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With 15.Fig111‘es in the Text.

WaiLe Student-Probationer at the Plymouth Laboratory, I started a
quantitative examination of the faunas associated with seaweeds, an
essential preliminary to which was some knowledge of the limits of
distribution of the seaweeds in relation to tidal levels. Such limits,
as observed in Wembury Bay, together with those of the commoner
gastropods and cirripedes, are described in this paper.

Wembury Bay is very fairly sheltered from all winds except those
from between S.S.W. and S.I., the weight of sou’westerly gales being
taken by the Great Mewstone (see Map, Fig. 1). Most of the bay is less
than five fathoms deep at low water, and the high rocks at the seaward
end of the reef protect the slightly lower middle and landward portions
on which this work was done. The high, seaward rocks are in many places
completely bare of algz above the Laminaria digitata zone, being thickly
covered instead by the barnacles Chthamalus stellatus and Balanus
balanoides. That a strong southerly gale can work considerable destruc-
tion in Wembury Bay was shown on December 4th, 1929, when a belt
of Laminarias was thrown up above high water mark some two hundred
yards long, thirty yards wide and with a steep seaward face six feet high,
all firmly pounded together, and consisting of whole plants, often with
the holdfasts still attached to rocks up to twenty pounds in weight.
Wembury Bay probably suffers from a minimum of pollution as the area
draining into it is but sparsely inhabited, and the River Yealm brings
down very little fresh water, being really an arm of the sea like Salcombe
Harbour farther east.

Church Reef or Ledge, also called Blackstone Reef or Ledge, projects
about a quarter of a mile into Wembury Bay, two miles east of
Plymouth Sound, and is entirely covered at high water of spring tides.
It was selected on the grounds of accessibility and richuness of algal
growth after the whole coastline had been examined from Bolt Tail
to Looe.
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First of all, a rock (hereafter called Central Rock or C.R.) was chosen
about the middle of the reef, and from it three traverses were marked
out by triangular holes cut in the rocks at intervals of about forty-five
feet. Traverse A, 2225 feet, lay towards the Coastguard lookout on
Gara Head; Traverse B, 367-5 feet, towards the Great Mewstone ;
Traverse C, 382 feet, towards Wembury Church. In addition, Traverse D
was laid out from the landward end of Traverse C for 198 feet in an
easterly direction. A and B reached low water mark on the east and west
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F1ec. 1.—Map showing the position of Church Reef in the Plymouth District.

sides respectively of the reef, C was almost all between high and low water
neaps, and D went above the limits of marine algal vegetation. Table I
gives the details of the traverses.

Their approximate positions are shown in the Map, Fig. 2, which is
taken from Devonshire Sheet CXXX 6 of the 1/2500 Ordnance Survey.
The position of Central Rock was obtained by a compass fix, and cannot
therefore be taken as more than approximately correct.

Each traverse was examined throughout in detail with regard to the
common plants and animals living on the rock, and was then levelled to
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the nearest hundredth of a foot, using a Casella level. This work was
- done by Mr. Michael Spender, to whom I am deeply grateful.

TABLE 1.
DiveNsioNs AND TrRUE BeARINGS oF TRAVERSES.
Traverse. A, B. C. D.
True Bearing. 159°  245° 4° 94°
Central Rock to Mark I, in feet 50 43-5 65 —
C VII to D I, in feet - — — 60
Ito Il i 52 44 41 61
IT to III s 39:5 41 42 57
IIT to IV s 35 41 A4 20
IVte V 5 46 T4 67 —
V to VI S — 35 64 —
VI to VII B - 30 H9 —
VIII onwards ,, e 59 - —
Total i 222-b 367-b 382 198

The starting-point for this levelling was a bench-mark, 20-56 feet above
Ordnance Datum, on the S.W. corner of the house adjoining Wembury
Mill, and 2-70 feet from the ground, and all level traverses were of course
checked back to the bench-mark. All the marks on the traverses and
where possible all intermediate points were levelled with the foot of the
stafl resting on solid rock.

TABLE II.
TmAnL Dara ror Devonrporr, 1930.
Extreme
Extreme Mean Mean  (Highest)
Low Low Low Low Mean
Water Chart Water Water Water Sea

Springs.  Datum. Springs.  Neaps. Neaps. Level.
From Chart

Datum (feet) — 20 0 +0-18 +-4-60 -+ 5-60 +-8-15
From Ordnance
Datum (feet) —10-42 —842 —8-24 —3-82 —2-82 —0-27
Extreme
(Lowest) Mean Mean Extreme
High High High High
Ordnance Water Water Water Water
Datum. Neaps. Neaps. Springs. Springs.

From Chart
Datum (feet) -+ 8-42 --10-60 +12.25 +15:70 +17-10

From Ordnance ;
Datum (feet) 0 + 2:18 -+ 3-83 + 7-28 + 868
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The nearest place for which accurate tidal data are available is
Devonport, distant some five miles by sea, where High Water at Full
Moon and Change of Moon (High Water Interval) occurs at V hours
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Fig. 2.—Positions of the traverses and marks on Church Reef.

37 minutes, the springs rise being 15} feet and the neaps rise 12 feet,
according to the local Admiralty Charts. Fuller tidal data are given in
the Admiralty Tide Tables, Part I, and Table IT of this paper is compiled



INTERTIDAL ZONATION. 439

from the tide tables forecast for Devonport during the year 1930 and
from Table VII on page 382 of the same volume. The datum for tide
tables and charts is Low Water of Ordinary Spring Tides; Ordnance
Datum is the assumed mean level of the sea at Liverpool, which is 8-42
feet above Chart Datum at Devonport.

From this table it will be seen that the extreme range of the tide at
Devonport during 1930 was 19-10 feet. This did not occur on one tide,
since the highest high water is not usually preceded or followed by the
lowest low water, but rises of 17 or 18 feet are not uncommon at the
equinoxes. The mean springs range is 15-32 feet, the mean neaps
range 7-65 feet, while at some neap tides there may be as small a rise
as 5 feet.

There are no accurate tidal observations for Wembury Bay, so in order
to find out whether it was justifiable to use the Devonport data I wrote
to the Hydrographic Department of the Admiralty, and received in answer
a letter from Admiral Douglas, Hydrographer, saying : . . . Comparison
of the tides at Salcombe, the nearest place east of Devonport at which
comparatively full observations have been obtained, with those at Devon-
port, however, shows a decrease in range of about 69, ; and it is therefore
probable that a very small decrease also occurs between Devonport and
Wembury Bay.” If this decrease is in proportion to the distance from
Devonport it will not be much more than 19, at Wembury, or about
0-2 foot at springs, and of course still less at neaps. I have therefore
considered the Devonport Data to be applicable in Wembury Bay. In
this connection it was observed that frequently the low water level on
Church Reef was a few inches above that predicted for Devonport, but
on several occasions it went a few inches below. In calm weather I never
noticed a discrepancy of as much as half a foot. It is also, perhaps, worth
mentioning that anyone in Wembury Bay can tell the level of the sea
at any time within a couple of hours of low water by observing the
relative heights of the Inner and Outer Slimers, two groups of rocks east
of the Great Mewstone. The Inner Slimers reach 10 feet above Chart
Datum, the Outer Slimers only four. In calm weather the sea level
could be estimated with confidence to the nearest foot.

Some excuse must be offered for not employing the metric system.
The reason is that some of the tidal data, ordnance datum and the levelling
of the traverses are, or purport to be, accurate to 1/100 foot. This is
approximately 3 mm., which being more than one millimetre and less than
one centimetre cannot be represented with equal accuracy on a metric
scale. A conversion table is given in Table III.

The plants whose ranges were examined were only the largest and
commonest on the reef, this work being originally supplementary to a
quantitative estimate of their associated faunas. The animals in this
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paper are all common and obvious, no attempt having been made to
investigate rarities.

TABLE III.

ConveErsioN TABLE ror FEET iNTo METRES,
Feet. Metres. Feet. Metres.
0-1 0-03 7 213
0-2 0-06 8 244
0-3. 0-09 9 274
0-4 012 10 3-05
0-5 015 11 3-35
06 018 12 3-66
0-7 0-21 13 3-96
0-8 0-24 14 4-27
0-9 027 15 4-57
1 0-30 16 4-88
2 0-61 17 5-18
3 0-91 18 5:49
4 1-22 19 5-79
5 1-52 20 6-10
6 1-83

The following plants and animals had their limits of distribution
accurately worked out on Church Reef :—

ALGA.
FLORIDEE.
* Polysiphonia lanosa (L.)=P. fastigiata (auct).
Chondrus crispus Stackhouse.
Grigartina stellata Stackhouse.

PHEOPHYCEZE.
Pelvetia canaliculata (L.).
Fucus spiralis (L.).
Fucus serratus (L.).
*Ascophyllum nodosum (Le Jol).
Laminaria digitata (Lamouroux).

LICHENS.
Lichina pygmea (Ag.).

MOLLUSCA.
GASTROPODA.
Littorina neritoides (L.).
Lattorina saxatilis (Olivi) =rudis (Maton).
Littorina obtusata (L.)=litloralis (L.).
* A. nodosum and P. lanosa are in this paper treated as a unit, since on the four

traverses wherever Ascophyllum was found, there also was Polysiphonia lanosa growing
upon it.
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Littorina littorea (L.).

Osilinus lineatus (da Costa) (=Monodonta crassa).
Gibbula wmbilicalis (da Costa).

Gibbula cineraria (L.).

Calliostoma zizyphinum (L.).

Nucella (Purpura) lapillus (L.).

Patella vulgata (L.).

CRUSTACEA.
CIRRIPEDIA.

Chthamalus stellatus (Poli).
Balanus balanoides (L..).
Balanus perforatus (Bruguiére).
Verruca stroemia (0. F. Miiller).

Identifications of the alge were confirmed by Mr. Geoffrey Tandy of
the British Museum (Nat. Hist.). The names are as given in Batters’
(1902) Catalogue of the British Marine Algz, with the exception of Poly-
siphonia lanosa (L.), which is more familiar as P. fastigiata. Tandy (1931)
has shown that the latter name is indefensible.

For the identifications of the animals I am myself responsible. The
names do not vary from those in the Plymouth Marine Fauna (Marine
Biological Association, 1931) with the exceptions of Littorina saxatilis and
L. obtusata. The necessity for these alterations is given by Dautzenburg
and Fischer (1912) and by Colman (1932). I am very grateful for the
help in this matter of members of the staff of the Plymouth Laboratory,
in particular Messrs. G. A. Steven and J. E. Smith.

DETATLED DESCRIPTION 0F TRAVERSES.

Traverse A. 222-5 feet. From Central Rock S.E. towards Gara Head.
See Fig. 3.

Central Rock (C.R.), at the top of which this traverse starts, is a
roughly pyramidal eminence of grit, about 10-5 feet high on the seaward
side, where it is separated from the southern portion of the reef by a
cleft about four feet wide whose floor is just above Mean Low Water Neaps.
The upper half is largely covered with the lichen Lichina pygmea, par-
ticularly on seaward or southward-facing slopes, which are exposed to
the greatest amounts of both sun and surf, and the surface of the whole
mass of rock is patchily covered with barnacles. Small Patella vulgata
are fairly common as high as C.R. On Traverse A, Lichina pygmea is
growing thickly at C.R., 6:04 feet above Ordnance Datum (0.D.) and one
foot below Mean High Water Springs, and reaches its lower limit at four
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places, namely 12 feet, 18 feet, 28 feet, and 38 feet from C.R., whose heights
above O.D. are 0-4 feet, 0-4 feet, 0-57 feet, and 0-3 feet respectively.*
(Heights are given relative to Ordnance Datum, since this level is con-
stant throughout Great Britain. Chart Datum varies from place to place
according to the amplitude of the tide.) The barnacles at C.R. belong
exclusively to Chthamalus stellatus, which on Traverse A extends as far
as 52 feet, at the foot of Central Rock, 4-44 feet below O.D. Balanus
balanoides is also common on the lower parts of the rock, the upper limit
on this traverse being at 7-5 feet, +2-5 feet. Occasional stunted plants
of Fucus spiralis were growing between 3 feet and +5 feet, but too
rarely to allow their precise limits to be determined. Littorina saxatilis
is common on the upper parts of Central Rock, but its lower limit was not
ascertained on this traverse.

After Central Rock the cleft, mentioned above, is crossed diagonally,
and is paved with stones and small boulders, which are bare of alge,
excepting a little Enteromorpha sp. during the summer. The traverse
emerges from it up a cliff 2 feet high and overhanging 1 foot, on which
are Balanus perforatus in fair numbers and Nucella lapillus, between
—4-45 feet and —2-36 feet.

From here onwards the traverse, while undulating, gradually descends.
For 15 feet the rock is bare of algae, but supports Nucella lapillus and
Balanus balanoides, with Gibbula umbilicalis and Patella from 68 feet to
74 feet, between —1-53 feet and —3-0 feet. From 75 feet to 83-5 feet a
belt of scattered Ascophyllum nodosuwm and Polysiphonia lanosa is crossed.
This traverse does not cross the highest Ascophyllum in the vicinity, but
the lower limit is very definite at 83:5 feet, 4:05 feet below O.D. After
this point Fucus serratus is the dominant alga, growing thickly almost
everywhere. It starts at 89 feet, at —4-05 feet (though it reaches several
feet higher on other traverses), and extends down with only occasional
gaps to 217-5 feet, 5 feet short of A v, the end of the traverse. On
April 2nd, 1931, low water was about 2:5 feet below A v, and this just
corresponded with the lower limit of Fucus serratus, 9 feet below 0.D.
to the nearest half foot. Laminaria digitata first appears in the pool
between 116 feet and 121 feet, and occurs where the rock dries out at
130 feet, 6:39 feet below O.D. The next exposed Laminaria is at 161-5
(—6.51 feet). From 177 feet onwards the rock is largely covered by
Laminaria digitata and Fucus serratus, further upper limits of the former
being at 176 feet (—6-50 feet), 179 feet (—6-41 feet), 2005 feet (—6-41
feet), and 206 feet (—6-7 feet).

Chondrus crispus first appears between 110 feet and 112-5 feet, the
highest point being —5-55 feet, and Gigartina stellala between 104 feet

* Heights are given to the nearest hundredth of a foot if they are where a level
reading was taken. Intermediate points are given to the nearest tenth of a foot.
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and 107 feet, its upper limit on this traverse being —5-29 feet. Hence-
forward they both occur with increasing richness to the end of the
traverse. They have not been included in Figs. 2, 3, 4, and 5 for fear of
confusion. ;

To return to the animals on the traverse, from 61 feet to 75 feet the
rock is undulating and supports Balanus balanoides, Nucella lapillus, and,
from 68 feet, Gibbula umbilicalis and Patella, the highest point on this
stretch being —1-53 feet at 70 feet. The subsequent Ascophyllum belt
contains Littorina littorea and L. obtusata. These two, together with
Gibbula wmbilicalis and Nucella lapillus, are fairly common down to the
upper limits ot Laminaria digitata, but there die out rather suddenly at
—6-5 feet. Patella reaches —6-5 feet at 2005 feet. Gibbula cineraria
on this traverse does not appear out of pools until this height, but is
common throughout the Laminarian zone at any rate down to —8-78 feet
at 1915 feet from C.R. At A v, —6:48 feet, there is again a covering
of barnacles, consisting of Balanus balanoides and B. perforatus. Of
these the former extends to between one and two feet below A v and
B. perforatus below extreme low water mark. Below A v there are
occasional individuals of Verruca streemia growing on the rock, becoming
more common further down, but as they were found in considerable num-
bers on all holdfasts of Laminaria digitata, I have considered the upper
distribution of the barnacle to coincide with that of the alga. Calliostoma
zizyphinum occurs at 174 feet (—6-2 feet) and fairly often from that point
down to below low water mark.

Traverse B. 367-5 feet. From Central Rock S.W. towards the Great
Mewstone. See Fig. 4.

The first section of this traverse, down to the seaward face of Central
Rock, is somewhat similar to the corresponding part of Traverse A, the
cleft being crossed between 47-5 feet and 49-5 feet. Again the upper part
only of the rock is clothed with Lichina pygmea extending down to --0-68
feet, 16 feet from C.R., with occasional stunted Fucus spiralis between
+3 feet and +5 feet. Chthamalus stellatus is abundant right down to the
cleft, and is again the only barnacle in the upper region where it is accom-
panied by Patella ; Balanus balanoides appears on the slope below
40 feet at a height of 40-29 feet. Littorina saxatilis is very common at
C.R. (+6:04 feet) and reaches 9:5 feet (-+-2-89 feet), while L. obtusata
reaches as high as +0-5 feet, 22 feet from C.R. On other traverses these
molluses are sometimes found to overlap. Gibbula wmbilicalis did not
occur in the open hereabouts, but was found in the pools between 16-5
feet and 21-5 feet, and between 27 feet and 36 feet. Each pool also
contained Fucus serratus and the second one Laminaria digitata as well,
the water levels in the two pools being +0-77 feet and —0-62 feet
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respectively. These pools are both fully exposed to the sun, and only the
lower one contained Laminaria. A small pool on Traverse C, however,
which is higher than either of them, is sheltered from the sun and contains
Laminaria. The lower part of the slope down to the cleft is covered with
Fucus serratus and Ascophyllum nodosum from 44 feet to 47-5 feet (—1-27
feet to —3-16 feet), and on the cliff out of the cleft Balanus perforatus is
fairly common (—3-16 to —1-40 feet).

From the top of this cliff until 120 feet, except in pools, the rock is
more or less thickly covered with Ascophyllum nodosum and Polysiphonia
lanosa, but at 120 feet they stop suddenly 3-7 feet below 0.D., having
reached —4-11 feet at 114 feet from C.R. This is one of the clearest zone
edges on the reef, and is very obvious to anyone looking up the slope
from a seaward direction. There is no grading off ; the Ascophyllum is
dense right down to its lower limit and is there sharply cut off. Fucus
serratus is scattered in this portion of the Ascophyllum zone, below which
it becomes the dominant alga, covering nearly all the exposed rock for
the rest of the traverse, except for a section near the end, between 337
feet and 364 feet, which is below its lower limit. After the last Asco-
phyllum at 120 feet, the traverse slopes gently down, generally covered
with Fucus serratus but with occasional bare patches, on which Patella
are abundant at —4-2 feet, until at 183-5 feet it enters the largest rock
pool on the reef, whose surface was at —6:47 feet on the day it was
levelled ; this was the lowest to which it sank during low water springs.
The pond contains a rich growth of algee dominated by Laminaria digitata,
L. saccharina and Fucus serratus, and is carpeted with Corallines. At
226 feet a rock projecting from the surface is covered with Fucus serratus
but no Laminaria.

From the end of this pond the traverse rises steeply 2 feet, and then
continues gently downward, thickly covered with Fucus serratus except
for a small bare patch on top of a rock at 278 feet (Mark VI). At 275-0
feet the traverse just touches the upper edge of the Laminaria digitata
zone, at —6-23 feet. From 280 feet to 294-5 feet a pool is crossed, 1 foot
deep, almost choked with Laminaria and carpeted with Corallines, the
water level being —6-73 feet. After rising fairly steeply from this pool
the traverse again undulates gently downward, still covered with Fucus
serratus, except for another bare rock top at 308-5 feet (Mark VII). In
two depressions Laminaria digitata appears, at 307 feet (—6-54 feet) and
at 323-5 feet (—6-51 feet). From 332-5 feet the downward slope becomes
steep ; Laminaria digitata is thick from —7-01 feet down, and Fucus
serratus dies out at —8-4 feet. Then, after 20 feet at just above extreme
low water springs (I only saw this part dry out once) and reaching —10-10
feet at 359-5 feet, the traverse slopes up to its end at 367-5 feet, Fucus
serratus reappearing at 362-5 feet at a height of —8-6 feet.
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Chondrus erispus occurred from 167 feet to 169-5 feet (—5-98 feet to
—5-33 feet) and was present from 243-5 feet to 263 feet except where the
rocks were above —4'5 feet, and on the short slope down at 279 feet
at —b-5 feet. Gigartina stellata appeared at 303 feet (—5:0 feet), and
from there onwards both these alge occurred intermittently to low
water mark.

Littorina obtusata was abundant on all parts of the traverse above
—T7-b feet which were covered by weed—it was still common in the upper
foot of the Laminarian zone. Littorina littorea was rare on this part of
the reef, as were Gibbula umbilicalis, G. cineraria, Nucella lapillus and
Calliostoma zizyphinum, except that the latter was fairly common about
low water mark, though never so numerous as on the eastern side of the
reef. Patella vulgata was abundant on bare patches of rock at all levels
down to —65 feet.

After the cleft, at 50 feet, there were no barnacles until 309 feet, just
after Mark VII on top of an otherwise hare rock, where there was a small
colony of Chthamalus stellatus at —5-22 feet. Verruca streemia, as on
Traverse A, was always living among the holdfasts of Laminaria digitata.

Traverse C. 382 feet. From Central Rock N. towards Wembury
Church. See Fig. 5.

Unlike Traverses A and B, C is, except for the first few feet on Central
Rock, between High and Low Water Neaps, and since it undulates con-
siderably between these limits it gives a fairly complete picture of the
state of affairs around Mean Sea Level.

Central Rock is not separated from the rest of the reef on the landward
side as it 1s to seaward by the cleft, nor is it so steep. Except in pools
1t is also very bare of algz, the only common plant being Lichina pygmea.
Small Patella are common on the upper portion. The traverse first of all
descends in steps to the bottom of a deep pot-hole with the water level
at +1:6 feet. This pot-hole contains undersized plants of Laminaria
digitata, but, as already mentioned during the description of Traverse B,
this pool is always shaded from the sun except around noon during the
summer. The barnacles at the top of Central Rock were again all Chtha-
malus stellatus, Balanus balanoides appearing at 4 feet from C.R. at a
height of +4-29 feet. The steep sides of the pot-hole are bare, but
Lichina pygmeea nearly covers the rocks from C.R. to 4 feet and from
8 feet to 10 feet. Littorina saxatilis is common on this stretch. A shallow
pool intervenes from 10 feet to 18 feet, and is almost filled with Bifurcaria
tuberculata, after which the traverse climbs to --3-46 feet at 23 feet, being
covered with Lichina, Balanus balanoides, Chthamalus and Littorina saxa-
tilis. On the subsequent downward slope Chthamalus stellatus occupies the
first foot, and from +2-5 feet to the bottom at a height of +0-04 feet there
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are Gibbula wmbilicalis and Nucella lapillus, with Littorina littorea at the
foot of the drop, 27 feet from C.R. A small pool is then crossed to 31 feet,
and the landward edge is bordered by Lickina pygmea above 0-04 feet.
From here the traverse slopes gently upwards to 51-5 feet and is inter-
mittently clothed with Lichina. Chthamalus is also present, and Litlorina
saxatilis reappears when the traverse reaches -1-4 feet at 41 feet. At
51-5 feet the traverse drops a foat, and on the slight rise to 60-5 feet,
+2:17 feet, there are Lichina, Nucella lapillus and Gibbula wmbilicalis.
During the next three feet the traverse descends more than the same
distance, to —1-19 feet, the drop being interrupted by a deep overhang
on the floor of which were several large Balanus perforatus, which con-
tinued also down to the foot of the drop. The highest was at +0-88 feet.
Nucella lapillus and Gibbula umbilicalis occupied the same region.

After C1, 64:5 feet, the traverse, after dropping from —1-02 feet to
—1-76 feet, climbs to +-1-75 feet at 76-5 feet. As far as 74-5 feet (4-0-9
feet) it is partially covered with Ascophyllum nodosum, with a patch of
Fucus serratus from 66-5 feet to 68-5 feet. Barnacles, mainly Chthamalus
but including a few B. balanoides, are present from about 0.D. at 72 feet,
and are joined at the top of the rise by scattered Lichina pygmea. The
next stretch, occupied by Gibbula umbilicalis, Nucella lapillus, Chthamalus,
Balanus balanoides, Patella and scattered Lichina, is nearly level as far
as 96 feet at +1-88 feet, and is followed by a three-foot drop into a bare
pot-hole, the landward side of which is rather more than a foot high.
A few feet of bare rock and sparse Ascophyllum are then succeeded by
an almost uninterrupted sheet of dense Ascophyllum and Polysiphonia
from 108 feet to 255-5 feet, the most uniform stretch of vegetation on
the reef. Littorina obtusata is common throughout, and L. littorea fairly
numerous after 155 feet. At 151 feet there is a steep drop from --0-48
feet to —2:04 feet, covered with Fucus serratus, and with Patella and
F. vesiculosus at the bottom. The latter alga, though growing abundantly
in many places around Plymouth, such as Sutton Harbour and the Tamar
and Yealm estuaries, and on restricted areas in Wembury Bay, is nowhere
widespread or common on Church Reef, and is therefore not included
among the common algee dealt with in this paper. This distribution is
perhaps correlated with degree of exposure, though it should be men-
tioned that on the south coast of Finland (where the salinity is about
4°/,, and the tides are very small) Fucus vesiculosus grows abundantly
among the breakers and attains a length of two or three metres (Seger-
strile, 1928).

From 151-5 feet to 155:5 feet (—2:04 feet to —1-99 feet) there are bare
stones and shingle, occupied by Littorina littorea, Gibbula wmbilicalis,
G. cineraria and Nucella lapillus, but the next twenty feet are covered with
a thick growth of Ascophyllum with a little Fucus serratus at 173 feet
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(0.D.), until at 177 feet there is again a drop (from —0-46 feet to —2-13
feet) covered with Fucus serratus. From 185 feet to 2555 feet the traverse
gradually rises and is continuously covered by Ascophyllum except for
two small pools ; Fucus serratus is also present from 212 feet to 223 feet,*
attaining heights of +1-39 feet at 215 feet and of +1-40 feet at 223 feet.
From 255-5 feet (+1-43 feet) the traverse climbs as far as 259-5 feet
(+3-51 feet), Chthamalus appearing at +2-3 feet and being joined by
Lichina at 42-9 feet. Lichina is also present on the next summit at
2725 feet (+3-19 feet), the intervening lower section supporting Asco-
phyllum between 262-5 feet and 268 feet, where the rock is below +2:49
feet, hereabouts the upper limit of this alga.

At 272.5 feet comes another of the steep drops characteristic of Traverse
C, from +3-19 feet down to —2:25 feet at 275 feet. Chthamalus and
Balanus balanoides extend down to +-2-5 feet, Laurencia pinnatifida from
+1:0 feet downwards, and the rocks at the foot are covered with Fucus
serratus and Ascophyllum nodosum. 1 found no Balanus perforatus here.
F. serratus and Ascophyllum accompany each other as far as 289-5 feet,
but the subsequent hump supports only Ascophyllum. From 294 feet
(—1-11 feet) to 305 feet (—1-15 feet) there are stones and rocks on which
are growing scattered Fucus vesiculosus (see above, p. 448). From 305
to 308-5 feet (4-2-0 feet) there is Ascophyllum, the next few feet, followed
by a drop to -+0-08 feet at 312-5 feet, being bare save for Chthamalus and
B. balanoides, and on the next rise Ascophyllum reaches -|-2-88 feet at
322:5 feet, being then succeeded by Lichina, accompanied by Litlorina
saxatilis, to a summit of +3-61 feet at 327 feet. From here to the end
of the traverse at 382 feet, Ascophyllum occurs intermittently below
+2-78 feet, accompanied from 362-5 feet to 367-5 feet (4-0-15 feet to
+2:25 feet) by Fueus vesiculosus, and on the otherwise bare rock at
C vir there are Chthamalus stellatus, Littorina littorea, and L. saxatilis
above 4 3 feet. L. oblusata is abundant throughout wherever there 1s
Ascophyllum.

Traveise D. 198 feet. Hastwards from C vir. See Fig. 6.

This, although the shortest, is in many ways the most interesting
traverse, since it is the only one of the four to reach High Water Springs,
where the environmental conditions for algal growth are far more severe
than those prevailing further down the shore. The rock at C vir where
the traverse begins is capped, as has been mentioned at the end of the
description of Traverse C, by Chthamalus stellatus accompanied by Lit-
torina littoreq and above -3 feet by L. sazatilis. The traverse descends,
except for minor humps, to +0-69 feet, at 25 feet, and from 6-5 feet to
17 feet it is covered by Ascophyllum and Polysiphonia, with a little

* Not shown in Fig. 5.
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Fucus vesiculosus from 6-5 feet to 10 feet at about +1-5 feet. Littorina
obtusata and Gibbula wmbilicalis are both common here, as is Osilinus
lineatus, which was found on none of the other traverses, and is apparently
confined to the north-castern part of the reef where it is quite common
within its narrow range. From 17 feet to 25 feet the floor is stony, and
after storms is frequently covered a foot or so deep with torn-off algse
and various jetsam. From 25 feet (4+0-69 feet) to 51-5 feet (4-3-40)
there is continuous growth of Ascophyllum, not very thick, with some
bare rock showing. At 25 feet there is Balanus balanoides growing on the
rock, and algo Littorina littorea, L. obtusata, and Gibbula wmbilicalis, after
which the traverse climbs to +-2-44 feet at 27-5 feet, where the same
animals are present with the addition of Littorina saxatilis, whose lower
limit on bare rock hereabouts just overlaps the upper limit of L. littoralis
amongst Ascophyllum, which remains damp even after six hours’
exposure to the sun on a hot June day. At 33 feet the traverse reaches
+3-24 feet, and there is a small patch of Fucus spiralis. At 515 feet
(+3-40 feet) Ascophyllum abruptly gives way to Fucus spiralis, of which
there is an almost pure stand as far as 92-5 feet (-5-28 feet) where it, as
abruptly, is replaced by Pelvetia canaliculata, of which there was previously
a patch at 81-5 feet (-+4-91 feet). At 96 feet (45-2 feet), the traverse is
just at the lower edge of the Pelvetia zone, and again at 105-5 feet (4-5-28
feet) on the side of a ditch, after which the traverse continues its gentle
upward slope to 121 feet (--6-93 feet), still covered by Pelvetia and with
Littorina saxatilis common. At 124 feet the level has fallen to +2-95 feet,
and on this drop Pelvetia extends down to +5-79 feet, Fucus spiralis
from that point down to +3-85 feet, Littorina saxatilis down to +5-5 feet
and L. obtusata up to +45 feet, the two gastropods failing to overlap
here as they did at 27-5 feet. On the subsequent hump, Fucus spiralis
extends from +3-5 feet to +-5-45 feet with Pelvetia covering the summit
-which reaches -+5-80 feet at 129 feet, and the further side supports Fucus
spiralis from 54 feet down to the bottom at +3-19 feet, 130-5 feet
from C vir.

The traverse rises again slightly to 140 feet (Fucus spiralis) but then
descends steadily to —0-08 feet at 172 feet, patches of Ascophyllum
occurring below +3-27 feet. Up the next steep climb to 3-81 feet at
178 feet Ascophyllum reaches -+3-17 feet, and reappears in the next
depression at 180-5 feet at a height of +3-2 feet, accompanied by Patella.
The traverse then rises to the end, Fucus spiralis occurring between
+3-50 feet and +5-6 feet, with Littorina littorea up to +4-3 feet, and
Pelvetia from +5-6 feet up to +7-49 feet. Above this is the thickest
growth of Chthamalus stellatus, reaching +9-6 feet hereabouts (the line
of the actual traverse ended at —-8-34 feet). Littorina neritoides is now
common for the first time, and its upper limit, surprisingly sharp, was

NEW SERIES.—VOL. XVIIL. X¥o. 2. JANUARY, 1933. B
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levelled at +-14-93 feet. Its lower limit is somewhat uncertain. It was
abundant down to +9:2 feet, about 1-5 above Pelvetia, and seemed to
stop there, but after a prolonged search two specimens were found at the
bottom of the Pelvetia zone at 56 feet. None could be found in the
intermediate region. Littorina saxatilis is common to its upper limit,
again quite sharp, at 14 feet, and extends without any break right
through both the Pelvetia and the Fucus spiralis zones.

These descriptions of the traverses are summarised in Tables IV and V
and in Figs. 3, 4, 5 and 6.

SPLASH ZONE.

In an attempt to correlate tidal data with the distribution of species
on the shore, it must always be borne in mind that the  splash zone ”
formed by the breaking waves raises the tide marks above their level
predicted in the tide tables, or recorded by a tide gauge (most types of
which ignore wave action). The height of the splash zone is obviously
of great importance, but it is seemingly impossible to estimate with any
exactness, varying as it does with the weather, with the amount of general
exposure of the rocks to the surf, and with the detailed shape of the rocks.
I think that two feet would be a conservative average estimate of the
splash zone over a long period on Church Reef. Orton (1929) takes the
same figure in considering the vertical range of Patella vulgata. During
the winter, continued storms will keep the height of the splash zone at
five feet or more, whereas during the summer there may be periods of
several days when there is only the smallest sea running, or, rarely, none
at all with a light off-shore breeze. It may be pointed out that a breaking
sea will wet the splash zone almost at once, whereas it would take some
minutes for even the superficial water to dry or drain off. It would there-
fore seem that for small animals, at any rate, and to a large extent for
plants, the splash zone is almost as wet as the sea itself (since it is rewetted
every few seconds) and is also at the same temperature as the sea, and
that the tidal level at any time is that reached by the surf, and not that
of the real sea-level at that time.

ExposURE RELATED T0 LEVEL ON THE SHORE.

First of all the relation must be examined between the vertical level
on the shore and the amount of exposure or immersion ; then the positions
of the upper and lower limits of species can be compared with the data
so obtained.

If height on the shore is plotted against hours of exposure, one of two
curves will result. When plotted for one tide a simple curve is obtained
(Fig. 7 A and B; Table VI, columns a and b); the same is true at
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Springs over several tides taken together, as long as the amplitude of the
tide is not altering (Fig. 8 A.; Table VI, col. ¢). Over a complete tidal

HOuRrs

CD i} 10 15
HEIGHT IN FEET

Fra. 7.—Amount of exposure at different heights during one tide.
A, March 16th, 1930, springs. B, March 24th, 1930, neaps.
(See Table VI, columns a and b.)

120

OF

C B
o .0°

cD 5 10 15

HEIGHT IN FEET

Fre. 8.—Amount of exposure at different heights during 120
hours. A, March 14th-18th, springs. B, March 19th-23rd,
intermediate. C, March 21st-26th, neaps. (See Table VI,
columns ¢, d and ¢.)

period of a fortnight a more complex curve appears. In Fig. 9 the four
curves represent the exposure at various heights during four fortnights
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in 1930; (1) January 14th-29th (Midwinter), (2) March 14th-29th
(Vernal Equinox), (3) June 11th-26th (Midsummer), (4) September 22nd-
October Tth (Autumnal Equinox). These figures are given in Table VI,
columns f, g, k, and 7. They show that the equinoctial tides are very
similar in spring and autumn, that the midwinter high waters are the
highest of all but the low waters not so low as at the equinoxes, and that

300

200

HOURS

cD 5 10 15
HEIGHT IN FEET

Fre. 9.—Amount of exposure at different heights during four
complete tidal periods of 380 hours each : Jan. 14th-29th,
March 14th-29th, June 11th-26th, and Sept. 22nd—Oct. 7th.
(See Table VI, columns f, g. h and i.)

at midsummer the amplitude is less than at any other set of springs,
high waters being lower and low waters higher.

The same compound curve is obtained over any other period, longer
or shorter, as long as the tidal amplitude varies (Fig. 8 Band C; Table VI,
cols. d and e).

Fig. 10 (Table VI, column j) represents approximately the exposure at
different heights during the year. It is obtained by taking the sum of
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the four curves in Fig. 9 and multiplying by the requisite number of hours.
The same curve is shown in Fig. 13, where the time is divided into 100
units (Table VI, col. &).

ilslnr]’rrr-r'li1||[|r

cCD 5 10 15

HEIGHT IN FEET

Fie. 10.—Amount of exposure at different heights during 1930.
{See Table VI, column j.)

400
300
Uz}
x
> 200
o
b=
1004 WET
L I L] L] i T ' 1 L] L] T '[_l T T T T Ll L]
co 5 10 15

HEIGHT IN FEET

Fic. 11.—Length of time during which different levels are continuously
dry or continuously wet. (See Table VI, Column [.)

This compound curve is built up of (1) the semidiurnal tide curve and
(2) the curves, having a wave-length of a fortnight, formed by the heights
of high and low waters as they vary between one set of springs and the
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next (see Fig. 12). These curves are also shown in another way in Fig. 11
(Table V, col. I), which represents the length of time during which any
given level may be continuously dry or wet during one fortnight (Vernal
Equinoxes). The two curves limit areas extending above extreme high
and below extreme low water neaps, since between these two levels no
place is exposed or covered during the whole of any one tide.

Fig. 12 shows the tides over the vernal equinox from March 14th-29th,
1930. This is not an actual tidal record ; in the absence of a tide gauge
the predicted levels of high and low water were joined in free-hand.

HOURS
20 a0 60 80 100 120 140 160 180 200 220 240
1 1 1 1 1 | ! L 1 I 1
-
(73]
T3}
(TR
T - T T T T
Maa 14 15 16 17 18 19 20 21 22 23
DAYS
HOURS
140 160 180 200 220 240 260 280 300 320 340 360 3so
1 1 ekl | L 1 Il L I 1 1 I
[
(93]
[§3)
[F

DAYS

Fia. 12.—Predicted tides for Devonport during one complete tidal period of a fortnight
(380 hours) : March 14th-29th, 1930. There is an overlap of 100 hours between the
two sections.

Similar tide curves were drawn for the other three fortnights mentioned
and from them was obtained Table VI.

ReraTiION OF PranTts aND Animans 1o Tipe LEVELS
AND EXPOSURE.

A list can now be made, allowing for a two-foot splash zone, of the
relations of the organisms dealt with to tide levels and to amount of
exposure (given to the nearest 59%,). This list is summed up in Fig. 13.

Pelvetia canaliculata :  from half-way between Mean High Water
Springs and Neaps down to just above Extreme (Lowest) High Water
Neaps ; from 90%, to 709, Exposure.

Fucus spiralis : from Mean High Water Neaps down to a foot below
Extreme (Lowest) High Water Neaps ; from 80%, to 60%, Exposure.
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Lichina pygmea : from above Mean High Water Neaps down to just
above Extreme (Highest) Low Water Neaps; from 859% to 459%,
Exposure.

Ascophyllum nodosum and Polysiphonia lanosa : from just below
Extreme (Lowest) High Water Neaps down to half-way between Mean
Low Water Neaps and Springs; from 559, to 159, Exposure. From
Table IV it will be seen that the upper limits on Traverse C were on an
average half a foot lower than those on Traverse D. This is unexpected,
since that part of Traverse D where Ascophyllum is growing is more
protected than that of Traverse C; as a rule, the greater the amount of
surf the higher the upper limits of any belt, owing to the increased splash
zone.

Fucus serratus : from Mean Sea Level to Extreme Low Water Springs ;
from 509, to 09, Exposure.

Laminaria digitata : from Mean Low Water Springs down to below all
tide marks ; from 5%, Exposure to complete immersion.

Chondrus crispus : from half-way between Mean Low Water Neaps
and Springs down to below all tide marks ; from 109, Exposure to com-
plete immersion.

Gigartina stellata : from above Mean Low Water Springs (just below
Chondrus crispus) down to below all tide marks; from 10%, Exposure
to complete immersion.

Littorina neritoides : from four feet above Extreme High Water Springs
down to Mean High Water Springs, with two specimens at Mean High
Water Neaps ; from 1009, to 959%,, with two specimens at 75%, Exposure.

Littorina saxatilis : from three feet above Extreme High Water Springs
down to Mean Sea Level ; from 1009, to 50%, Exposure.

Littorina obtusata : from Extreme (Lowest) High Water Neaps down
to just above Extreme Low Water Springs ; from 659, to less than 5%,
Exposure. .

Littorina littorea : from Extreme (Lowest) High Water Neaps down to
half-way between Mean and Extreme Low Water Springs (just above
L. obtusata) ; from 65%, to less than 59, Exposure.

Osilinus lineatus : from just below Extreme (Lowest) High Water
Neaps down to Mean Sea Level ; from 609, to 509, Exposure.

Gibbula umbilicalis : from a foot above Mean Sea Level down to
just above Extreme Low Water Springs; from 559, to less than 5%,
Exposure.

Gibbula cineraria : from Mean Low Water Neaps down to Extreme
Low Water Springs ; from 30%, to about 09, Exposure.

Calliostoma zizyphinum : from Mean Low Water Springs down to
below all tide marks ; from 109, Exposure to complete immersion.

Nucella lapillus : from a foot above Mean Sea Level down to half-way
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between Mean and Extreme Low Water Springs; from 55%, to 109,
Exposure.

Patella vulgata > from above Mean High Water Neaps down to Mean
Low Water Springs ; from 909, to 59, Exposure.

Chthamalus stellatus : from just above Mean High Water Springs down
to above Mean Low Water Springs ; from about 1009, to 109, Exposure.

Balanus balanoides : from Extreme (Lowest) High Water Neaps down
to just above Extreme Low Water Springs ; from 609, to less than 59,
Exposure.

Balanus perforatus : from between Mean Sea Level and Extreme
(Highest) Low Water Neaps down to below all tide marks ; from 459,
Exposure to complete immersion.

Verruca streemia : from Mean Low Water Springs down to below all
tide marks ; from 59, Exposure to complete immersion.

' This list is summed up in Fig. 13, which shows the vertical range of
each species, and the curve formed by plotting exposure against height,
as in Fig. 11 and Table VI, col. .

TeeE RELATION OF LEVELS ON THE SHORE TO THE DISTRIBUTION OF
ANIMALS AND PLANTS.

The ranges of intertidal species vary widely between 2 feet (Osilinus
lineatus, Fucus spiralis, Pelvetia canaliculata) and 14 feet (Patella vulgata,
Chthamalus stellatus), and there seems to be no a prieri reason why any
particular levels should be more, or less, favourable to these species, if
one allows for a wide range of adaptation and specialisation among them.
Nevertheless, there are certain relationships between the height on the
shore and the number of species that have either their upper or their
lower limits there. If the numbers of upper and of lower limits are
plotted against height on the shore, two very similar curves result ; each
has a sharp maximum low down on the shore, a spread-out maximum
higher up the shore, and an intervening minimum. These curves are
smoothed curves, obtained by taking the numbers of species whose
limits are between —2 and 1 feet, —1 and +2 feet, 0 and 43 feet,
and so on (Table VII and Fig. 14). These heights are relative to chart
datum.

For the upper limits of species, the maximum furthest down the shore
is at +2 to b feet, the minimum at 5 to 8 feet, while the maximum at
higher levels extends from 9 to 16 feet. These heights, allowing for a
two-foot splash zone, correspond to between Low Water Neaps and
Springs to Mean Low Water Neaps, and from Mean Sea Level to Mean
High Water Springs respectively. The highest peak on the curve
corresponds to Extreme (Lowest) High Water Neaps.
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In the case of the lower limits of species, the maximum furthest down
the shore occurs at —1 to +2 feet, or about Extreme Low Water Springs,
the minimum at 5 to 8 feet, which coincides with the minimum of upper
limits at Mean Low Water Neaps, and the high-level maximum from
8 to 11 feet, or about Mean Sea Level.

TABLE VII.

NUMBER oOF SPECIES, AND LiMITS OF SPECIES, IN RELATION TO
Tipe Levers. Torar NUMBER OF SPECIES, 22.
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2 5 5 e = i
£z £ B f: g EEE g
28 s B Rl eda BE
18 to 21 2 2 E.H.W.S.
17 to 20 1 1 3 2
16 to 19 1 1 3 2 M.H.W.S.
15 to 18 3 3 6 3
14 to 17 1 4 b T 2
13 to 16 2 i} 7 8 1 M.H.W.N.
12 to 15 2 4 6 10 4
11 to 14 2 5 7 11 4 E.H.W.N.
10 to 13 1 6 7 12 5
9to12 4 5 9 14 5
8toll 3 4 7 13 6 M.S.L.
7 to 10 3 2 5 13 ]
6to 9 1 1 2 12 10 E.L.W.N.
Sto 8 0 1 1 11 10 M.L.W.N.
4to 7 1 1 2 12 10
3to 6 2 2 4 14 10
2to b 2 5 7 16 9
lto 4 4 5 9 15 6
0to+3 (] 3 9 14 5 M.L.W.5.
—1 to +2 8 8 14 6 E.L.W.S.
—2 to +1 b1 5 11 6

If a curve is made in the same way for the total numbers of species
occurring at various heights, there are again two maxima and one mini-
mum (Fig. 14). The low-level maximum coincides with that of upper
limits at between Low Water Neaps and Low Water Springs: the
minimum coincides with the other two minima at Mean Low Water
Neaps, and the high-level maximum with that of lower limits at about
Mean Sea Level.

At first sight, the relative searcity of species at the level of Mean Low
Water Neaps might seem to show that this situation was distinetly
unfavourable to intertidal animals and plants. Of the species, however,
that build up the maxima of the curve for Total Species, several have
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their limits just at the heights corresponding to these maxima, as shown
by the other curves in Fig. 14.

If now a curve is made, plotting against height the difference in number
hetween the total number of species and the total number of upper and
lower limits, a maximum is obtained around Mean Low Water Neaps
(Fig. 15). In other words, there are more species in the groups examined
flourishing at Mean Low Water Neaps than at any other level on the
shore ; Mean Low Water Neaps is nearer the optimum of more of these
intertidal species than is any other level.

The low-level maximum on the curve for lower limits shows that many

= LoweRrR LIMITS

Urper LIMITS

i lo¥ol O 0 R ToTAL SPECIES

10 o "‘o_

HEIGHT IN FEET

Fia. 14.—Number of species, and of upper and lower limits, at different heights.

intertidal species can live as far down as the zone between Mean and
Extreme Low Water Springs, without being able to survive altogether
beyond the influence of tides. Such are Fucus serratus, Littorina littorea,
L. obtusata, Gibbula umbilicalis, . cineraria, Nucella lapillus, Patella
vulgata, and Balanus balanoides.

From the low-level maximum on the curve for upper limits, it appears
that several species whose range is largely below the lowest tide-mark
can extend nearly as high as Mean Low Water Neaps, but usually no
higher. These include Laminaria digitata, Chondrus crispus, Gigartina
“stellata, Calliostoma zizyphinwm, and Verruca streemia. Balanus perforatus
is exceptional in nearly reaching Mean Sea Level.
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The vagueness of the upper maxima in Fig. 14 seems to reflect the
increasing strenuousness of the conditions for fundamentally marine
creatures. as high water mark is approached ; in the case of the brown
algee, only by increased specialisation can they survive as they live
higher, and this specialisation, of whatever nature, restricts their ranges,
which decrease steadily from Fucus serratus through Ascophyllum and
F. spiralis to Pelvetia canaliculata (Fig. 13).

One of the more critical levels is about Extreme (Lowest) High Water
Neaps, where the upper limits of four animals on Church Reef are found,
namely of Balanus balanoides, Osilinus lineatus, Littorina littorea and
L. obtusata. This level, High Water Neaps, may also be very important
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Fic. 15.—Difference between the total number of species and the total number
of limits, upper and lower, at different heights.

m quite a different type of environment, as was shown by Pantin (1931).
He was also working in Wembury Bay, but in a small fresh-water stream
a quarter of a mile to the westward of Church Reef. In this stream there
are large numbers of the triclad Procerodes (Gunda) ulve and the “ archi-
annelid” Protodrilus flavocapitatus, but Pantin found that they are confined
between the levels of High and Low Water Neaps. Above High Water
Neaps there is a ““ desert region ™ in this stream, until a fresh-water flora
and fauna are encountered at High Water Springs. High Water Neaps,
then, is a critical level in the very different environments of exposed rock
and the bed of a fresh-water stream ; but whereas on Church Reef Low
Water Neaps is the optimum level for many intertidal organisms, in the
stream it is the lower limit for species living in somewhat peculiar
estuarine conditions. This contrast emphasises the manifold ecological
importance of neap tides.

There are, then, three levels on the shore on Church Reef which appear
to be more critical than others, in the case of our 22 species.
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1. Between Mean and Extreme Low Water Springs; the lower limit
of several intertidal species ; less than 5%, Exposure.

2. Between Mean Low Water Neaps and Springs ; the upper limit of
several submarine species ; about 20%, exposure.

3. Extreme High Water Neaps; the upper limit of several intertidal
species ; about 609, exposure.

The least critical level is Mean Low Water Neaps, with about 409,
exposure.

These statements are applicable to Algee and Barnacles considered over
a long time, since they do not move about. Gastropods complicate the
issue by moving, and as this survey was done largely at Springs it cannot
be stated with certainty that these animals occupy the same positions at
Neaps as at Springs. However, the only gastropods which are found
above the level of High Water Neaps are Patella vulgata, Littorina saza-
tilis, and L. neritoides. None of the others climb above High Water
Neaps during Spring tides, and during Neaps the three gastropods men-
tioned can be found staying still, and not reached by the tide for several
days at a time. Long period data would therefore seem to be as applicable
to gastropods as to the sedentary barnacles and plants, at any rate in
the upper tidal region.

To my mind the most extraordinary habitats on the shore are those
of Littorina saxatilis and L. neritoides. Both of them extend up the rocks
several feet above High Water Mark, where for weeks during a calm
summer their sole source of moisture is dew, rain if any, and perhaps the
dampness caused by salt on the rocks. They congregate not only in
cracks and crannies where it is damp, but also in hollows which are quite
dry and bare and also directly face the sun. It is possible that this search
for hollows and cracks is more an avoidance of the mechanical force of
the wind than of the desiccation caused by it (teleologically speaking).
This is suggested by the fact that they are always very loosely attached
to the rock, so that one can easily blow them off. Frinkel (1927), who
worked on the tropistic reactions of Littorina neritoides at Naples,
where they live between three and eight metres above the sea, found
that they are (a) negatively geotropic, (b) negatively phototropic
when above a horizontal substratum, but (c¢) positively phototropic when
hanging from a horizontal ceiling. The resultant of these reactions
would make the animals congregate round the entrances to fissures
and in hollows, where, in fact, they they are found in nature. The
evidence of Herdman (1890) shows that L. sazatilis, on exposed rock,
may stay in the same place, apparently without moving at all, for a
month or more. Finally, there is the question of their upper limits.
Each is abundant as high as its upper limit and is there sharply cut off,
but L. neritoides reaches a foot higher than L. sawatilis. What conditions
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in the environment can, at this height above the tides, be varying
sufficiently steadily or rapidly to determine such sudden limits of these
species, and at separate heights ?

Another problem, at present quite unexplained, is that of the sharpness
of the boundaries of certain zones, notably those of Ascophyllum—Fucus
spiralis, and Fucus spiralis—Pelvetia. These boundaries vary in height
slightly from place to place, but are always remarkably distinct, one alga
failing to penetrate the territory of the other alga in the pair. Since each
is growing thickly down or up to the boundary, this sudden stop on the
part of each would appear to be due not so much to general environmental
conditions as to some noxious influence on the part of one or other alga,
or of both. These sharp boundaries occurred only on the upper parts
of the shore. :

GENERAL DISCUSSION.

The distributions described above have, of course, been well known in
a rough way for many years, but previous accounts have generally been
of a more general nature, and have frequently omitted any discussion of
such important levels as High and Low Waters of Neap Tides. Owing to
lack of uniformity in the nomenclature of different levels on the shore,
it is often difficult to make any close comparison between zonation as
given in accounts from different regions, and it is therefore urged that
tidal levels be given, as well as full tidal data, rather than heights only,
since the amplitude of the tide is of minor or even negligible importance
in deciding the character of the coastal flora and fauna and their zonation.
The most striking zonation I have seen is on Loggerhead Key in the Dry
Tortugas, Florida, where the extreme tidal range is less than four feet.

The zonation of algse on Church Reef appears to be very similar in
general to that at Bembridge, Isle of Wight (Baker, 1909), and that of
(lare Island on the west coast of Ireland (Cotton, 1912). Lichina pygmea,
however, extends at Clare Island from the Pelvetia zone to about Low
Water Neaps, although the Springs rise is much the same as at Plymouth,
i.e. about 16 feet. At Wembury Bay and in the Plymouth district
generally Lichina pygmea never extends lower than Mean Sea Level,
some three and a half feet above Low Water Neaps (Naylor, 1930).*
Otherwise the distribution of such algz as are mentioned from all three
areas is very similar on the sheltered shore of Bembridge, on the moder-
ately protected Church Reef and on the fully exposed Clare Island Coast.
These algee include Fucus spiralis, Ascophyllum nodosum, Fucus serratus
and Laminaria digitata. (Baker dealt only with brown Algze.)

* Relative tn predicted tides: the splash zone at Clare Island is almost certainly

greater than on Church Reef, which makes the difference in lower limit all the more
remarkable.
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On the North American Atlantic Coast the distribution of algz on the
shore has been studied at several places, notably Mt. Desert Island,
Maine (Johnson and Skutch, 1928 (a) and (b)), and Cold Spring Harbour,
Long Island (Johnson and York, 1915). Direct comparison of these
places with Church Reef is difficult, since the authors of both papers fail
to consider the importance of High and Low Water Neaps, giving all
their data in feet above or below assumed Mean Low Water Mark; which
can itself be interpreted either as Mean Low Water Springs or as the
average of all low waters at a given place. In a rough way it can be seen
that species common to the two sides of the Atlantic, e.g. Ascophyllum
nodosum, Polysiphonia lanosa, Fucus wvesiculosus, Fucus spiralis and
Chondrus crispus have much the same distribution wherever they occur,
but with one notable exception. In Cold Spring Harbour Ascophyllum
is confined between about High and Low Water Neaps (7-5 feet to 1-5 feet
above “ Mean Low Water ”’), but on the rocky beaches of Long Island
Sound, from which Cold Spring Harbour is an inlet, Ascophyllum grows
down to 1-5 feet below *“ Mean Low Water,” and perhaps even further.
This would appear to be at least as low as Low Water Springs, and is
interesting in view of the sharpness of the lower limit, at predicted Low
Water Neaps, of Ascophyllum on Church Reef.

Two generalisations on the zonation of algse are worth quoting. Baker,
as a result of her experimental work on the brown algse at Bembridge,
concludes : * (1) The species of seaweeds growing high up on the shore
have a power of resisting desiccation which is not possessed by those
growing lower down, and this power decreases regularly in those species
growing towards the lower levels. (2) The seaweeds which can best
resist desiccation grow most slowly, and those that grow most quickly
are the least tolerant of desiccation.” Johnson and Skutch (1928 b) say :
“The vertical range of a species is a measure of its tolerance of loss of
water, toward its upper limit, and of loss of light, toward its lower limit.”

With regard to the barnacles and the molluscs other than the four
species of Littorina, I have been able to find no accurate measurements
of their upper and lower limits in other places, such work as the Clare
Island Survey being too general for comparison with that on Church Reef.
Huntsman (1918) mentions that Balanus balanoides extends to" below
Low Water Mark at Cheticamp, Nova Scotia.

In the case of Littorina, however, there are papers by Herdman (1890),
Huntsman (1918), Tattersall (1920), Gowanloch and Hayes (1926), and
Hayes (1929) which contain some rather conflicting information.

Herdman, at Puffin Island, Anglesey, worked on Littorina sawatilis
collected from well above High Water Mark. He found that in sea-
water they died after thirty-six and before seventy-two hours; in fresh
water they died after four to eight days; if kept dry they remained
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stationary, but alive and well, for two months at least. Specimens
marked in their natural habitat above High Water Mark were observed
continuously for three days and three nights, during which time they tailed
to move. They were still in exactly the same positions after intervals of
a fortnight and of a month.

Gowanloch and Hayes (1926) worked at St. Andrews, New Brunswick,
on the ecology of Littorina saxatilis (=L. rudis), L. littorea, and L. obtusata.
The latter animal they call L. palliata (Say), but I have shown elsewhere
that L. palliata and L. littoralis are synonymous with L. obtusata (L.)
(Colman, 1932).

Gowanloch and Hayes give the ranges of the three molluscs as follows :

Lower Limil. Upper Limit. Optimum Level.
L. saxatilis. Mid Low Tide. Mid High Tide. Low Mid Tide.
L. littorea.  Low Low Tide. Mid Mid Tide. Low Tide.

L. obtusata. High Low Tide. High Mid Tide. Low Mid Tide.

For purposes of comparison with the Church Reef data I venture to
transcribe these as follows :

Lower Limit. Upper Limit. Optimum Level.
L. sazatiles. Above Low Water Below High Water Above Low Water
Springs. Springs. Neaps.
L. littorea. ~ Low Water Springs. Mean Sea Level.  Above Low Water
Springs.
L. obtusata. Low Water Neaps. Below High Water Above Low Water
Neaps. Neaps.

Littorina saxatilis and L. obtusata are indigenous, but L. littorea was not
introduced into Nova Scotia from Europe until shortly before 1857, but
it 1s now abundant on the shores of New England and the Maritime
Provinces of Canada (Gray, 1879 ; Sumner, Osburn and Cole, 1913).

It will be seen from the foregoing tables that at St. Andrews, New
Brunswick, L. littorea and L. obtusata occupy very similar positions to
those in which they are found on Church Reef. L. saxatilis, however,
lives in a very different zone : above Low Water Springs up to below
High Water Springs, instead of from Extreme (Lowest) High Water
Neaps to more than five feet above Extreme High Water Springs (pre-
dicted levels). I have, however, seen L. saxatilis above the reach of the
tide at Little Nahant, Massachusetts.

Huntsman (1918), like Gowanloch and Hayes, describes L. littorea as
extending downwards no further than Low Water Springs, at St. Andrews,
but he says that at Cheticamp, Nova Scotia, on the St. Lawrence side of
Cape Breton Island, this gastropod can be dredged from all depths down
to twenty fathoms.
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Around Woods Hole, Mass., Littorina littorea shells have been dredged
from numerous positions (Sumner, Osburn and Cole, 1913), to which they
had in many cases been carried by hermit-crabs. In two places living
specimens were caught by the dredge, but it is probable that they had
got away from the intertidal region by accident. One of these two
stations was at the mouth of Hadley Harbour. Near here the tide runs
each way at any speed up to five knots, and there are numbers of isolated
rocks supporting many L. litiorea and exposed to the full force of the
stream. It is therefore not surprising to find numbers of this mollusec on
the surrounding sea-floor, where they may have sunk after being torn away
from alga or rock. The other station is towards the head of Buzzards’
Bay, where masses of eel-grass are commonly floating. These masses as
a rule carry Littorina littoreq along with them, and when the eel-grass
dies and disrupts, the mollusc must fall to the bottom where it may be
dredged. It should be mentioned that L. littorea, though an intertidal
animal, can withstand complete immersion for more than fifty days
(Hayes, 1929).

The experimental work of Gowanloch and Hayes (1926) and Hayes
(1929) may be summarised here, since their results are of importance in
connection with upkeep of intertidal zonations.

If Littorine are collected from various levels on the shore, those
collected higher up show :

(a) Greater negative geotropism.

(b) Greater, and commoner, positive phototropism.

(¢) Less, and rarer, negative phototropism. (Some individuals show
positive phototropism, some negative, and some neither.)

Prolonged desiccation leads to a marked decrease in negative geotro-
pism, while prolonged immersion induces increased negative geotropism.
The combined effect of these reactions is to make it difficult for each
species to get away from its normal habitat, and in fact it was found that
if L. littorea are moved from one place to another within the range of the
species, they tend to migrate back to the level from which they were
taken.

Finally, Tattersall (1920) has briefly described the zonation of Littorine
m the south-west of Ireland, where the four species are distributed most
densely at the following levels : L. littorea among Laminaria and Fucus
serratus ; L. obtusata among Fucus vesiculosus and Ascophyllum nodosum ;
L. sazxatilis among Pelvetia canaliculata and Fucus platycarpus (?=spi-
ralis) ; L. neritoides between High Water Springs and High Water Neaps.
From this scheme Church Reef differs in that the zones of L. littorea and
L. obtusate are indistinguishable so far as vertical distribution is con-
cerned, and that not only are the richest zones of L. sazatilis and L. neri-
toides concurrent over much of their extent, but they both reach some
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distance above Extreme High Water Mark. It appears to me that until
numerous accurate determinations of levels of zones are made, with
analysis- of local factors such as time of day of low water springs and
amount of insolation, each locality must be treated on its merits. Never-
theless, the state of affairs in South-western Ireland as described by
Tattersall has been taken as generally applicable for British waters by
text-books such as The Biology of the Sea Shore, Flattely and Walton
(1922), and Animal Ecology, Pearse (1926). A further difference between
these two localities appears to concern the hatching of L. obtusata, which
lays its egg masses on fucoid seaweeds. Tattersall found that they hatched
as late veligers, when reared in the laboratory, and had a short plank-
tonic phase. I kept several egg masses in finger-bowls (i.e. out of a tidal
environment) and the velum was always absorbed two or three days
before hatching ; several individuals were watched while emerging, and
in every case they crawled out and never swam. All that can be said from
these observations is that under roughly similar laboratory conditions
there was a distinct and important difference in the hatching stages of
L. obtusata from South-western Ireland and from Church Reef.

Two separate problems are presented by the zonation of barnacles and
algze on the one hand, and by that of free-living animals such as gastropods
on the other.

In the first case, spores of alge and larvee of barnacles are free in the
sea, and are apparently away from any influence that could affect their
subsequent zonation when settled between tide marks.

The assumption is made, then, that the larvee and spores, given a
suitable substratum, settle in a manner entirely at random in respect of
tide levels. The further assumption is made that a barnacle or an alga,
once settled, never moves again. Before settling finally, however, the
Cypris-like larva of a barnacle can crawl with its antennse; Darwin
(1851, p. 15) considers this only a minor function, and it is certainly not
the only method of locomotion as is creeping among newly settled Gas-
tropod larvee. That the settling of a barnacle larva must in some cases
be practically instantaneous, and final, and not a matter of * delibera-
tion ” or “ choice,” is shown by those individuals of Chthamalus stellatus
which are found above the predicted level of Extreme High Water Springs.
These barnacles can only have settled in rough weather, when the seas
were raising the splash zone. Firm settling must have taken place in an
interval of time not longer than that between one wave and the next, or
else the larvae would have been washed off again. A further consideration
arising out of the fact that larvee can settle in rough weather is that during
such weather the water is so powerfully stirred that larvee outside the
breaker zone must settle wherever and whenever they are thrown against
their substratum, their powers of swimming being quite unable to cope
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with strong water currents. When away from violent water move-
ments, however, barnacle larve may be very deliberate about settling,
as described by Visscher (1928, 1928a). He observed the settling of
Balanus improvisus and Balanus amphitrite and found that the cyprid
larve spent some time exploring the substratum after first alighting on
it, taking sometimes as long as an hour and crawling as far as 12 mm.
before finally settling and metamorphosing.

Zonation in the alge and barpnacles, then, is the result of a hit-or-miss
method. If a spore or larva settles within the environment which will
suit it as an adult, it may survive. If it settles outside this range, it will
sooner or later die without maturing.

In the case of the Gastropods, the adults have considerable crawling
powers, and Gowanloch and Hayes (1926) have shown that under the
influence of tropisms they may use these powers to remain in, or regain,
their accustomed level on the shore, thus preserving their orderly zonation
between tide marks.

When the larvee are considered, however, some complications arise.
Let us take the case of the Littorine. L. saxatilis and L. neritoides are
hoth viviparous, and the young are born in the zone which they are to
inhabit, and from birth they are perhaps influenced by the same tropisms
as their parents; circumstantial evidence for this suggestion lies in the
fact that all sizes of L. saxatilis and L. neritoides can be found together,
the same being true of L. obtusata. The latter is oviparous, but at
Plymouth the young emerge in the crawling stage (the eggs having been
laid on seaweeds in the L. obtusata zone) and therefore come under the
same category as those of L. sazatilis and L. neritoides.

L. littorea, however, lays eggs which are planktonic, and hatch out as
planktonic larvee. The distribution of these when settling is therefore in
all probability as much a matter of chance as with the larvae of barnacles
or the spores of alge. The settled L. littorea, however, do not remain
fixed—they merely exchange swimming for crawling as a method of loco-
motion. There is, then, a possibility that even after settling the larvee
have some time to wander about in search of a suitable environment,
guided perhaps by tropisms, before being killed by adverse circumstances,
the inevitable fate of a barnacle larva settling in the wrong place.

To sum up, a barnacle larva or an algal spore, when it settles, is fixed
for good, and its position is a matter of chance. If it is within the range
of the rest of its species, it may survive. If not, it will die. An adult
gastropod, though able to move, is nevertheless forced by tropisms to
remain within its normal range. The young of viviparous species are
born in the same zone as their parents, and perhaps come under the same
tropistic influences from birth. Some gastropods have planktonic larvee,
and these settle on the hit-or-miss method. When they settle they do not
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fix themselves, and may, perhaps, even if they miss their right zone, gain
it by crawling instead of dying in the wrong one.

It is hoped that this paper may help to analyse the nature and main-
tenance of intertidal zones. Still almost untouched, however, lies the far
more fundamental problem of the origin and evolution of such zones,
and it should be again emphasized that only the largest and commonest
plants and animals are dealt with, and that any conclusions reached
are applicable with certainty only to them.

I am grateful for the advice and encouragement of Dr. E. J. Allen
while the field work was being done, and during the writing of the paper
to Professor Parker and Professor Bigelow of Harvard University.

SUMMARY.

1. Church Reef, in Wembury Bay, near Plymouth, was selected for a
survey of common intertidal plants and animals,

2. Four traverses were accurately levelled relative to Ordnance Datum,
and their floras and faunas examined.

3. The relation between predicted tide levels and probable actual levels
is discussed, and the importance of the * splash zone ™ is stressed.

4. As an outcome of 2 and 3, it appears that on Church Reef the most
critical levels on the shore, for the species examined, are : (a) between
Mean and Extreme Low Water Springs ; (b) between Mean Low Water
Neaps and Springs ; (c) at Extreme (Lowest) High Water Neaps. The
least critical level is Mean Low Water Neaps.

5. Two special prob]eins are presented by the upper limits of Littorina
sazatilis and L. neritoides, and by the frontiers between Ascophyllum and
Fucus spiralis and between F. spiralis and Pelvetia, where the algze do
not overlap.

6. The work of previous authors is discussed for comparison with the
present paper.

7. An important difference is suggested between the nature of the

zonation of sedentary animals and plants on the one hand, and that of
animals capable of locomotion on the other hand.
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