959) and Walton (1964) from the lississ-
ippi delta and the northeastern Gulf of MHexico has been examined
and reinterpreted for comparison with diversity around the EDbro
delta. Lankford records a total of 52 living species off the
eastern mergin of the Mississippi delta in depths from 1 - 35 m.
This is much less than the total of 115 species from the Ebro
delta in depths from 3 - 55m.,
the larger size of the unit sample nay

Number of species per sample off the Mississippi delta varies from
for

but the deeper water samples and
sccount for this difference.

1 =29 and « indices range from < 1.0 - 4.9 (see table 8
Ebro delta equivalent values)., Despite the dispari®y in sample
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Bize, diversity must be considered as low off the Mississippi
delta compared with the Ebro delta. Walton's contoured diagran
showing numbers of species in the northeastern Gulf of liexico
brings out maximum numbers of 60 = 80 near the edge of the cont-
inental shelf, but much lower numbers in ecuivalent depths off the
Mississippi delta. Therefore, applying the conclusion already drawm
about diversity, it can be ssid that environments arownd the
Mississippi delta must be relatively unstzble. The numerous distrib—
utaries probably produce varving salinities in the adjacent nerine
areas associated with a known high rate of sedimentation. 4s
diversity off the Ebro delta is relatively high it rust be con=
cluded that outflow from the River Ebro has very little influence
on the surrounding marine areas and that a normal, stable merine
environment exists in most places except close inshore. I must

be remembered that diversity only reflects the varishility of fthe
environment and not its fertility, so elthough the stability of
the Ebro delta offshore enviromments results in a higher diversity,
the higher standing crops off the lississippi delta probably reflect
& much higher fertility there.

It would seem, therfore, that a relevent comparison for the

Ebro delta would be with an ordinary non - deltaic coastal areas
Mrray (1969) produced some results from the Atlantic coast of
the U.S.A. The traverse off Long Island produced 14 - 24 species
Per 30 cm.2 sample and « indices ranging from 4 - 11. e indices
U to 13.0 were recorded along the Cape Lookout to Cape Hatteres
traverse btut diversity values do not generzlly seem as high as
those around the Ebro delta. MNurray noted that most of his trav—
erses support cold water assemblages and it is well lmown that
diversity decreases in colder waters. Sanders (1968) noted that
natural selection in the higher letitudes is controlled by the
physical enviromment, while in low latitudes biological competition




TABLE =]
- R 212 ' 213 | 214 | 215 | 216 | 217 | 218
i ]
2 (metres) 18 | 15 31 0| 3B | 7 18
of species 2% 25 29 32 22 32 24
& crop 328 | 264 | 403 | 370 | 91 | 632 | 537
5.6 6.6 10 8.4 9.7 7.0 5.2

eral diversity of 7 semples (10 cu.?) from a traverse
‘the northern Gulf of (elifornia {from Phleger 1964).
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becomes paramount.

In Walton's (1955) samples from Todos Santos Bay, Baja Cale-

ifornia, there are rarely more than 20 species per sample (10 cm.2)
and e indices do not excecd 6.5. Again, these values seem com=
paratively low. Diversity is higher in the Gulf of Celifornia and
Phlegor (1964) recorded 20 - 30 species per sample (10 cn.2) in
equivalent depths to Ebro delta stations. Tsble 9 shows diversities
caleulated from part of Phleger's data for one traverse from cosst
%0 coast in reasonably shallow water. It can be seen that highest
diversities are recorded in the middle stations (215, 216) of the
traverse .Which are farthest away from the shorelines, following

the Ebro delta pattern. Numbers of species and o« indices are also

closer to Ebro delta values.

Murray's data (1968) on 1lagoons indicates an e« index range
fron 4 - 11 (per 10 cm.2 sample) for the few normal marine lagoons

that have been studied to date. Bearing in mind that Ebro delfa
lagoon & indices of around 4.0 — 6.0 would probably have 'been
higher had a smaller sample been used, there is fairly close sine-
ilarity here. Nomal marine lagoons appear to support more diverse
populations than either hyposaline or hypersaline lagoons.
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Sggerella scabra (Williamson)

In the spring E, scabra is widéspread throughout most envir-
'Glments but its relative abundance is genmerally low; at only one
station does it exceed 5 %e In the summer there is little change
i distritution, There are a few individuals at most stations but
8gain only one value exceeds 5 % (figure 50). Figure 51 shows mean
relative ang absolute abundances for the different assemblages and
it can be. seen that they are generally very low; the northern
lagoon stands out with the highest absolute abundance.

The sediment / abundance plot in figure 51 demonmstrates that
Living E; scabra has no preference for a particular grade of sub-
strate; it is found in practically all grades of sediment encount-
éred. Similarly, it shows no depth preference in an overall range
from 27 to more than 53 m. There is no preferred seasonal abundance
and the only ecological conclusions that can be drawmn from its
distribution around the Ebro delta are that it is tolerant of a
Wide range of sediment grades and depth ranges but is never found
in conditions of sub - normal salinity. ‘

The dead population stands out because of its considerably
higher relative abundance compared to the living populations. In
the southern lagoon where practically no living individuals were
Tecorded there is up to 8% of E. scabra in the dead population.
Highest abundence in the dead population occurs in an: area

~ Stretching from the outer edge of the northern delta front plat-
fom (w to 20m. depth) eastwards to include one station on the

BEENIVer mouth traverse. The ressons for high relative abundance in
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in the dead population are unknown but there are a mmber of
Possibilitiess

1e The living population of E. scabra has recently decreased in
relative abundance for some reason, possibly connected with an
environmental change, and the dead population reflects this former
abundance,

2 Post - mortem redistribution may have affected the distribution

in any of the following ways:

a) Tests may have been transported into’ the deltaic area
from an area of high abundance elsewhere.

b) Tests were observed in many of the dead populations to
be large and it is possible that these are less easily
redistributed by currents and build up in relative sabundance
at the expense of smeller species which are more readily
winnowed away.

¢) Tests may have been reworked and concentrated from older

deposits.

‘Recent and fossil occurrences:

E, scabra is apparently confined to the north European and

western MNediterranean areas. It does not extend far back into the
Tertiary and one of its earliest records is probably late Pleist-
Ocene; Fehling-Hansen recognized it in an ‘Arctic' clay from near

Oslo (1954).

When Williamson first described the species (1858) he mnentioned
several localites around the British Isles. Other records in the
North BEuropean area come from HOglund (1947) who noted that dead
tests were very abundant in the Culmar Fjord and the Skagersk
dom to 205 m., and from Heske (1967) who collected both living
and dead specimens from the Baltic Sea. Murray (1961) recorded
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uﬂng in Christchurch Harbour and concluded thet it is a
e steno - haline species probably occurring in greater abun-
outside the harbour.

Fron the English Channel area it extends down the French
to the coast of northern Spain. In the Mediterranean it
to be confined chiefly to the northwestern part; the
r has specimens from the Balearic Isles, the Rhone delta,

» and from Rimini in the Adriatic. Nontchermont - Zei (1964)
it living in the Gulf of Naples and Blanc - Vernet (1963)

that living specimens in the Gulf of Marseille have a

dic distribution in both muddy and sandy sediments. Kruit

) observed that its distribution around the Rhbne delta is

in either muddy or sandy sediments irrespective of depth;

could find no optimum depth of occurrence. :

cabra  is largely a cool temperate species being most a},‘mmt
‘the cooler waters of the British Isles - North Sea area. Although
 occurs commonly in the western Mediterranean it does not reach
~ great sbundance and it is likely that the warmer Hediterranean

Mediterranean and a summer temperature in excess of about
may be too high for the species to tolerate. The observations

the distribution of E. seabra around the Ebro delta that it
Species occuming in & wide depth range with no preference
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Ueloculina schlumbergeri (Weisner)

In the spring highest relative abundance of Q. schlumbergeri
in the inshore assemblage off the southern spit. Percentages
Tease appreciably with depth and only a few individuals are
‘Arded in the offshore assemblage. In the southern lagoon per=
tages vary from O in the northeastern corner to 17 % near
Carlos harbour. The areal distribution map (figure 52) shows
there is a similer distribution pattern in the summer except
the area of highest relative abundance (320 %) on the south-
delta flank extends farther north past the southern channel.
entages are lower in the southern lagoon and the species is
0t altogether from several stations there; the highest value
10% is recorded in the northeastern corner which is exactly
Opposite of the spring trend. Few specimens are recorded in
northern lagoon but elsewhere on the northern side of the

the pattern is much the same as on the southern side.

ute abundances tend to higher than for the southern side
figure 53),

Qe schlumbergeri hes a depth renge of < 3 - 50m. but only
shes in depths from 4 -11m. (figure 53). It has a pre-
for sandy substrates but many sepring stations have high
tages in substrates of sand / mud mixtures. There does not,
the whole, seem to be a strong correlation of abundance and
nt type. In addition, despite the fact that the species only
sbundantly within a relatively narrow depth range, there are
stations within this range where it is r=re or non - exigtent.
~are in the more sheltered situations such as the lagoon and
tion areas. there is good correlation between high abundance
turbulence. Q. schlumbergeri appears to prefer the turbulent
itions that exist in the shallow water off the delta flanks

. the delta front platform, There are few individuals recorded




Spring living population

@
it
ey
i -‘,’_ u uf
s
TN W /
4:‘// ’1I
Lo
A ~
//”5,/1
re
[ ] i
o?l \.
\
oy \\é':
VNN
\\ \\\\
o x ~ = a2
\ ~JD.

-?\\._5~____:—‘o1‘.’/

Summer living population

i

o

.2

/ 3
/ "

Dead population

R
*2 v LN\ Y97
-,

*$

RELATIVE ABUNDANCE SCALE (KMi
| l O -59/o QO 1.3 3
D 5—10%0 — =
E 10-209%o
B 20-40°%/o
] 4-e0%
Fig. 52. Areal distribution of Quinqueloculina schiumbergeri




FIG. 53. QUINQUELOCULINA SCHLUMBERGERI

SAND

9% OF SEDIMENT >200 MESH

w
]
<
w J
£ 3
o4
FI
<
2s04siio M W >
z -
2s04su| =] .w s
B w
WIDW 21D} 2p M z m S -
3 g 53 Pooep
uor31sus m m 2 x0® o
uoobo| a M e o o
< m W 3
LEL ) 2 g a nww
240 y$1y0uq o
>
»2i0Ngs 0 3 n
2048y _ i po!
¥ 2 &
2upow 2101|3p . O
pomsees
uonsuDsy “— ....... W m m mnw <
uoobo) Fa 1) an E z
= p
2D My I m & %
o) ysin0uq 2 %8 u
o Oo-m C x
o x
o ’
z O % -
2048 i0 , >
- [e)
dioysu o
H 0%  xe 850
aujiow 2101 3P z ® x 000 o >0 x
® b »*
uoplsuon = D5 =R Ovmdm .@ P £
L]
uoobo)
- - (©]
[¢] Q 0 e) [}
2 I m @D w < e w w Q 0 w < &
FONVANNEY 3AILY I3 3ONVANNEY 3.iNn70S8Y

90 3IONVANNEY 3JAILYIIY 96 3IONVANNEY 3AILVI3Y

MUD



S

=

125

Off the river mouth which suggests that conditions of rapid sed=
imentation are adverse. Helative and absolute abundance do not vary
greatly from spring to summer and it must be assumed that the

species flourishes egually well in temperatures between 12 and 26°C.

The dead population distribution follows the seme pattern as
the living population indicating thet post — mortem redistribution of

Qe schlumbergeri is not very marked. Mean percentages for the

~ different assemblages are close to those of the living population

with the exception of the lagoon which has greater abundance in
the dead population. The size of most specimens is close to that

of the sand grains in the sediment; smaller specimens are prob-

ably winnowed away.

x

Fossil and recent occurrences:

No records of this species was found in any publication deel-
ing with Tertisry deposits or in any Tertiary samples in the
author's possession and it is likely that it is exclusively a
'recent' species. It is largely a Mediterranean species and it
appears in samples from the Rhbne delta, Sicily, Tripoli, Rimini
and other areas in the Adriatic. Weisner collected the type spec-
imens from the Adriatic and Sidebottom (1910) recorded it from
Palermo harbour. Schlumberger (1893) observed it in the Gulf of
Marseille and later Blsnc - Vernet (1963) said that it is common
living in sands from the seme area and is very sbundant in the
dead population. Kurc (1961) recorded the species living in the
Eteng de Thau on the Mediterranean coast of France, particularly

On sandy substrates with Zostera.
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. In the spring Triloculina sp. is widely distributed through
,v;l‘ml)lages except in the deepest water, but it is generally
in low frequencies. (ficure 54). The station with highest
tive abundance, SP/41, is located close to the end of the
‘e spit in the transition area.

" In the sumer szbundance is increased in all assemblages except
 transition assemblage (figure 55). There is a marked area of
: ~abundance in relatively shallow water off the southern spit
ﬂﬁ Teasonably high abundance extending all along the southern
~delta flank and around the spit into the southern trensition avea.
M is a similar area of high relative abtundance off the northemn
. - of the delta but abundance is low in both lagoons.

: ‘!ha abundance / depth plot in figure 55 shows that Iriloculina
’1. found within a depth range of 2y - 34m. but it is only
within a narrow part of this range, generally less than
14 m. The sediment / ebundance plot illustrates a distinct preference
= mds sediments although it does live in muddy sediments in

; _10' frequencies, The higher abundance in sumer suggests a prefer-

ence for warmer temperatures.

‘The dead population has very low relative abundance with no
ion exceeding 4 %, There must be considersble current redistrib-
«,;- °£ tests when 1living individuals die; the small size of the
means that it is easily trensported by currents.

This species was not specifically identified and so it is
, ible to define its modemn and fossil distribution from the
m. However, it is present in samples from the English
area, northern Spain, Rh8ne delta, Sicily, Hemmumet (Tumisia),
ﬁlﬁm and so it appears that its modern distribution includes
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LA 8 the least the Mediterranean and Atlantic coasts of Europe as
.~ far north as the English Channel.

Brizalina pseudopunctata (HSglund)

B« pseudopunctata is a very common species around the Ebro .
 delta occurring abundantly at most stations with normal salinity

_ (figure 56). In the spring percentzges ere low in the southern
(d8%oon but there is a distinct ‘'high' in the adjacent transition
&rea. Off the southern delta flank relative abundance is low
close to the shore but increases with depth to a maximum in the

18 -.; 5 m, depth range.

In the summer abundance sncresses considerably. Percentages are
:him in the legoons and the high in the southern transition area
~ is maintaineq with increased relative and absolute abundance. In
addition, deltaic marine, inshore and offshore  assemblages show
increases in mean relative and absolute abundance values (figure 57)»
but the trend of increasing abundance with depth to a maximm in
the 18 - 25 m, depth- range remains the same. The northern side of
the delta also has this pattern of distribution but the ‘'high'
in the transition area appears to. be continous with the higher
percentages of the offshore assemblage.

B. pscudopunctate has a depth range from 2% ->53 m. with
. maximm abundance within a range from 5 = 33 m. Following this
Percentages tail off and the deepest limit of occurrence of the
~ Species is probably not a great deal deeper than the deepest
- station sampled off the Ebro delts. The sediment / abundance plot

~ (figure 57) shows that the species can live in all grades of
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Sediment encountered but highest percentages tend to be in the
muddier grades. Although the species has an optimum depth range,
Beither depth nor sediment alone seems to be of over - riding
dmportance in detemmining its sbundance. High abundance is recorded
Off the river mouth in sumer so it can obviously tolerate con=
@itions of rapid sedimentation. The all - round increase in abundance
in the sumer suggests a preference for warmer temperatures and
Bomewhere between the spring and swmmer mean temperatures of 15

and  25° respectively is a value at which the species begins to
eproduce more rapidly then at lower temperatures. In conclusion

it Gal be said that within the normal narine environments around
the Ebro delta, B. pseudopunctata is an abundant species tolerant
of various conditions of +temperature, sediment, depth and turbulence,
Wt it has an optimun response to temperatures around 25°, a
Buddy substrate and a depth between 5 and 33 m.

In the dead population highest relative abundance usually
ooincides with areas of highest abundance in the living population
But mean percentages are on the whole lower than. for the living
population. It must therefore be concluded that post - mortem re=
@istribution is quite comsiderable; bottom currents can probably
transport the emall tests fairly ~easily.

Becent and fossil occurrences:

B. pseudopunctata was originally described by EGglund (1947)
from the (Gulnar Fjord and the Skagerak and he noted that it
Bas a depth range of 26 - 118 m. in the Gulmar Fjord but pre-
ferred the decper pert of this range. In the Skagerak it occwrred
in depths up to 500 m. uhese figures cemnot be compared directly
wWith the Ebro delta depth ranges as they refer only to dead

Specinens.,

The species seems to be solely a recent one; no record
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Be found in tne Upper Tertiary unless it has been wrongly
ed as B. punctata (d'Orbigny). There are records of the
living in the English Chamnel area; Murray (19652) reports
Plymouth and in Christchurch Herbour while the author has
8 from the French side of the Chsnnel and from Brittany.
; M%mm it occurs commonly in the northwestern area

- the northem part of the Adriatic. Blenc - Vernet (1963)
*d that the species lives abundently in muddy sediments in
Gulf of Nerseille but is less stundent in sands.

2 _2culeata d'Orbi gny

The areal aistribution of B. soulests is illustrated in figure
the spring it only occesionelly attains more then 10 %

Ve abundance. ‘here is a small area of high abundance in
Southern trensition area but there are very few occurrences in
Mﬂ“m lagoon. There appears to be no connection between
.fn” high and- the high percenteges in deep water southeast
 southern spit. 3, aculeata \is generally rare on the delta
Platform but abundance increases with depth and the offshore
¢ has the highest mean number of individuals per sample
59). The deltaic marine assemblage hes highest meen relative

the sumer there is a general increase in abundance.
there are a few more individuals in the southern lagoon,
high in the tremsition evea has diseppeared. Off the delta
there is an increase in percentages and the 5% contour
58) consequently runs closer to the shoreline. The high
* of the southermn spit in water deeper than 20 m. is
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maintained with the highest value exceeding 20%. The pattern on

the northern side of the delta is similar to that on the south-
em gside; abundance is low over the delta front platform and there
are only a few individuals found in the northern lagoon. Relative
and gbsolute abundance is slightly higher in the offshore assemblage
but the most notable incresse over the spring survey is off the
Tiver mouth, Here B. aculeata reaches its highest abundance, rising
from 9% nearshore to 34% in deep water.

The relative abundance / depth plot in figure 59 illustrates
that B, aculeata is fownd living in depths from 4 to at least 53
B, elthough it only attains significent percentages (more than 20%)
deeper than 19 m. It appears from this plot that relative abundance
WAy increase even more with further depth.

Although the species is able to live in sandy substrates it
rarely attains significant abundance on this type of substrate. It
shows a distinet preference for muddier sedimentis; practically all
high percentage occurrences are recorded in sediments with less than
10% of send grade material. Occurvences in the scuthern lagoon in
swimer may be due to the finer grade of sediment compared to the
Spring, Its high relative abundance in the shallow water of the
transition area may also be because of its preference for muddy
sediments. Elsewhere it only reaches this order of abundance at
greater depths where there are predominantly muddy sediments. It is
particularly abundant off the river mouth where sediments are favour-
eble from very close inshore, and it is obviously able to tolerate
and even flourish in the conditions of very ropid sedimentation.

There is a general increase in relative and absolute abundance
from spring to summer, particularly in the deltaic marine and off-
shore assemblages, indicating that the species flourishes better in
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Warmer :
temperatures. Many juvenile individuals were observed in the
Sunner :
& counts so the species had recently undergone, oOr was in
mi
ddle of, a Phase of relatively rapid reproduction.

The dead population is distributed on the same 1lines as the
living population. The greatest concentration of empty tests is off
th.e Tiver mouth and elsewhere there is a general increase in rel-
:::'eth:bu:da:ce with depth. However, mean relative abundsnce values

Ous assemblages are considerably lower than for the
COrresponding values for the living population and it must be con-
EMISE  that post - morten redistreibution of tests of B. aculeate is
quite considerable.

Fossil and Recent occurrences:

collected from beach sand
but it also recorded

(1946) noted that it has
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