Relation between currents and the growth of Palaeocene
reef-mounds

ERIK THOMSEN

LETHAIA

Thomsen, Erk 198307 15: Relation between currents and the growth of Palacocene recf-mounds.
Lethaia, Vol. 16, pp. 165=184. Oslo. 155N 0024-1164.

The Lower Palacocene {Danian) reef-mounds of southern Scandinavia are asymmetrical with stecp SE
flanks and more gently sloping MW flanks. Fragments of mainly arborescent bryozoans make up between
23 and 43% by weight of the sediment. The asymmetrical development of the mounds ks a result of
differences in the accumulation rate of bryozoans which was contralled by the growth and density of the
fauna. Density was relatively high on the SE fMank and low on the NW flank. The morphology of
individual brvozoan species also changes across the mound. Colonics living on the summit and the SE
flank were more robust than colonics living on the NW flank and in the basins. The patterns of
merphelogical and distributional changes are comparcd with the current regime of the mound recon-
structed on the basis of model experiments in a flume, The experiments indicate that the current velocty
was highest on the summit and lowest in the basins. Yelocitics on the flanks were intermediate but
considerably higher on the upcurrent SE flank than on the downcurrent NW flank. The robustness of the
colonies is positively correlated with the estimated current velocities, whereas the density of the fauna
was highest in arcas of relatively moderate velocities. The changes in density of the bryozoans, and
comseguently the ssymmetrical growth of the mounds, were controlled by differences in food availabality,
0 Bryozoans, density variation, flene experinents, morphalogical variation, reef-meonnds, water currents,
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Relations between water movement and the
growth and development of patch-reefs and reef-
mounds have long attracted interest from both
geologists and  biologists. The asymmetrical
shape and structure of many reefs and mounds
indicate that the fauna controlling their develop-
ment is often strongly influenced by water cur-
rents (Lowenstam 1950; Heckel 1974; Wilson
1975, MNeuman, Kofoed & Keller 1977; James
1979; Brown & Dunne 1980; Mullins, Newton,
Heath & VanBuren 1981; Braithwaite 1982).

In attempts to understand the process deter-
mining the shape and growth of these structures
most studies have focused on spatial changes in
the composition of their faunas. Little work has
been attempted to document interpopulation
morpnologic variation and changes in population
densities in a quantitative way. Together with
insufficient knowledge of the hydrodynamic con-
ditions, this has generally hampered detailed pa-
laeoecological interpretations.

This study presents such a quantitative analysis
on an asymmetrical Palaeocene reef-mound. The
current regime is reconstructed and the flow pat-
tern compared with the growth and distribution
of the mound fauna. The reef-mounds selected
for the study are the Lower Danian bryozoan
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mounds exposed in the coastal cliff at Karlby,
Denmark. The mounds lack a true framework
structure, but there is no doubt that the abun-
dant bryozoans were responsible for the mound-
growth. Well-preserved fragments of bryozoans
constitute more than 90% of the skeletal debris
from the benthic fauna and about 309 of the
sediment (Thomsen 1976). The bryozoans origi-
nally covered the mounds with a rich but spatial-
ly variable growth. There were significant differ-
ences in the density and composition of the fau-
na, and in the skeletal morphology of the individ-
ual species between the various parts of the
mounds. The flow pattern of sea water to which
these differences are related has been recon-
structed on the basis of model experiments in a
flume.

Palaeogeography and description of
the reef-mounds

The Lower Danian limestones of southern Scan-
dinavia were deposited in an elongate sea which
extended in a NW-5E direction across Denmark
and southern Sweden (Fig. 1). The sea was
bounded to the north by the Fennoscandian bor-
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Fig. 1. Palacogeographic reconstruction of the Lower Danian
sea showing the distnibution of the mound-forming bryozoan
limestone (hatched) and the position of the localitics. Map
madified from Hikansson & Thomsen (1979),

der zone and to the south by the Ringkabing-Fyn
High (Hakansson & Thomsen 1979). The sea
may have continued as a narrow strait across
Poland and have been connected to the sea in
which the Danian rocks of the Crimean Peninsu-
la were deposited (Pozaryska 1965; Pozaryska &
Szczechura 1968). To the NW it may have had
communication to the Atlantic and the Arctic
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Oceans through a channel between Scotland and
Norway (Thiede 1979).

The bryozoan limestone appears to have been
deposited in a more or less central zone arranged
lengthwise in the basin. The distribution of the
bryozoans was apparently related to the depth
and the current conditions of the sea (Hakansson
& Thomsen 1979). Calcareous algae are entirely
absent in the bryozoan limestone (E. B. Nielsen
after Bromley 1979) and deposition probably oc-
curred well below the photic zone (Bromley
1979). Thomsen (1976) suggested a depth range
of 80-150 m for the formation of most of the
bryozoan limestone.

Seen in two dimensions, as in the NW-5E
section of Karlby Klint (Fig. 2), the mounds
appear as up to 6 m high and 70 m long stream-
lined structures with the gradually tapering NW
tails constituting more than 60% of the length of
the structures. The mounds follow each other
successively without intermound facies. They are
composed of limestone beds which are thickest
on the steep SE flanks and thinnest on the more
gently sloping NW flanks and in the basins be-
tween adjacent mounds. In consequence of the
asymmetrical accretion mound summits migrated
progressively in a SE direction.

The three-dimensional shape of the mounds is
not known in detail. Earlier field studies in Den-
mark and southern Sweden indicated that the
shapes vary considerably from nearly circular
discrete mounds to elongate ridge-like structures
with the longest axis running perpendicular to
the two-dimensional section shown in Fig. 2
{Brotzen 1959; Cheetham 1971; Hikansson

Fig. 2. Sketch of the southernmost 330 m of the coastal cliff at Karlby. The structure of the reef-mounds is outlined by fint layers
(solid lines) and marly horizons (dashed lines). Dotted portion of the section shows the transverse shape of the model used in flume
cxperiments (sce Fig. 8).
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Fig. 3. Map of the coast cast of Hanstholm (ef. Fig. 1) showing spatial distribution and shapes of bryozoan reef-mounds. The scale
shows the approximate position of the coastline at mean tide level. Point 0 m on the scale is located 75 m cast of Hamborg

Landingssted.

1971; Thomsen 1976). An abrasion surface re-
vealing horizontal sections of bryozoan mounds
(Fig. 3) has recently been exposed on the North
Sea coasts east of Hanstholm (Fig. 1). The lime-
stone here is of Middle Danian age, but the
mounds — although smaller — are similar in cross-
section to those at Karlby, Most mounds at
Hanstholm are discrete oval structures, with the
longest axis running NE-5W. Some mounds are
more elongate ridge-like structures, apparently
with undulating crests. The spatial orientation of
the mounds at Hanstholm is similar to the orien-
tation estimated for the mounds at Karlby.

Description of the biotic zones

Thirty-nine samples were collected along two
transect lines across a single mound (Fig. 4). The
two lines yielded essentially the same informa-
tion and for brevity some of the results are pre-
sented only for one of the transects. Laboratory
procedures have been described by Thomsen
(1976).

The weakly lithified limestone is composed of
23-45% by weight of marine benthic inverte-
brates = 125 pym in a finer-grained matrix com-
posed mainly of coccoliths and planktic foramini-
ferans. Fragments of cheilostome and cyclostome
bryozoans constitute more than 90% of the skel-
etal debris of the benthic fauna. The remaining
macrofossils consist of echinoderms, brachio-
pods, molluses, octocorals, and benthic foramini-
ferans. Aragonitic molluscs are not preserved.
Spicules of sponges are rare, but abundant flint
indicates that siliceous sponges were originally an
important group. The preserved fossils show no
indication of transportion (Thomsen 1976).

The present study, in general, concentrates on
the cheilostome bryozoans which make up be-
tween 30 and 50% of the bryozoans. A total of
91 cheilostome species have been recognized.
The important species are present in all parts of
the mound but a large proportion of the species
are rare and no more than 51 species were found
in a single sample. Each sample consists of about
1000 cheilostome fragments. Arborescent colo-
nies which are dominant in terms of weight in-
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Fig. 4. Cross-section of the investigated reef-mound (no. 3 in Fig. 2) showing the position of the samples.,
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Fig. 5. Variation in abundance (weight equivalent percentages)
of species of cheilostome brvozoans in the fraction < 0.5 mm of
samples from the A samples serics (ef. Fig. 4). The speeies are
grouped according to their growth form and numbered as in
Table 1.

clude 20 species. In contrast, the less important
group of encrusting colonies is composed of 56
species. Fifteen species have other growth forms
(see below).

There is no apparent difference in the diversity
of species between samples from various parts of
the mound, but differences are present in the

relative abundance of growth forms, in the rela-
tive abundance and morphology of individual
species, and in the density of the fauna as a
whole. For the sake of simplicity four habitats
will be considered below: the summit, the steep
SE flank, the more gently sloping NW flank, and
the basins.

Relative abundance of growth forms

Rigidly arborescent colonies with branches that
are circular in cross-section (vinculariiform habi-
tus) characterize the flanks of the mound and are
especially common on the gently sloping NW
flank (Fig. 5, Table 1). In contrast, colonies in
which the branches are compressed in cross-sec-
tion (adeoniform habitus) dominate on the sum-
mit. Erect colonies connected to the substratum
by flexible fibres (radicelled habitus) and en-
crusting colonies (membraniporiform A habitus)
are most common on the steep SE flank and on
the summit. Fragments included in the mem-
braniporiform B group are unattached flat or
curved plates. The group is apparently composed
of two subgroups. Some plates belong to species
that are also found encrusting solid substrates
(termed MBA in Table 1 and Fig. 5). Others are
found exclusively as unattached plates (termed
MBB). Fragments in the first subgroup probably
originate from colonies which were encrusting
substrates that later disappeared. Their distribu-
tional pattern is similar to that of the encrusting
colonies included in the membraniporiform A
group. Fragments of the second subgroup prob-
ably belong to colonies that originally formed
either unattached plates or large hollow tubes.
This group is most common on the upper part of
the NW flank (Fig. 5).

Variation in morphology of arborescent
species

WVariations in the morphology of the most com-
mon arborescent species have been treated in
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detail by Thomsen (1977), and only a few impor-
tant observations need to be discussed here.

sSome species, like Floridinag gothica, Porina
salebrosa, and Onychocella  columella, have
branches in which the mean branch width
changes significantly across the mound (Table 2).
In other species, such as Pachythecella lundgreni
and Columnotheca cribrosa, the branch width is
constant {Table 2). Among the species in which
the mean branch width varies significantly there
seems to be a consistent pattern of higher means
on the summit than on the steep SE flank, and of
higher means on the SE flank than at the same
horizontal level on the NW flank. The NW flank
is, in general, not different from the basin. The
populations from the four localities were exam-
ined further to test the sigmficance of these dif-
ferences. Multiple comparison of the means (the
Student Newman Keul test, Sokal & Rohlf
1969:240) of each species shows that the differ-
ences between the summit, the SE flank, and the
NW flank are, for the most part, significant (Ta-
ble 3). Exceptions do occur but never between
the same two localities in both sample transects,
There is no significant difference between the
NW flank and the basin.

Variation in relative abundance and density
of arborescent species

The asymmetrical shape and structure of the
mounds indicates that their development was
controlled by variation in the density of the bryo-
zoans. This variation can be quantified because it
is possible to follow individual beds across the
mound. Assuming that a bed is deposited within
the same time interval throughout the mound,
changes within the thickness of a bed are a result
of variation in the rate of deposition. The rela-
tive accumulation rates of bryozoans can then be
calculated by analysing the content of bryozoans
in the limestone in the various parts of the
mound. Such calculations give rates of accumula-
tion of the SE flank, the summit and the N'W
flank in the proportions 10:5:3 (Fig. 6B). In or-
der to convert these figures into absolute accu-
mulation rate we have to know the absolute rate
of deposition. Bromley (1979), taking account of
hiati within the sequence, suggests a minimum
rate of deposition of about 20 em/1000 years for
the SE flanks on the basis of a calculated rock
production rate of 10 em/1000 years by Thomsen
(1976). Using this figure the following absolute
accumulation rates of bryozoans =125 um are
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Table 1. List of the most important cheilostome brvozoans in
the investigated mound, The specics are arranged according to
their growth form.

Vinculariiform

Vi Flaridina gotica (d"Orbigny)

V2 Pachyihecella lindgrend (Pergens & Meunier)
V3 Columnotheca cribrosa Marsson

V3 ‘Membranipora’ sparsizping Voagt

Vi Taenioporing articulate Voigl
Adeoniform
Al FParina salebrosa Marsson

A2 Onychocella columella Berthelsen
Al Pithodella cincta Marsson
Ad Membraniporidra declivis (Marsson)

Radicelled forms

R1 Smitripara? privsatica (v, Hagenow)
R2 Stamuocella pristis (Levinsen)

Membraniporiform A

MAI
MAZ
MA3
MA4
MAS
MAB
MA7

Actimella pindborgd Berthelsen
Pliophlpea cf. palea Lang

Fliophloea sp.

Achmella laristoma Berthelsen
Membraniporella squamulosa (v. Hagenow)
Ellisina britannica {Brydonc)

Ellising reticulara (Levinsen)
Membraniporiform B

MBAT Semiescharinella complanara " Orbigny
MBAZ Puncturiella sculpra (d"'Orbagny)

MBEBI1 Callopora moanocera (Marsson)

MBB2  Ampliblesirella elegans (v, Hagenow)
MBB3 "Membranipora” sp.

MBB4  Thyracella sp.

obtained; 95 g/m® per year on the steep SE
flank, 50 g/m® per year on the summit, and 30 g/
m? per year on the NW flank and in the basins, If
all bryozoans are preserved the absolute accumu-
lation rate is identical to the rate of production of
skeletal material, which again is considered to be
proportional to biomass and percent coverage of
bryozoans.

WVariations in the relative abundance of the five
most important arborescent species are shown in
Fig. 6C. The distributions are generalized from
both the A (Fig. 5) and the B sample series. The
investigated species are found in all parts of the
mound, but in clearly different proportions. Spe-
cies dominant on the summit are relatively rare
in the basins and vice versa. There seems to be a
relationship between the distributional pattern
and the morphology and morphological plasticity
of the various species. Species that are able to
alter their branch width significantly (see Table
2) are, in general, more common and widespread
than species which are not able to alter their
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Table 2. Basic statistics and F-ratios for the branch width (in mm) of five cheilostome species from th.:: summit. the 5E flank. the
NW flank. and the basin, cach based on 40 measurements. F-ratios are calculated for each transect separately. Sample positions on

the mound are shown in Fig, 4.

Orrigin of samples

Specics Summit SE flank NW flank Basin F-ratio
AT A Bl A2 Al B0 AlZ AlS BIS B30

Porina salebrosa £ 0.8 088 086 083 0e8 069 26.07°**
sd 04 DG o1 0il 0.11 0.14

Porinag salebrosa £ 0.95 086 079 0. 79 1141
sd [18 ) .16 017 0.18

Floriding gothica i D8} 079 0 073 0.66  0.59 45.28%="
sd 01 il 010 008 007 007

Floriding gothica i 0.81 (.66 0.54 0.59 92.59%="
s n.oe 008 06 006

Onychocella columella i 088 DBl 083 078 075 073 GG ="
sl 012 013 ol o o o

Onychocella columella i .39 07T 0.7 072 LR,
sl 021 0.17 017 6

Columnotheca cribrosa £ 07T 0.6 071 00 070 068 0.93 ns
s 006 D08 007 008 008 007

Columnotheca cribrosa i 0.73 0.72 0.71 072 (.60 ns
sd 0,07 0.07 0os 009

Pachythecella lundgrent i - - 06l 063 059 0.6l 0.81 ns
sd - - 007 008 00e 008

Pacliythecella lundgreni i - 062 .57 0.57 [L68 ns
sd - 0.0 0os 007

=** significant, F<0.0001; ns - not significant

Table 3. Multiple comparison among means of branch width of
the species of Poring salebrosa, Floriding gothica, and Onyeko-
cella columella, Samples not considered significantly differem
are grouped in braces, Sample positions on the mound are
shown in Fig, 4.

Species Sample number

Poring salebrosa AT A9 A2 A3 ALY AIS
Poring salebrosa Bll BI0 B20 Bl

Flaridina gothica AT AT AZ AT ALY AIS
Floridina gothica BI1 BID B20 BIS
Onychocella columella AT A2 AR 3 All AlS
Onychocella columella BIl BI0D B0 _BI1S

skeletal morphology.  Pachythecella  lundgreni
and other delicate species that cannot change the
branch width are abundant only on the lower
part of the NW flank and in the basins. Fig. 6D
presents estimates on the accumulation rate of
the same five species. The estimates are based on
the total accumulation rate of bryozoans (Fig.
6B) and the relative abundances of the species
concerned (Fig. 6C). All arborescent species,

except for Pachythecella lundgreni, were more
successful on the SE flank than in any other part
of the mound. In fact the overall importance of
the various species in the mound community dif-
fers considerably from that indicated by their
relative abundances. For example, the average
relative abundance integrated over all samples is
1.6 times higher for Porina salebrosa than for
Pachythecella lundgreni. In terms of skeletal ma-
terial, however, Porina salebrosa produces 3.2
times more than Pachythecella lundgreni, namely
2.3 g/m* per year as compared to 0.7 g'm”® per
year.

Variation in relative abundance and density
of encrusting species

The distributional pattern of the dominant en-
crusting species is shown in Fig. 7B. The encrust-
ing species are characterized by a relatively much
more uniform distribution than the arborescent
species. The six most common species oceur in
approximately equal proportions in all samples.

Mearly all encrusting species used dead
branches of arborescent colonies as substrate,
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Comparison of samples from the SE flank and -
the NW flank taken at the same vertical level
shows that the proportion of branches with an
encrusting epifauna is always significantly higher
on the SE flank (Table 4). The only pair of
samples that are alike in the proportion of epi-

fauna are A8 and A9 from the summit of the
mound, Less than 0.5 m below the summit the
fraction of encrusted fragments on the NW flank
is only half that on the SE flank. It is also of
interest to note that the proportion of encrusted
branches is significantly higher on the central and
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Table 4. Comparison of the proportion of branches with an epifauna on the SE flank and the NW flank. Test from Sokal & Rohlf

(196%:608). Sample positions on the mound are shown in Fig, 4.

Sample position Vertical distance Froportion of branches
on the mound of samples from {d = 0.5 mm) with
mound summit {m) cpifauna (%) !

SE flank NW flank SE flank NW flank

AR - AY 0.15 13 14 =0.87 ns
N= 1559 N = M8

AT - AlD 0.40 16 8 538
N = 1866 N = 56

Al - All .70 23 6 15.62**
N = 2089 N=1759

AS - Al2 1.00 16 7 B42%
N=21T2 N = 2037

Ad - Al3 1.40 13 4 14,85
N= 1907 N = 2028

Al - Ald 1.80 16 5 10,39+
N=21% N= 1271

A2 - AlS 2.20 15 fi 15.64*
N = 2080 N = 1920

Al - - 2.50 14 - -
M=220

** significant, P<0.001; ns- not significant.

Table 5. Differences in the proportion of branches with an
cpifauna between the summit (AR + A%2) and samples from
the two flanks. Differences are tested according 1o Sokal &
Rohlf (1969:608). Sample positions on the mound are shown in
Fig. 4.

5E flank

AT AR AS A4 Al A2 Al

Summit
samples 2.5 90" 2.5% 45" 25* 1.5ns 0.5ns
(AB+ AD)2

NW flank

Al ATL AI2Z A1 Al4 AlLS
Summit
samples =65 =007 =8.0** =12.0"*=0,0** -9 **
[AS + A2

** significant, P<0.001;
significant

* significant, P<0.02; ns - not

upper part of the SE flank than on the actual
summit (Table 5), which again has a higher pro-
portion than the N'W flank.

On an average the proportion of branches ex-
ploited as substrate by encrusting colonies is
about three times higher on the SE flank than on

the NW flank. Since the density of arborescent
colonies varied with a factor of about 3.3:1 be-
tween the same two habitats it follows that the
difference in density among the encrusting colo-
nies was in the order of 10:1 (Fig. 7C).

Reconstruction of the current
regime

In order to reconstruct the water movement over
the mounds at Karlby, a physical model of the
mounds was built in the scale 1:100 and tested in
a flume. The model (Fig. 8) represents the south-
easternmost 350 m of the section where five
mounds are exposed (Fig. 2). The mounds were
modelled to be geometrically similar to the origi-
nals with the assumption, however, that they are
elongate ridge-like structures. This simplification
is necessary since the exact shape of the mounds
at Karlby is not known. The experiments are
described in detail in the appendix. Only the
conclusions are presented here, some of which
have already been used in an earlier publication
{Thomsen 1977},

The asymmetrical shape of the mounds and
the asymmetrical distribution of the benthic fau-
na show that the current direction was parallel to



LETHAITA 16 {1983)

Palaeocene reef-mounds 173

Current direction

Fig. 8 Sketch of model used in flume experiments. Current velocities were measured across mound no. 3 (hatched).
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Fig. 9. Current regime across the investigated mound reconstructed on the basis of flume experiments (see appendix). Current
velocities relative to the maximum velocity near the summit of the mounds are shown by equal velocity comours. The lines across
the mound connect points on the upcurrent and the downeurrent flank with equal bottom current velocitics, Maotion of dye injected
into the water at various points across the mound is shown by the hatched and dotted arcas.

the present day profile at Karlby, which, as
noted earlier, is perpendicular to the longest axes
of the mounds. In the reconstruction of the cur-
rent regime shown in Fig. 9 the steep SE flanks
face the currents. The relative current velocities
across the mound will first be considered. Mini-
mum velocities occurred on the lower part of the
NW flanks and in the basins. The velocities in-
creased gradually up the SE flank and reached a
maximum across the summit. From here the ve-
locity rapidly decreased down the leeward NW
flank. Velocities in the basins were approximate-
ly 40-50% of the velocity across the summit.
Current velocities were higher on the upstream
SE flank than in points at the same vertical level
on the NW flank. For example, centrally on the
NW flank velocity was 60-70% of that on the SE
flank.

Water movement was everywhere forward,
and there was no recirculation in the lee of the

mounds. The flow was always highly turbulent,
but study of dye injected into the water at var-
ious places across the mound indicates that the
upstream SE flank was the region of most intense
mixing (Fig. 9). Faster moving water from higher
levels in the flow mixed with slower moving wa-
ter from the basins. This water then flowed as a
smooth continuous layer across the summit.
With the less steep NW flanks of the model
facing the currents the pattern of flow across the
mound is in several respects different from that
described above. First of all the experiments
showed that the flow would separate immediate-
ly behind the summit, and a separation bubble
with recirculating water would develop in the
basins. Water here would be slow moving, or
stagnant, and the difference in velocity between
the summit and the basins, and between the two
flanks, would increase as compared to the situa-
tion with the steep SE flank facing the currents,
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Furthermore, on the upstream flank the experi-
ments indicated a rapid change in velocity from
slow moving water in the separation eddy to
forward moving water on the upper part of the
flank. It seems that the flow regime of the second
alternative is completely incompatible with the
distributional patterns of the bryozoans present-
ed in the foregoing section, and it will not be
considered further,

Growth and development of
bryozoan reef-mounds

The asymmetrical development of the reef-
mounds is a result of differences in the abun-
dance of bryozoans across the mound. The main
purpose of the present paper is to explain these
differences with regards to the environmental
parameters of the mound. It would appear from
the foregoing sections that currents are here con-
sidered to be the most important parameter. A
large number of physical factors, such as tem-
perature, salinity, light, depth, rate of sedimen-
tation, and availability of substrate are unlikely
to have been responsible for the bryozoan distri-
bution observed in the present study. Tempera-
ture and salinity would undoubtedly be essential-
ly constant within an area as small as a single
mound. Light and depth can be ruled out be-
cause the greatest variation in the bryozoans is
between samples from exactly the same horizon-
tal level. The rate of sedimentation of pelagic
skeletal material was slow since most of the sedi-
ments in the mound are grain-supported. Differ-
ences in substrate availability are also unlikely to
have been a major factor since the bryozoans
formed their own substrate. Larvae settled on
fragments of dead colonies of earlier generations
of bryozoans.

Consequently in order to explain the changes
across the mound in the growth and morphology
of the bryozoans we are left with factors related
to water movement. In the present study it ap-
pears that the distribution of bryozoans may be
influenced by water movement in two ways.
Firstly, the distribution may be determined by
the structural strength of the colonies in relation
to the physical force of the moving water. Sec-
ondly, water movement may affect the distribu-
tion by determining the overall availability of
food. Bryozoans are external filter feeders and as
such are to a large extent dependent on water
movements for food supply (Jebram 1977; Buss
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& Jackson 1981). Other influences related to
currents, such as removal of waste and oxygen-
ation, are regarded as of subsidiary importance.

Structural strength and distribution of
bryozoans

The role of currents on the distribution of bryo-
zoan growth forms has been discussed by numer-
ous authors (Stach 1936: Berthelsen 1962;
Cheetham 1963, 1971; Lagaaij & Gautier 1965;
Labracherie & Prud’homme 1967; Schopf 1969;
Labracherie 1973; Pouyet 1973). The general
correlation between current strength and the
growth form of bryozoans recognized by these
authors agrees well with the estimated relative
current velocities (Fig. 9) and the distribution of
growth forms in the reef-mounds at Karlby (Fig.
5). Rigid arborescent forms with flattened
branches (adeoniform growth) are, in general,
more successful in more rapidly moving water
than forms with cylindrical branches (vincularii-
form growth). The relative abundance of adeoni-
form and vinculariiform colonies across the
mound therefore suggests that current velocities
were highest on the summit and the SE flank.
The distribution of erect forms with flexible basis
{radicelled forms) and of encrusting forms {mem-
braniporiform A) similarly indicates more vigor-
ous water on the summit and the S5E flank.

The variation in branch thickness of Porina
salebrosa, Floridina gothica, and Onychocella co-
fumella (Table 2) is also positively correlated
with the estimated current velocities (Fig. 10),
From mechanical considerations (Cheetham
1971; Thomsen 1977; Cheetham & Thomsen
1981) such a relationship could be expected, and
a correlation between branch thickness and wa-
ter movemnent has also been reported from sever-
al other sessile arborescent animal groups (Riedl
1972; Grigg 1972; Schumacher 1973; Chamber-
lain & Graus 1975; Velemirov 1976; Graus,
Chamberlain & Boker 1977; Ditlev 1980).

A decrease in branch thickness in recent bryo-
zoans reported from caves (Harmelin 1973, 1976)
is possibly related to the absence of currents, but
s0 far only one study has related branch diameter
of bryozoans to actual measurement of current
strength. Schopf, Collier & Bach (1980) studied
the cyclostome Heteropora pacifica from four
localities with different current regimes near Fri-
day Harbour, Washington. Bryozoans from four
different depths were measured at each locality.
They found that the average branch diameter of
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Fig. 10. Mean branch width of Porina salebrosa (A), Floriding gothica (B), and Oaychocella columella (C) plotted against the

estimated current velocities,

H. pacifica decreases significantly with depth but
at any given depth there is no difference between
localities which differ several orders of magni-
tude in current velocities.

The responses of C. cribrosa and P. lundgreni
from the Danian reef-mounds seem in many
ways to be similar to that of H. pacifica. C.
cribrosa and P. lundgreni do not change across
the reef-mound (Table 2) but both species pro-
duced significantly thicker branches at other lo-
calities, such as at the poorly fossiliferous Middle
Danian locality at Voldum (Table 6). Schopf er
al. (1980) suggest that the changes in the branch
diameter in H. pacifica may be a function of
differences in light and therefore in food. Such
an explanation may also be valid in the case of C.
cribrosa and P lundgreni, but it cannot directly
account for the variation in F. gothica, P. sale-
brosa, and Q. columella. As noted earlier, any
explanation related to depth, such as light, can
be discounted in the present study. Higher
amounts of food on the SE flank and the summit
than on the NW flank and in the basins can
probably best be explained by the current re-
gime. Therefore the currents may have exerted
control over the branch thickness, either directly
through the physical force of the moving water,
or indirectly by controlling the food supply. The
fact that the branches are thickest on the summit
and not on the central part of the SE flank where
the growth was richest suggests that the first
explanation is the most probable (see also next
section).

Water agitation seems also to be reflected in
the way that the arborescent species are associat-
ed. The distribution of the bryozoans was pre-
sented in the framework of four different
mound habitats: the summit, the upstream SE
flank, the downstream N'W flank, and the basins.
However, the boundaries between the various
habitats are transitional (Figs. 6, 7). It seems that
the growth of bryozoans across the mound could
be regarded as a continuum of populations (cf.
Whittaker 1975) rather than as discrete units.
Mevertheless, Q-mode cluster analysis of the ar-
borescent species groups together samples in
units which closely conform with the empirically
formed habitats (Fig. 11). A similar relationship
is not present in the encrusting part of the fauna.
The dendrogram of the encrusting species (Fig.

Table 6. Branch width {in mm) of Colimaoctheca cribrosa and
Pachythecells Tundgreni from the Middle Danian locality at
Voldum (location, of. Fig. 1). F-ratios are from comparison
between Voldum and all samples in the A sample transect at
Karlby.

Species Feratio
Celenmrotheca eribrosa i 1.22 100 65"
sd 017
N 16
Pachythecella lundgreni i 0.72 3.2
sl 0.0
No25

**® significant, P<0.001; * significamt, P <005
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11) clusters samples from the upcurrent SE flank
(A2 and A4) with samples from the NW flank
{All and A15). The distinct zonation of the ar-
borescent species and the random distribution of
the encrusting ones suggest that the major fac-
tors controlling the relative abundance of the two
groups were not the same. The most likely factor
that would produce a clear pattern in the ar-
borescent species but not in the encrusting ones
is current strength. Encrusting bryozoans are not
susceptible to the physical force of water move-
ment to the same degree as are arborescent ones.
Furthermore, since the encrusting bryozoans
mostly settled on dead fragments of erect colo-
nies, they lived in more protected and quieter
microhabitats closer to the bottom. Food supply,
the other important factor recognized in the pre-
sent paper, would probably not affect the rela-
tive distribution of the two groups differently.

Availability of food and distribution of
bryozoans

The question concerning the differences in the
density of the bryozoan fauna between the SE

AT KIS

Fig. 1. Q-mode dendrograms of relationships
among the 15 samples in the A sample transect.
The unweighted-pair-group-method clusterings are
based on arcsing-square-root-transformed  and
standardized weight equivalent percentages of spe-
cies having at least one abundance of 1.5% or
greater of occurring in at least five samples. The
upper dendrogram is based on sixteen arborescent
species. The lower dendrogram is based on cight-
cen encrusling spocies.

and the NW flanks (Figs. 6, 7) is important be-
cause these differenses are responsible for the
asymmetrical shape and growth of the reef-
mounds. As discussed in the foregoing section it
seems possible to explain the changes in the rela-
tive abundances of the arborescent species in
terms of different mechanical responses of the
individual species to the physical force of water
movement, However, the direct effect of water,
agitation does not seem to have been the most
important factor controlling the variation in the
absolute abundance. For example, the high den-
sity of bryozoans on the upcurrent SE flank com-
pared with the low density on the downcurrent
NW flank cannot be explained by differences in
the physical stress, as the high density is in the
region of high stress (Fig. 12A). Furthermore,
the relatively low density on the summit is pre-
sent in both the encrusting and the erect part of
the fauna (Fig. 12B). The decline in the encrust-
ing fauna cannot be directly related to the com-
paratively high velocities on the summit. En-
crusting colonies could not be damaged even by
the hydraulic action of the highest current veloci-
ties conceivable in the present study. On the
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other hand, on the summit direct water agitation
should not be completely neglected as a possible
limiting factor for the density of the erect part of
the fauna.

Amongst other factors which are influenced by
currents and related to density of filter feeding
bryozoans, only food supply seems able to ex-
plain the observed differences. There is no doubt
that the hydrodynamic conditions are important
for the amount of food available for filter feeders
{Riedl 1971, Wildish 1977; Lidgard 1981). How-
ever, the distributional data from the mounds at
Karlby do not unambiguously suggest how these
two factors are related in the present case. At
least two hypotheses seem relevant to this prob-
lem.

According to the first hypothesis the difference
in the density of the bryozoans is a result of food
depletion. A recent example that may support
this hypothesis is given by Buss & Jackson
(19813, In a Jamaican coral reefl environment
they performed a number of experiments allow-
ing measurements in site of food particle deple-
tion as a function of the abundance of suspension
feeding sponges and bryozoans. They found that
the two groups were highly effective in retaining
food particles from the ambient water. The level
of food depletion was positively correlated with
the abundance of suspension feeders, and with
dense growth high levels of depletion might re-
sult in competition for food.

An example of significant plankton depletion
that in many ways could be parallel to the situa-
tion at Karlby has been described by Glynn

Relative current velocity

(1973a, b). Crossing a 100 m wide reef flat of a
coral reef in the Caribbean Sea, the diatom crop
of the water entering the reef was reduced nu-
merically by 91% and the zooplankton by 60%.
In a similar way, the density of bryozoans on the
Danian bryozoan mounds was greatest on the
central part of the upstream flank because the
water flowing near the sea bottom on this part of
the mounds was mixed with food-rich water from
the free flow. Downstream from this point water
mixing decreased and the food was gradually
removed from the water as a result of consump-
tion by the suspension ieeding animals. The
maximum depletion in the water passing the
mound was on the downstream flank and in the
basins., Consequently the lowest abundances of
bryozoans are found on these parts of the
mound.

The Caribbean coral reef environment differs
from the Danian bryozoan mound environment
in a much shallower water depth for the former
(2040 cm), and it is difficult to ascertain wheth-
er the two systems are directly comparable. Be-
cause of the deeper water over the bryozoan
mounds and because of the turbulent nature of
the flow, influx of new nutrients might have oc-
curred in all parts of the mound. Nevertheless,
the depletion hypothesis is strongly supported by
observations made in the flume experiments
(Fig. 9). Study of dye injected into the water at
various points across the mound model indicates
that food was probably not equally available in
all parts of the mound. The observations suggest
that near the surface of the upstream flank of the
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original mounds, fast-moving food-rich water
from relatively high levels in the flow, was forced
together with smaller amounts of water from the
basins. This water moved as a smooth continuous
layer over the summit. Downstream from here
the bottom layer gradually moved outward from
the mound surface and dissipated, the upper part
mixing with fresh water.

The depletion hypothesis explains the distribu-
tion of bryozoans independently of differences in
current velocities across the mound. This con-
trasts to the second hypothesis, in which the
distribution is interpreted in the light of current
action. Increasing water movement normally
provides an enriched food supply and is there-
fore favourable for the growth of filter-feeding
animals (Zatsepin 1970; Riedl 1971; Fedra 1977;
Wildish 1977; Buss & Jackson 1981). On the
other hand, in areas where water is stagnant or
movement is very slow the result is often a de-
creasing population density. These observations
are consistent with a high density of bryozoans
on the upstream flank and the summit and a low
density on the downstream flank and the basins.
However, they do not explain why the absolute
highest density occurred on the central part of
the upstream flank and not on the summit where
water velocity was at a maximum. It might be
suggested that the relatively low density on the
summit is a result of reduced filtering on this part
of the mound. It has been shown for scleractinian
corals that current strength influences feeding
behaviour (Hubbard 1974) and that in many ex-
ternal filter feeding animals, feeding is less effi-
cient if the intensity of the moving water be-
comes too great (cf. Magnus 1967; Riedl 1971;
Mayer 1973; Lidgard 1981). However, this expla-
nation is not convincing, since flow velocities
must have been fairly low (a few centimetres per
second) in all parts of the mound, and since
bryozoans are often particularly abundant in
areas with relatively fast ambient currents (Ry-
land 1970, 1976). That current velocity in itself
may not be the most important factor is strongly
supported by a comparison of places on the two
flanks with the same estimated current velocity.
The SE flank always provides a richer growth of
bryozoans than the NW flank (Fig. 12).

The general importance of food as a limiting
factor is probably also reflected in the fact that
the maximum decline in the density of the en-
crusting species from the SE flank to the N'W
flank is in the order of 10:1, compared with only
3.3:1 in the erect species. By growing into the
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currents, erect species, in the case of competition
for food, would tend to gain an advantage over
species that encrust substrates directly on the
bottom.

Thus, of the three ecological factors - water
movement as a physical force, water movement
as a transporting agent for food, and food deple-
tion — the density of the bryozoans seems mainly
to be controlled by food depletion. The food
depletion hypothesis clearly provides the most
simple answer to the rather surprising fact that
mound growth was most rapid on the upstream
flank and not on the summit where current veloc-
ity was greatest. Differences in the food supply
as a result of differences in the flow velocity may
have contributed to the high density on the up-
stream flank but cannot explain the relatively
low density on the summit.

Palaeoecological conclusions

(1) The asymmetrical Lower Danian Bryozoan
reef-mounds were covered with a rich but - in
terms of species composition, morphology, and
density - variable growth of bryozoans. Density
was greatest on the steep SE flank and lowest on
the more gently sloping NW flank. The differ-
ence in density between the two habitats was for
arborescent colonies in the order of 3.3:1 and,
for the encrusting colonies, in the order of 10:1.

(2) The environment of the mounds was greatly
influenced by currents from the southeast. On
the basis of model experiments in a flume the
flow pattern and the relative current velocities
across the mound are reconstructed. The experi-
ments indicate that a separation bubble down-
stream of the summit was not present. Mean flow
was everywhere forward. Flow velocity was high-
est near the summit. The velocity in the basins
was approximately 40-50% of the velocity on the
summit. The velocity on the downstream NW
flank was considerably less than the velocity on
the upstream SE flank.

(3) The physical force of the currents controlled
the relative abundance and the morphology of
the arborescent species, whereas the different
current velocities are not reflected in the relative
abundance of the encrusting species.

(4) The density of bryozoans was highest in areas
with intermediate current velocities (the up-
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stream SE flank). Habitats with higher (the sum-
mit) and lower current velocities (the down-
stream N'W flank) both supported a less dense
fauna. Variations in density of the bryozoans
were mainly controlled by differences in the
amount of available food. Differences in the
abundance of bryozoans were responsible for the
shape and growth of the mounds.

Comparison with other patch-reefs
and reef-mounds

Modern carbonate sediments rich in bryozoans
are prominent on many middle to outer shelves
from the tropical to the arctic seas (Wass, Conol-
ly & MacIntyre 1970; Caulet 1971; Milliman
1974; Scoffin er al. 1980), but, so far, mound
structures comparable to the Danian bryozoan
reef-mounds have apparently not been de-
scribed. It appears to be difficult to find modern
counterparts that can be used directly in inter-
preting the depositional environment of the Dan-
ian Mounds, although some of the environmental
parameters recognized as important for the de-
velopment of these mounds also have been dis-
cussed in relation to modern build-ups. The ef-
fect of low-velocity currents upon reef symmetry
and coral distribution are illustrated by Brown &
Dunne (1980) in a study of patch-reefs in the
Caribbean Sea. A study by Neuman er al. (1977)
shows that asymmetrical mounds also can be
found in deep waters if there are prevailing uni-
directional currents. Neuman er al. (1977) found
numerous discrete carbonate mounds at depths
between 600 and 800 m in the Straits of Florida.
These mounds differ from the Danian reef-
mounds in size, spatial orientation relative to the
current direction, and fauna content, which does
not include bryozoans. The nature of their
growth is only poorly known, but submarine lith-
ification apparently plays an important role. Bot-
tom currents were also recognized to be an im-
portant factor in the development of numerous
coral mounds found north of Little Bahama
Bank (Mullins et al. 1981) at water depths be-
tween 1000 and 3000 m. Despite great differ-
ences in faunal composition, these mounds may
be the closest recent analogues to the Danian
reef-mounds.

In the geological record, bryozoans, acting ei-
ther alone or in conjunction with other groups,
were important frame-builders in many patch-
reefs and reef-mounds, especially of Palacozoic
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age (Cuffey 1974, 1977). The development,
growth, and oceanographic regime of these
mounds are only known in broad and generalized
terms, The model of mound-growth advanced in
the present paper for the Danian reef-mounds
might provide a wseful working hypothesis for
these structures also.
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Appendix

The current reginie was reconstructed by model experiments in
a frec-surfoce flume which was 12 m long. 1.5 m wide, and 0.6
m deep. Five mounds were modelled in the scale 1:100 (Fig. 8).
They were built geometrically similar to the originals, with the
assumplion, however, that the mounds are elongate ridge-like
structures, Studies of Mlow pantern and current velocitics were
restricted o mound no. 3. Velocities were measured in four-
teen vertical profiles across this mound (Fig, 13). In cach
profile measurements were made at cleven points located with
the closest spacing near the bottom. The current specds are
mean values measured with micropropellers (diameter 6 and 12
mm) over a one-minute period. Experiments were conducted
with surface velocities in profile no. 8 varving from 3 to 60 cm/
sec. The exact velocitics over all parts of the mound could only
be determined with micropropellers when the mean velogity in
profile no. 8 was above 20 cmisee, However, differences in the
flow velocities with lower currents in the flume could be esti-
mated with a reasonable degree of accuracy by studving the
mation of dye injected into the flow al varous places across the
maound.

In order to ensure that the model-test data applies 10 the
original mounds, it is necessary that the flow in the model and
in nature are dynamically similar. The conditions under which
similarity of the two systems will be achicved are obtained by
analysing the influence of gravity forces and frictional (viscous)
forces on the fluid motion (Dailey & Harleman 1966:137). In a
system where frictional forces are important, dynamic similar-
ity is realized only when the dimensionless Reynolds number is
equal in the model and in nature. If, on the ether hand. gravity
is an important facter, then the dimenstonless Froude number
must be equal, The Reynolds number and the Froude number
are given by B =V Livand F= VIV gL, respectively, where V'
is a characteristic velocity, L is a characteristic length, v is the
kinematic viscosity of the fluid, and g is the gravitational
acocleration. Flow in a system with a free surface is generally
influenced by both gravitational and frictional forces so that
exact dynamic similarity between nature and the model i
realized only when both Froude and Reynolds numbers are
cqual. However, in practice both parameters cannot be held
constant unless the scale of the two systems is close 1o unity.
Assuming a water depth of 80 m {Thomsen 1976) and a mean
flow velocity over the bryozoan mounds of about 50 cmisee,
the Froude number and the Reynolds number of the original
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Fig. 13. Transverse shape of mound no. 3 in the model (Fig. 8) showing the location of the fourteen velocity profiles. The velocity
was measured at eleven points in cach profile, Mean velocities and flow directions of experiment no. | are shown for every second

profile.

Experiment 1

Fig. 4. Current velocity distribution across the mound with 3.5 mm granule as roughness element at different current conditions
(experiments 1=3); with smooth bottom surface (cxperiments 4-5), and with transverse bars as roughness clements (experiment 6).
The current velocity distributions (cmfsec) are shown by equal velocity curves.

system are roughly 0.02 and 4 = 107 respectively. Equality of
the Froude number in the two systems is achicved when the
mean flow velocity in the model is about 5 cm/sec. For Reyn-
olds number similarity, however, the velocity should be ap-
proximately 30 mfsec. The highest Reynolds number which
actually could be obtained in the flume was of the order
3% 1. Fortunately, experience has shown that in many free-
surface flows with significant frictional effects it is necessary to
require only Froude number similarity (Daily & Harleman
1966:149). In these cases a reasonable degree of dynamic simi-

larity can be achieved provided that the flow in Both nature and
the model is highly turbulent with a high Reynolds number, so
madecular viscosity effects are negligible.

The question of similarity of frictional effects then becomes
one of geometrical similarity of the boundary conditions rather
than equality of Reynolds numbers (Daily & Harleman 1966},
The flow over the Danjan bryozoan mounds falls inte this
category, because the frictional effects of the bryozoans must
have been considerable and because of the high Reynolds
number of the low, Possibly, however, Reynolds number simi-
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Fig. 15, Velocity profiles (profile nos. 6, &, 10 and 12) from various parts of the mound under different experimental conditions.
Experiments 1, 2 and 3 are with granules as roughness clements. Experiments 4 and 5 are with smooth bottom. Experiment 6 is

with transverse bars,

larity should not be completely neglected in this particular
case, It cannot be excluded that frictional forces give rise to a
separation bubble on the lee side of the mounds if the fow
velocity is low (see below).

As noted above, similarity of boundary conditions is impeor-
tant in the type of study conducted here, On the bryozoan
mounds the surface irregularitics created by the growth of the
bryozoans would have been sufficient to extend their effect
beyond the laminar sublayer of the flow and thus 1o disturb the
flow in the sca. The surface of the mound was hydrodynamical-
Iy rough, as can be shown by a few calculations. With sand-
grains as roughness clement a plane surface is hydrodynamical-
Iy rough when v, Karmans number K= | (Engelund 1965).
This dimensionless parameter is given by the equation K = 0.3
kW gRINv, where & is the diameter of the sand-grains, g is the
gravitational acceleration, R is the hydraulic radius, [ is the
slope of the encrgy grade line, and v is the kinematic viscosity
of the fluid. ' gRT = Ug in the present study is roughly 0,05 1,
where U s the mean velocity flow, Assuming a mean velocity
over the Danian mounds of approximately 30 cm/sec and an
equivalent grain roughness for the growth of bryozoans of 10
em we have K=03x0,1%0,05%0510"%=T767. Although
this result is subject 1o a large margin of error, there is no
doubt that the surface of the mounds was hydrodynamically
rough. A sufficient degree of geometric similanty of the bound-
ary conditions is generally obtained if the surface of the
maxdel is also hydrodynamically rough. For grains with a diame-
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ter of 35 mm as  roughness clement we  have
K =103 20,0035 x 0.05 x 110" = 52.5 U. Thus, the surface of
the model s hydredynamically rough when the mean flow
velocity in the flume is 0.02 misee or higher, This calculation is
based on a plane surface but, as will be shown bebow, it scems
also to be valid with a wavy surface.

Results

Exact dynamic similarity cannot be obtained but the basic
requirements for experiments of this kind are fulfilled. Never-
theless, in order to increase confidence in the reconstruction of
the original current regime, a number of experiments were
performed with various combinations of surface roughness and
current velocitics. In addition 1o 3.5 mm granules on the sur-
face, experiments were made with transverse bars with an
equivalent sand-grain roughness of 10 mm, and with smooth
bottom surfaces. The granule surface is considered to the best
approximation to the boundary conditions found in nature.
Study of the flow pattern with a dye streak shows that
stagnant recirculating fluids in the basins, separated from the
main flow, do not occur (Figs. 9, 13). The mean motion is
forward at all locations, although flow appears to become more
turbulent near the bottom. This is especially the case in the
basins where irregular fluctuations are prominent, and where
backward motion may occur momentarily. The mean flow
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Experiment

W = 064

Fig. 16, Current velocities (L5 em above the surface of the central part of the mound in percemage of the maximum velogity, which
in all experiments occurred near the summit of the mound. The dash lines across the mound conneet points on the upstrcam and
downstream flanks with equal Bottom current velocities, A and B on the figures are points on the two Nanks of the same vertical

distance from the summit. The current velocity in B relative to the velocity in A is shown for each experiment.

directions show in Fig. 12 remained virally constant in all
cxperiments.

Fig. 14 shows the velocity distribution across the mound with
3.5 mm granule surfaces at theee different velocity conditions
(experiments 1-3); with smooth bottom (experiments 4-5), and
with transverse bars (experiment 6). Reliable current velocity
determinations with transverse bars could only be obtained
with high flow velocity in the flume, because this roughness
clement, at low velocitics, tends to produce high turbulence
relative 1o the forward motion of the fuid. Selected velocity
profiles from the various expeniments are shown in Fig. 15,

The main interest in relation to the growth of bryozoans is
the current=velocity distribution adjacent to the surface of the
mound. Fig. 16 shows the flow-velocity distribution (L5 cm
above the surface of the model corresponding 1o 0.5 m over the
real mound. With granule surface (experiments 1=-3) the Now
velocity in the basins is between 40 and 309 of the velocity on
the summit. The velocity on the downstream flank s about
65% of the velocity at a point on the upsiream flank at the
same vertical distance from the summit, These differences in
the flow velocity between the various parts of the model are
apparently independent of the absolute current velocity used in
the flume. The expenments with smooth surface and with
transverse bars show roughly the same relative current distribu-
tion, Furthermore, stedy of the motion of dyes injected into
the flow reveals that the near-bottom velocity pattern shown in
Fig. 16 remained constant with a mean flow velocity in profile
no. § as low as § cmisec. This velocity was the lowest used in
the present study. The pattern remained unchanged when the
mean velocity in profile no. 8 was increased 1o 60 cm/sec.

On the other hand, it appears clear from Figs, 14 and 15 that
the surface roughness influences the vertical velocity distribu-
tien in the flume. With a smooth surface (experiments 4, 5) the
highest current velocity occurs close to the bottom. When the
roughness is increased (experiments 1-3 and 6) maximum ve-
locity is gradually displaced upwards towards the surface of the
waler.

Dviscussion

The Froude number of the model approached the Froude
number in nature when current velocitics in the flume were low
(about 5 cmfsec). Froude number similarity is generally consid-
cred sufficient to ensure that dynamic similarity exists between
mature and model if the flow in both systems is turbulent with a
high Reynolds number and if the boundary conditions are
similar. The first condition of a high Reynolds number was
fulfilled in these experiments and it was shown in the previous
chapter that the latter requirement was mel using 3.5 mm
granules as roughness elements when the current velocity in the
flume was above 2 cm/sec. While this calculation is based on
flow over a plane surface it appears 1o be valid also in the
present case: Experiments 1-3 showed that with 3.5 mm gran-
ules as roughness elements and with mean flow velocities in
profile no. 8§ between 20 and 45 cmisec, the shape of the
velocity profiles (Fig. 15) and the near-bottom velocity pattern
(Fig. 16) remained virtually constant, independent of the cur-
rent velocity in the flume. Furthermore, study of the motion of
dye showed that this flow pattern was preserved which velogi-
ties as low as 5 and as high as 60 cm/fsec. Following Yalin
(1971), such constancy of flow pattern independent of the
Reynolds number values indicates that the surface in all parts
of the mound model was hydrodynamically fully rough.

It should also be noted that a scparation bubble was never
observed in the model. In general, the points of separation arc
shifted toward the rear of a body and the scparation layer
reduced in size with increasing Reynolds number (Rousc
1938:216). Thus, because the Reynolds number of the Danian
bryozoan mounds was always much higher than in the model it
s evident that flow separation did not take place in nature
either, Considering the shape of the mounds this is not surpris-
ing.

Hence, it is concluded that the flow pattern obtained in the
flume experiments fairly accurately reflects the flow pattern
over the original Danian mounds. The low-velocity experiment
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with granule surface is considered 1o simulate the flow pattern
in nature most closely (Fig. 14, exp. 1). However, the dissimi-
laritics between the various cxperiments are relatively small
and probably not important in relation 1o the growth of bryo-
ZoaNs.
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