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ABSTRACT 

Seasonal, tidal, and spring-vs.-neap changes in water content, atmospheric exposure, and 
temperature were studied within the interstices of a porous, semiprotected beach. Semi- 
diurnal tides were nearly equal in amplitude and reached 120 cm from spring low to high. 
Overall mean grain size was 660 pm and mean sorting, 500 pm, with finer, better sorted, 
and more layered sand in the upper beach. Pore space averaged 36.5%. 

Water content at low tide reached minima of 10% pore-space saturation in shallow 
sands of the upper beach; most sand above the minimum water table lost >5Oo/o of its 
water. The upper beach drained more completely at ncap than at spring tides. Draining 
occurred more slowly than filling, and deeper sediments drained more slowly than shallow 
ones, resulting in a progressive landwarcl delay of up to 4 hr in the water table’s “low tide.” 
Little seasonal variation was noted. 

Beach temperatures were basically those of the sea surface, modified by duration of 
exposure. Temperatures of sea and water table followed a gradual cycle of seasonal change, 
averaging lC/week. Daily temperature variations exceeding 5C were confined to the upper 
10 cm of sand in mid- and upper beach areas. 
long periods and produced thermal extrcmcs. 

Ncap tides exposed the upper beach for 

Salvat’s concept of environmental zones along fine-sand beaches was modiEied and 
applied to both superficial and depth vectors at this coarse-sand beach. 

INTRODUCTION 

A labyrinthine capillary system of s-paces 
exists between grains of beach sand, pro- 
viding habitat for small animals referred 
to as the interstitial meiofauna. In marine 
habitats the extent and depth to which 
tidally active water circulates is detcr- 
mined by beach slolpe, amplitude of tidal 
changes, and dimensions of the interstitial 
spaces (Callame 1963; Jansson 1967a). 
Thus, intertidal beaches range from rcla- 

l Parts of this study were included separately 
in theses submitt,cd to the Dcpartmcnt of Zoology, 
University of New Hampshire ( L.W.P. ), and the 
Department of Zoology, University of Massachu- 
setts ( W.D.H.), Portions of this work were sup- 
ported by NDEA fellowships and by a NASA 
fellowship. 

Systematics-Ecology Program Contribution No. 
224. 

tivcly impcrmcablc, flat, fine grain size 
habitats, with circulation rcstrictcd to sur- 
face arcas, to porous, stccpcr, larger grain 
size habitats, allowing circulation to 
depths >l m at high ,tide. Ecological 
studies on relatively nonporous b,eaches 
have been numerous (see Salvat 1967; 
McIntyre 1969). But information on con- 
ditions within porous intertidal beaches is 
scarce (see Jansson 1971; Pollock 1971), 
though it is in such bcachcs that meio- 
fauna are most abundant and diverse 
( McIntyre 1969). 

Unlike many macrofaunal beach inhab- 
itants that maintain direct or indirect con- 
tact with the sedimentary surface only 
during portions of each tidal cycle, the 
mcio,fauna arc totally dcpcndcnt on con- 
ditions within the beach. Since interstitial 
animals pass bctwccn scdimcntary parti- 

LIMNOLOGY AND OCEANOGRAPHY 522 MAY 1971, V. 16(3) 



CYCLIC CHANGES IN A MARINE BEACH 523 

41° 32’ 30” N 

BUZZARDS BAY 

plorc the influences of seasonal and tidal 
. 
8 

_I variations in water content and atmo- 

t 
spheric exposure in a beach, as well as 
the changes in temperature resulting from 
their interplay. WC also studied the effect 
on each of differences in amplitude be- 
twecn spring and neap tides. This paper 
is part of a broader survey of conditions 
within the interstitial habitat of a porous 
tidal beach (Pollock 197Oa, b; Hummon 
1967, 1968, 1969). 

We express our thanks to Dr. M. R. 
Carriker and Mrs. E. S. Moaticro for space 
and sccrctarial assistance during our ten- 
ure with the Systematics-Ecology Program 
and to, Mrs. W. M. Crane, Penzancc Point, 
Woods Hole, for permitting access to her 
beach. 

AREA AND METHODS 

Crane’s beach (41” 31’ 41” N, 70” 40’ 41” 
W) is on Pcnzancc Point, a peninsula 
extending westward 1.5 km fro,m Woods 
Hole, bordered on the north by Buzzards 
Bay and on the south and east by Great 

I , 0 I KM Haibor ( Fig. 1). This beach (tiig, 2) 
faces Buzzards Bay at the narrowest por- 
tion ( 100 m wide) of the neck joining 

FIG. 1. The region surrounding Woods Hole, 
Penzancc Point to Woods Hole proper. It 

Massachusetts. CB-Crane’s beach. extends 150 m along the head of a small 
cove. A series of seawalls provides shelter 

cles without moving, the particles them- 
selves, the dimensioas of the pore spaces 
and necks define the upper size limits of 
this habitat; but meiofauna arc entirely 
dependent on an aqueous medium for ac- 
tivity, so the lower size limit of the habitat 
is detcrmincd by the amount of water 
remaining in pore spaces at low tide. The 
actual habitat of intertidal meiofauna has 
constantly changing dimensions as port 
spaces drain and fill with the tides. 

Most published information on intcrsti- 
tial parameters is limited to isolated ob- 
scrvations made at low tide. Such studies 
consider neither the hidden nor the dc- 
layed cffccts of cyclic tidal changes and 
consequently may misinterpret the effects 
of such parameters oa faunal distribution 
and abundance. Our purpose was to ex- 

toward the west, and the east end blends 
into a rocky point. A longshore sandbar 
covers the mouth and much of the interior 
of the cove, protecting lolwer portions of 
the beach (20 m wide-mean low water to 
supralittoral fringe ) from severe surf. 

Observations were confined to a tran- 
sect ( Fig. 3)) 20 m from the southwest 
end of the beach, extending from the mean 
low water to above spring high water and 
from the beach surface down to the depth 
of the low tidal water table (i.e., the level 
of interstitial saturation at low tide ). The 
resultant vertical triangle measured 18 m 
along the surface of the sand and about 
1 m deep at the highest station. 

Tides are semidiurnal and nearly equal 
in amplitude. Along the Buzzards Bay 
short, mean spring tides range from -14 
to 140 cm and mean neap tides from 17 
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FIG. 2. Crane’s beach at low tide, spring 1969. Markers B-I-1 rcfcr to station locations (see text). 

to 96 cm elevatio,n; the mean tidal level 
is 61 cm. Winds are generally westcrly- 
southwesterly in summer and northwest- 
erly in winter. Onshore winds raise tidal 
levels a few cm and produce waves rang- 
ing from 15-25 cm, occasionally 60 cm. 
Swashes from these waves reach beach 
elevations nearly as high as the wave 
crests themselves. Winds also affect the 
exposed beach by increasing evaporation 
of water from the superficial sand layers. 

Nine stations were placed at elevations 
of 8, 31, 54, 69, 85, 107, 130, 153, and 176 
cm above mean low water and are termed 

HORUONTAL DISTANCE FROM 
MEAN LO”, WATER HLW (M) 

FIG. 3. The vertical 
including stations A-I. 

transect at Crane’s beach, 

stations A-I (Fig. 3). The mean low water 
reference was estimated on the basis of a 
series of observed and predicted high and 
low tide levels (n = ZO), with adjustments 
for wind and waves. Although distances 
between stations varied somewhat be- 
tween collections, tidal exposure (i.c., ele- 
vation above mean low water) remained 
constant for each station. Samples were 
taken at each station frosm the sand surface 
to the low tidal water table at depths of 
l-3, 4-6, 8-10, 14-16, 22-24, 26-28, 32-34, 
3840, 4446, 51-53, 58-60, -7, 72-74, 
81-83, and 9CL92. cm. Maximum depths 
sampled range fro’m 14 cm at station A to 
90 cm at station I. The asymmetry in this 
pattern results from stratified sampling 
used in concurrent analyses of faunal dis- 
tribution. Stations were located in the 
field by sightings with a hand level to a 
surveyor’s range pole placed at a supra- 
littoral reference point and calibrated in 
elevation above mean low tide. Horizontal 
distances between stations were measured 
for construction of beach profiles. 

Sand samples (n = 307) were taken in 
2-3 subsamples ( 10 en-r? each) from the 
beach during routine faunal sampling. 
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TABLE 1. Effect of tides on mean grain sixes 
(A) and sorting (B) during calm weathm at 

Crane’s beach 

Differences Differences 
No. of 

sainnles 
i;tA (m) 

SD 
i;t B b.4 

SD 

Following extraction and counting of the 
fauna, this sand was subjected to granu- 
lometric analysis by wet-sieving through 
screens of -2, -1, 0, 1, 2, 3, and 4 phi (mesh 
openings of 4,000, 2,000, 1,000, 500, 250, 
125, and 62.5 pm). Calculation of mean 
phi and sorting phi follows Inman ( 1952) ; 
translation of phi measurements into mi- 
crometers follows Hummon ( 1969). Sand 
less than -2 phi was excluded from the 
analysis, since most fauna was absent from 
substrata consisting primarily of such 
coarse material. Only trace am.ounts of 
sediments measured greater than 4 -phi and 
in general these were disregarded. 

Emery and Foster (1948) found a pro- 
gressive delay in the occurrence of low 
tide in the water table from the low tidal 
line toward landward stations. A prelimi- 
nary survey at Crane’s beach revealed the 
importance of compensating for this time 
lag if truly low tidal conditions were to 
be measured throughout the beach. As a 
result, landward stations were sampled up 
to 2.25 hr after seaward stations. Some 
error probably occurred from not sampling 
precisely at low tide of the water table 
at each statio,n, but it was far less than 
that resulting from failure to com#pensate 
at all. 

Seasonal changes in interstitial tcmpcr- 
ature and water content were assessed 
from data gathered at intervals of 2 to’ 3 
weeks from late May 1967 through April 
1969 (n > 1,000 for each). Tempcraturcs 
wcrc measured with a portable thcrmo,m- 
cter by a thermistor inserted at appro,pri- 
ate depths into the walls of excavations 
at each station. Readings are accurate to 
+0.25C. Records of the temperature o,f the 
air at Woods Hole and open seawater in 
Buzzards Bay were supplied by W. An- 
dcrson and J. Chase of the Woods Hole 
Oceanographic Institution. Water content 
of samples of sand was estimated b’y the 
volume-displacement method ( Hummon 
1969; see aZso IIulings and Gray 1971). 

To study changes in interstitial condi- 
tions during tidal cycles, the temperature 
and water content of sand and elevation 
of the water table and seawater were mea- 

Low ticlc (control) 
upper beach G 47 11 54 42 

Incoming tide 
upper beach 
midbeach 
lower beach 

Outgoing tide 
upper beach 
midbeach 
lower beach 

6, 175 235 178 155 
15 126 118 142 93 

4 138, 158 125 137 

7 152 231 204 173 
12 141 129 2,06 165 

7 154 151 63 46 

sured periodically at several stations 
throughout a complete spring tidal cycle 
( 13 May 1968) and again throughout a 
neap tidal cycle a week later (20 May 
1968). At 0.5-hr intervals, the depth of the 
water table was recorded in excavations 
at stations A-I. Every 1.5 hr temperature 
and water content of unsaturated portio,ns 
of statioas B, D, F, and H were measured 
at lo-cm depth intervals. 

RESULTS 

Mean of mean grain sizes, based on sam- 
ples from 36 locations in Crane’s beach, 
was 660 pm (SD, ca. 180 pm). The mean 
sorting (measure of grain-size dispersion 
about the mean) for these samples was 
504 ,um ( SD, ca. 160 pm). The beach has 
a coarse substratum of poorly solrted sand, 
somewhat finer, better sorted, and m.ore 
layered in the upper beach area than in 
the lower. 

The effect of tidal activity on grain 
sizes and sorting is small compared to 
some beaches (e.g., Strahler 1966), but it 
is nonetheless persistent and dynamic. Ta- 
ble 1 shows differences in mean grain size 
an d sorting bctwecn duplicate samples 
matched for elevation and depth, but col- 

lcctcd 25 cm apart laterally. On incoming 
tides, the first sample was taken at low 
tide and its duplicate beneath shallow 
waters of the rising tide; on outgoing tides, 
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the first sample was gathered beneath 
high tide waters and its duplicate at low 
tide. Controls were collcctcd from vari- 
ous depths in the upper beach arca during 
a period of low tide. All samples consisted 
of triplicate lo-cm3 subsamples. The re- 
sults suggest that even in calm weather, 
the passage of a tide up or down products 
greater and more variable change in mean 
grain size and sorting than is found in 
lateral duplicates taken without an intcr- 
vening tide. The least disturbed arca, the 
midbeach, was reshuffled sufficiently on 
incoming tides that the change in mean 
grain size averaged 126 * 30 pm compared 
to controls that averaged 74 * 3pm. One 
exception, the lower beach on an outgoing 
tide, shows changes in sorting and dispcr- 
sion around the mean com,parab#le to those 
occmring in lateral samples taken on the 
same low tide. This m.ay be related to 
the longshore bar beyond the b>ase of the 
beach, which calms water lying bctwecn it 
and the lower portion of the b,each. 

It is not surprising ,therefore that the 
results of 8 midbcach samples (12 = 44), 
taken at intervals of 3 weeks, show con- 
siderable variation as a result of tidal 
reworking. Mean change in .the mean 
grain size was 70 * 23 pm, whereas mean 
change in sorting was 208 -I 21 pm, sug- 
gesting that the same sand was being 
reworked in widely different ways over an 
extended period of time. 

A year-long series of profiles, taken at 
intervals of about 3 weeks, shows constant 
variability, with average changes of 3.2 4 
0.7 cm elevation every 3 weeks in the 
upper beach area, 4.1* 0.8 cm in the mid- 
beach area, and 4.8 * 0.9 cm in the lower 
beach area. The average profile ranged 
from 10.5 Ito 11.9% and gives little indica- 
tion of the dynamic flux that regularly 
occurs. 

A series of sand samples (1OU cm” each) 
was taken from surface, middle, and water 
table depths of the lower, mid-, and upper 

beach areas. The 9 samples, analyzed in 
triplicate (n = 27) by the volume-displace- 
mcnt technique, contained a mean of 
36.5 + 0.5% port space. 

TIME (HOURS) 
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O- 

Frc,. 4. Tidal changes in elevation of seawater 
and the water table at stations A-I. A. Spring 
cycle, 13 May 1968; B. Neap cycle, 20 May 
1968. Letters along the abscissa indicate the 
times at which lowest elevation was reached at 
each station. 

Water content 

Spring and neap tidal changes in the 
elevation of seawater and the water table 
are shown in Fig. 4. Curves representing 
each station are identified by letter and 
indicate the location of the water table 
from first exposure by ebbing spring tide 
(Fig. 4.A) through the low at midday, and 
continuing until stations were covered 
again by flooding seawater, and from. neap 
low tide ( Fig. 4B) through the afternoon 
high and then past the night lo’w. 

Differences between spring and neap 
tidal circulation of water are illustrated in 
Fig, 5. Lines representing intervals of 3 
hr indicate the approximate period within 
a 12-hr tidal cycle that portions of the 
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FIG. 5. Comparison of spring and neap tidal drainage throughout the transect. Lines indicate hours 
of each tidal cycle during which regions are less than 50% saturated. 

beach remained less than 50% saturated 
by interstitial water. The regions most af- 
fected by these diffcrcnces were shallow 
depths at higher stations and deeper por- 
tions of all stations. Although during the 
neap tidal cycle, the upper 30 cm at sta- 
tion H never excecdcd 30”/of saturation, 
greater depths at the same station filled 
and drained to some extent. All depths in 
the remaining station lost less water in the 
ncap cycle than they did during the spring 
tide. The range of amplitude of the water 
table throughout the beach was gcncrally 
less in neap tide than in spring (see 
Table 2). 

The progressive delay in 101~ tide at the 
water table from the lower beach tomward 
the landward interior is illustrated in Fig. 

approximate times at which deepest water 
table levels (i.e., station “low tides”) were 
recorded at each station and in the adja- 
cent scawatcr. Low tide at stations H and 
I occurred 4 hr after the seawater had 
reached its nadir during the spring tidal 
series ( Fig. 4A). I n contrast to progrcs- 
sive delays in movcmcnt of the water table 

TAI)LE 2. Tidal ranges in amplitude of the water 
table (in cm) at Crane’s beach 

Stations 

Sea D E F G H I 

Spring tide 
(13 May 1968) 166 31 37 54 67 85 75 

Neap tide 

4. Letters along the abscissa indicate the 120 May lgss) lo8 26 32 4g 72 6o 45 
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WATER CONTENT (%SATURATION ) 

STATIONS 

B C D E F G H 

70 - 

BO- 

go- 

FIG, 6. Average range of tidal change in water content expected at lo-cm depth intervals at sta- 
tions B-II ( see text ) . 

from seaward to landward during, the 
spring cycle, only the upper beach ( s ta- 
tions G, H, and I) was affected during 
the neap cycle (Fig. 4B). Throughout the 
lower portion of the beach, low tide in 
the water table co-occurred with low tide 
oif the seawater. 

Although in nature sandy soil rarely 
becomes totally devoid of water (Kramer 
1949), a tidal range in water content from 
100% saturation to less than 10 was a 
frequent occurrence near the sand surface 
in the upper beach. An estimate of the 
lower limits of water depletion, including 
compensation in field sampling for lags in 
water movement, was averaged from lolw 
tidal water contents mcasurcd from April 
through July 1968. Although variations 
are expected to result fro,m spring-neap 
tidal cycle alternations, Fig. 6 indicates 
the relative severity of water depletion. 
Average lowest water content reached at 

intervals of lo-cm depth at each station 
appear along the righ,t side of each graph. 
At high tide, stations were flooded with 
seawater, so vertical lines on the left indi- 
cate high tide conditions of fully saturated 
water content. The black area between 
rcprcscnts ‘the range of variation in water 
content expected at each station over a 
tidal cycle. Only the upper half of the 
beach lost more than 80% of its water 
saturation, although nearly all of the 
beach lost over 50%. 

The rate of water loss and duration of 
exposure to low saturation may be as im- 
portant as the minimum levels of satura- 
tion. Change in water content measured 
through spring and neap tidal cycles in 
lo-cm depth intervals at stations D, F, 
and H are shown in Fig,. 7. Patterns of 
spring and neap drainage were generally 
similar. Superficial layers drained nearly 
completely upon emersion and filled 

+ 
FIG. 7. Ticlal changes in water content and temperature at lo-cm depth intervals at stations D, F, 

and H. Spring cycle, 13 May 1968; neap cycle, 20 May 1968. 
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FIG. 8. Annual temperature changes in atmo- 
sphere, seawater, and water table at Crane’s 
beach, 1968-1969. 

quickly with the incoming tide, whereas 
deeper layers drained far more slowly 
than they filled. Left-hand skewness of 
graphs from greater depths illustrates this 
phcno,mcnon. 

A time gradient of immersioa-emersion, 
existing from the superficial sand in the 
upper beach to greater depths toward the 
lower b’each, was reflected in the dura- 
tion of exposure to a given level of water 
content. Figure 5 (see above) represents 
the duration of exposure to 50% saturation 
throughout the beach during a spring and 
a neap tide, The portion of the beach that 
was less than 50% saturated for more than 
half of each 12-hr cycle included the 
uppermost third at spring tide and the 
uppermost half at neap tide. 

Temperature 

Temperatures in the water tab’le ap- 
proximatcd those in adjacent seawater 
(Fig. 8). Temperatures in the water table 
ranged from -2.OC to 22.3C, with an av- 
erage rate of change of about lC/wcck. 

STATIONS 

RANGE OF 
TEMPERATURE (OC 1 

0510 B C 

4o PATTERN A 
t 

C 0 E F t H 
I I Y - 

IO’ 

F G H X 

l-r 

HlGH LOW TIDE 

TIDE 

l- 

TEMP 

TEMP 

2 20. 
” 

” 30. 
I 

5 40. 

cl 
so. PATTERN 0 

60- 

0510 B C D E F t H 
I I 7 

IO. 

20- 

30- 

40- 

50. PATTERN C 

60- 

FIG. 9. Patterns of tidal variations in tcmper- 
ature at lo-cm depth intervals at stations B-II 
( see text ) . 

Ranges in temperature variation froIm 
that of the adjacent seawater over a tidal 
cycle arc illustrated in Fig. 9. With char- 
acteristics of seawater dominating condi- 
tions at flood tide, vertical lines to the left 
represent high tidal temperatures. Low 
tidal temperatures, as differences from the 
high, are indicated on the right; the black 
arca represents the range of tcmperaturcs 
expected to occur during a full tidal cycle. 

Tidal variations in temperature through- 
out the year could be grouped into one 
of the patterns shown in Fig. 9-although 
the actual values differed with each col- 
lection. The range between temperatures 
of the sand surface and those of the water 
table at any station at low tide was narrow 
in fall and winter ( patterns A and B ), 
but larger during spring, and summer (pat- 
tern C ). Variations were generally less 
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than 3C between depths of 20 cm and 
the water table at all seasons. 

Daily changes in temperature at stations 
D, F, and H ( see Fig. 7) indicate that 
large temperature differences were limited 
to the surface 10 cm of sediment; at 
greater depths they remained within a few 
degrees of the water table temperature 
throughout spring and neap tidal cycles. 

The range of tcmpcraturc incrcasc dur- 
ing daytime lo’w tides was directly re- 
latcd to duration of exposure to harsh at- 
mospheric conditions. The fact that lowest 
spring low tides in Buzzards Bay occurrc,d 
at midday during summer increased the 
severity of exposure; the lag in water table 
drainage within the beach also prolonged 
exposure to atmospheric conditions. Tcm- 
pcrature in exposed sediments continued 
to increase regardless of local low tide 
and decreased only as the flooding tide 
approached. 

DISCUSSION AND CONCLUSIONS 

Water content 

Intertidal, interstitial water is derived 
from seawater and limited quantities of 
freshwater. Beach slope, porosity, and 
grain size of the sediment, capacity for 
water retention of diffcrcnt types and sizes 
of sediment, tidal and wave activity of 
seawater, abundance of prccipita tion, and 
evaporation by the atmosphere all deter- 
mine the abundance of water held in intcr- 
tidal sediments (Bruce 1928; Graton and 
Fraser 1935; Jansson 1967b; Johnson 1967; 
Rullier 1957 ) . 

With the diurnal flow and ebb of 
tidal water to counter the pervasive at- 
mosphcric influence at Crane’s beach, the 
latter factor was of overwhelming, impor- 
tance only at the sand surface in the upper 
beach. Evaporation undoubtedly drew 
solme interstitial water regularly from< up- 
per beach sediments and mode broadly 
over the superficial few centimeters of 
sand during midsummer. The beach expe- 
rienced little rainwater runoff o’ther than 
precipitation falling directly onto the 

The permeability of sediment controls 
water movement through interstitial 
spaces; confined dimensions of capillary 
spaces result in increasingly limited water 
movements (Emcry and Foster 1948; Rutt- 
ncr-Kolisko 1961 1962). Braficld ( 1964) 
related water circulation through sand to 
the propo,rtion of the sediment less, than 
250 ,um in diameter. Although fine sedi- 
ments lose little more than superficial 
water during ebb tide, coarser sediments, 
such as those at Crane’s beach, undergo 
extensive drainag,c. Despite the relatively 
great permeability of sands on this beach, 
movements of deeper interstitial waters 
were noticeably restricted and lagged be- 
hind movcmcnts of adjacent scawatcr. 

The degree and rate at which portions 
of the beach fill during tides also1 is re- 
lated to the amount of time that overlying 
seawater remains at a higher elevation. 
Inward water pressure, caused by flooding 
spring tides, which rose quickly at Crane’s 
beach (ca. 24 cm/hr), was sufficient to 
saturate the most interior po8rtioas of the 
beach. Both the rate (ca. 15 cm./hr) and 
magnitude of change in amplitude was re- 
duced during neap tide. With the conse- 
quent reductioa of water flow, interior 
sections filled and drained much less ex- 
tensively ,than during spring, tides. 

A gradient of flolw from. overlying, seawa- 
tcr into the beach filled interstitial spaces 
rapidly. Drainage, however, occurred 
much more slowly than filling (see Fig. 7) 
an d resulted from, gravity flow alone. 
“Suction” of the descending water table 
was co,untcred by water retention through 
capillarity within interstitial spaces, Al- 
though 50% of the interstitial water was 
lost quickly, it took far longer folr the 
remaining water to be lost. 

Kramer (1949) described four conditions 
in which water is found in soils: Gravita- 
tional water drains by gravitation aloac 
and is lost and regained quickly; capillary 
water held around and among particles 
moves far more slowly; hygroscopic water 
forms thin films around sedimentary par- 
ticles and is cxtrcmely difficult to remove; 
finally water can be present as vapor. Ap- beach during low tide. 
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parently water lost quickly in most of our 
samples reprcscntcd gravitational wa tcr, 
and capillary water loss produced the 
gradually diminishing levels below 50% 
saturation. Losses of interstitial water 
even at the surface of the beach stabilized 
at levels of ca. 10% saturation ( Fig. 7)) 
probably an approach to the minimal, 
tightly held films of hygroscopic water. 

Temperature 

Temperatures of seawater, the water ta- 
ble, and deeper po,rtions of the interstitial 
habitat were similar and showed little tidal 
variation. They followed gradual seasonal 
climatic changes and were dolminant in 
dc termining tcmperaturc throughout the 
beach during flood tide. For about 12 hr 
of each day (i.c., while the beach was 
filled with water), temperatures at all sites 
approximated those of the seawater-water 
table measured at low tide. At low tide, 
temperatures of superficial sands exceeded 
those of the scawatcr-water table in the 
late morning and afternoon but fell belolw 
those of the seawater-water #table at night 
(as reported for atidal beaches by Jansson 
1967c). Probably the underlying nocturnal- 
high tidal pattern of temperature change 
within the beach followed a seasonal 
change similar Ito that shown in Fig. 8 
for seawater-water table. Increased tcim- 
peraturcs apparently occurred only during 
daytime portions of low tidal cycles. 

Broad changes in temperature were re- 
lated to the difference between tempera- 
turcs in the atmosphere and in the water 
table, as well as by the period of exposure 
to air. During low tide, thermal insulation 
by the sediment and evaporative cooling 
at the beach surface dam:ped signiEicant 
influence of even cxtrcmc atmospheric 
conditions below a depth of 10-20 cm 
(below 5 cm in a fine grain beach, Johnson 
1965). 

In early spring and fall, when sea and 
air temperatures are similar, the daytime 
temperature of the interstitial habitat re- 
mained nearly constant regardless of tidal 
exposure. As daytime air temperatures 
rose in late spring and summer, a lesser 

but proportional rise in low tidal inter- 
stitial temperature occurred. In winter, 
when air temperature was lower than that 
of seawater, temperature in the superficial 
sand of the upper beach dropped scvcral 
degrees below that of scawatcr. At such 
times water in the upper 10-15 cm of the 
beach froze. Tidal movcmcnts of water 
an d insulation provided by snow cover 
(sometimes 70.5 cm thick) prevented more 
extcmsivc freezing of interstitial water. 
From spring through fall atmospheric in- 
fluence was strongest during daytime low 
tides. In winter, nighttime low tidal con- 
ditions may have been slightly more 
severe. 

Decreased water table amplitude during 
neap cycles affected temperatures through- 
out the beach. Superficial layers of sand 
h.igh on the beach were exposed for sev- 
eral days at a time, allowing temperatures 
there to reach extremes. On the other 
hand, tcmperaturcs in decpcr portions of 
the beach remained under the influence 
of seawater temperature longer at neap 
tide. 

Temperature changes depended on the 
extent to which atmospheric conditions 
could modify the ordinarily dominant tem- 
perature of sea and interstitial water. For 
this reason, pattcms of tidal variation in 
temperature are closely related to changes 
in water content. 

Salvat (1964, 1967) provided a useful 
classification of zones along the inter- 
tidal surface of fine grain beaches. He 
described four areas along the lower to 
upper beach axis, characterized b,y water 
conditions (paraphrased from Salvat 1967): 

Zone of &y sand-sediment above the 
level of neap high tides which is emcr- 
gent during several successive tidal cycles. 
Under the effects of meteorological condi- 
tions, this sediment, which loses its gravi- 
tational water on emersion, also may lost 
its capillary ( olr retcntioa) water. It sus- 
tains strong thermal variations and is dis- 
tinguished from other arcas by irregular 
immersion. 

Zone of retention-sediment reached by 
all tides. It loses gravitational water at 
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ZONE OF DRY SAND 
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FIG. 10. Environmental zones at Crane’s beach. 

emersion, but it conserves water of rctcn- 
tion. Sediment in this zone displays an 
absence of very fine sedim’cnt, slight ac- 
cumulation of organic materials, and rela- 
tively 100~ packing. Consequently, great 
porosity and pcrmcability allow extensive 
circulation and interstitial water replcnish- 
ment. Thermal variations can bc impor- 
tant during cmcrsion. 

Zone of resurgence-the site of intensive 
circulation of interstitial water during high 
tide as well as low. During tidal eb’b, 
gravitational water from the zone of rc- 
tcntion drains through the sediment of this 
region, appearing at the surface of the 
beach as streams. Such resurgence contin- 
LWS as long as the level elf interstitial water 
is above the level of tidal water. Circula- 
tion is inverse when the height of tidal 
water exceeds that o,f interstitial water. 
During emersion, the lowering lcvcl of in- 
terstitial water causes a similar lowering 
in the level of resurgence, causing, super- 
ficial scdimcnts in this arca to lost their 

gravitational water. Sediment of this zone 
is charactcrizcd by slight accumulation of 
very fine fractions and organic materials 
and reduced porosity through a molrc com- 
pact arrangement oS sand grains. 

Zone of snturatio*scdiment continu- 
ally saturated by water, showing weak 
porosity and permeability. Circulation is 
greatly reduced because considerable very 
fine scdimcnt and a large accumulation of 
organic material clogs interstices. 

To describe the situation at Crane’s 
beach, WC have extended Salvat’s classifi- 
cation by dividing his zone of dry sand 
into the zone of drying and the zone of 
dry sand. The zone of drying is distin- 
guishcd by irregular water replenishment 
during spring high tides or during storms, 
while the zone of dry sand is rcstrictcd to 
regions almost never rccciving seawater. 

This sequence of environmental zona- 
tion can bc applied successfully not only 
to horizontal vectors along the surface of 
Crane’s beach but to vertical axes of con- 



534 LELAND W. POLLOCK AND WILLIAM D. IICJMMON 

TABLE 3. Environmental zones at Crane’s beach 

Zone Water content Temperature 
- .--~ 

Zone of Almost never receives Highly variable due to 
dry sand seawater; affected by strong atmospheric in- 

precipitation but usu- fluence; high in sum- 
ally very low; hygro- mer, low in winter 
scopic water held 

Zone of Extensive drying; low Wide variations 
drying and irregular; capil- 

lary water usually lost 

Upper Tidally or regularly Can be great (up to 
varying; loo-15% 1OC) in summertime 
saturation; gravita- low tides 
tional water lost 

Zone of Tidally or regularly 
retention varying; loo-40% 

saturation 

Little tidal variation 

Gravitational 
lost 

Zone of High saturation; little Nearly constant; fol- 
resur- variation; some gravi- lows gentle seasonal 
gence tational water lost cycle 

ditions as well. In fact, so well do Salvat’s 
definitions of surface zones on fine grain 
beaches apply to depth zones in a larger 
grain beach that changes in the terminol- 
ogy used above arc not required. 

Vertical characterizations at our stations 
along the lower to upper beach axis differ 
from one another in proportions of each 
of ‘these zones ( Fig. 10, Table 3). Low 
tidal elevation varies through spring and 
neap cycles and with local weather con- 
ditions, so resurgence and saturation pre- 
dominate in lower beach stations. De- 
creased fluctuations in the amplitude of 
the water table within the beach confine 
the extent of the zone of resurgence at 
more landward stations. The zone of re- 
tention dominates the entire beach but 
diminishes rapidly above the high tidal 
region. The zone of drying includes the 
range between high tidal levels in spring 
and neap tides, while dry sand areas oc- 
cur only above the spring high levels. 

Within the inhabited zones, the param- 
eters studied here form a double gradient 
from low to high beach and from the sand 
surface to greater depths. This network 
of physical conditions including grain size, 
water content, and temperature provides 
a broad matrix for possible niche special- 
ization, Grain sizes extend from a poorly 

sorted mixture of large and small sizes low 
on the beach to more uniform medium 
grains in #the upper beach and from the 
constantly reworked superficial sediments 
to mode stable conditions at greater 
depths. Both water content and tcmpcra- 
turc extend from extremes in upper beach 
superficial sand to more moderate condi- 
tions both lower on the beach and deeper 
in the sand. 

The results of granulometric analyses 
from the beach arc of particular intcrcst 
because of the diversity of grain sizes 
present. Material represented in the study 
transect included grains ranging from very 
fine sand to cobble-as one would expect 
in a region dominated by glacial till from 
a terminal moraine. Fully two-thirds of 
the tardigrade and gastrotrich species en- 
countered could be found at one time or 
another in sands ranging from 200 to 3,000 
pm. It was not clear whether the reduced 
grain size variability associated with the 
remaining species was the result of size 
preference choice by the animals or was 
fortuitous. Nevertheless, the generaliza- 
tion remains that most species of these 
two faunal groups tolerate broad ranges of 
grain size. 

Comparable generalizatio’ns can bc 
drawn for effects of water content and 
temperature. The zone of retention and 
the zone of resurgence arc most heavily 
populated in densities, often in excess of 
100 meiofaunal animals/cm3 of sediment. 
Meiofauna arc apparently unable to with- 
stand the drying and high tcmperaturcs in 
the zones of drying, and o,f dry sand; few 
were found in the zone of saturation, their 
occurrence probably being limited by a 
lack of oxygen resulting from. decreased 
circulation ( Gordon 1960; Brafield 1964). 

Incorporating dynamic tidal aspects into 
our study of these physical parameters 
permits a molrc realistic assessment of the 
intertidal beach as habitat for meiofauna. 
The moderate variations in water content 
and temperature suggest that the interior 
of a porous sandy beach such as Crane’s 
beach may be less physically rigorous than 
any other intertidal habitat. The zones of 
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rctcntion and resurgence probab’ly rcprc- 
sent an enviro,nment little mo,re extreme 
than shallow sublittoral scdimcnts. In ad- 
ditioa, the capillary netwolrk of interstitial 
spaces provides a tremendously cxpandcd 
intertidal surface area for meiofaunal ac- 
tivity. A cross section through a coastal 
region of porous sediments would reveal 
that potential meiofaunal habitats are lim- 
ited to the surface few centimeters of sub- 
tidal sediments ( McIntyre 1969)) expand 
to occupy large areas and depths within 
an intertidal area, and then plane off to 
a rather limited range surrounding the 
region of continental groundwa.ter flow 
( Delamare-Dcbouttcvillc 1960). 
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