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ABSTRACT: Effects of waves on aspects of tides which determine the degree of stress to which 
intertidal organisms are subjected are assessed and quantified. The difference between actual and 
predicted time of tidal flooding and ebbing under different wave height conditions was measured on 3 
distinct, adjacent topographies along a wave-exposed shore on the southwest coast of Vancouver 
Island. B. C., Canada. Tidal curves which accurately reflected submersion/emersion events were then 
generated for the 3 transects. Vertical distributions of the conspicuous intertidal algal species were 
determined along the transects, and related to the empirically determined tide curves. Wave action 
caused changes in submersion/emersion events from those predicted by tidal data; the extent of these 
changes depended upon topography and season. Algal distributions on the three transects over 6 yr 
showed a significant correlation with some aspects of their submersion/emersion histories, indicating 
that these events are important in influencing the vertical distribution of intertidal seaweeds. 

INTRODUCTION 

Until recently, biologists presumed that the vertical 
distribution of intertidal macrophytes reflected their 
physiological tolerances to atmospheric conditions 
during periods of emersion (Doty, 1957). The physical 
features generally thought to be responsible were 
insolation, temperature, desiccation, and precipitation 
(Lewis, 1964). The severity of these features was consi- 
dered to be a function of the emersion and submersion 
history of the intertidal region, and this history in turn 
to be a reflection of local tidal cycles. 

Presently, marine biologists emphasize biological 
interactions (e. g. grazing, shading, space competition) 
as being major factors in determining the vertical 
limits of intertidal organisms. This change in approach 
evolved mainly following the work of Connell (1961), 
and is illustrated by the field experiments of Paine and 
Vadas (1969), Dayton (1975), Paine (1979), Lubchenco 
(1980) and others. 

Carefoot (1977) and Lewis (1977) have suggested 
that the vertical distribution of intertidal organisms 
probably results from a combination of biological 
interaction and physiological tolerance. As Lewis 
(1977) has pointed out, however, the relationship 

O Inter-Research/Printed in F. R. Germany 

between vertical distributions and the emersion and 
submersion history of the shore is poorly understood. 

At least 3 aspects of the tides have been suggested as 
operative in determining the degree of physical stress 
on intertidal organisms. Hewatt (1937) proposed that 
the accumulated time spent emerged or submerged, 
and the number of times an organism is emerged or 
submerged, are important in determining the vertical 
position of intertidal biota. Doty (1946) suggested that 
the duration of the single greatest submergence or 
emergence was important in determining biotic dis- 
tribution. These ideas have been tested, in part, by 
correlating observed distributions with predicted tidal 
features (e. g .  Doty, 1946; Underwood, 1978). A poss- 
ible error in this approach is that the actual emersion/ 
submersion history of the intertidal region may differ 
from that indicated by the predicted or recorded tides, 
as a result of wave effects. The effects of waves on 
elevating or lowering the vertical distributions of vari- 
ous intertidal organisms are well documented (e. g. 
Lewis, 1964; Jones and Demetropoulos, 1968), but to 
our knowledge no attempt has been made to elucidate 
the effects waves have on those aspects of tides that 
determine the degree of stress to which an  intertidal 
organism is subjected. 
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Our study has attempted to clarify 3 questions con- 
cerned with the distribution of organisms in the interti- 
dal zone: (1) What are the relations between the actual 
submersion/emersion histories of 3 contiguous topo- 
graphies with different slopes on a wave-exposed 
shore; (2) what are the relations between the upper and 
lower limits of seaweeds on the 3 topographies and 
how do they vary from one year to another; (3) what are 
the relations between upper and lower distribution 
limits of the seaweeds and the submersion/emersion 
histories of the 3 topographies? 

MATERIALS AND METHODS 

Our basic approach was to determine the difference 
between the actual and predicted time of tidal flooding 
and ebbing under different wave height conditions on 
3 common coastal topographies: a channel, a flat, and a 
point. These 3 topographies were included in 50 m of 
shoreline along Botany Beach (48"33'N, 124'25'W) on 
the southwest coast of Vancouver Island, British Co- 
lumbia, Canada. Their exposure was west-north-west, 
the same orientation as the prevailing swell. 

Transects were surveyed using a K and E Paragon 
transit, Zeiss self-levelling level, steel measuring tape, 
and a stadia rod. Markers were anchored in rock along 
each transect at 0.8, 1.4, 1.7, 2.3, and 2.9 m above 0 tide 
level. These tide levels were projected from an estab- 
lished bench mark. 

Wave heights were recorded twice daily almost con- 
tinuously during 1966. Wave height was measured 
from the shore with a stadia rod using the horizon as 
reference level. 

Actual times and durations of emergence and sub- 
mergence for different levels along the 3 transects 
were determined concurrently using submersion/ 
emersion sensors (Druehl and Green, 1970). The rela- 
tion between sea level and wave height was found by 
determining the difference between the actual sea 
level, as determined by the submersion/emersion sen- 
sors, and the predicted level for the 3 transects. The 
predicted levels were taken from 6-min interval tidal 
predictions (Canadian Hydrographic Office, Ottawa, 
pers, comm.). 

Regression lines relating sea level to wave height 
were developed for each transect, and these were then 
employed in correcting the predicted tide curves for 
the 3 different topographies. The corrected tide curves 
were used to determine the accumulated time sub- 
merged, total number of emergences and submerg- 
ences, and duration of the single greatest emergence 
and submergence throughout the vertical extent of the 
intertidal zone on the 3 transects. These calculations 
were made for the May 1 - June 14 period, and for 4 

3-mo periods during 1966. However, due to the simi- 
larity in trends between transects and seasons, only the 
May 1 -June 14 data are presented, with the exception 
of data on accumulated submergence, which are used 
to demonstrate seasonal trends. 

The vertical distributions of conspicuous and easily 
identified algal species were determined during the 
following months: May 1966, April 1967, May 1968, 
1969, 1970, and July 1971. Observations were made 
along transects consisting of a taut metered line 
extending from 2.9 m to 0.4 m above 0 tide level. Plants 
occupying tidepools were ignored. 

Changes in the vertical positions of seaweeds year- 
to-year were assessed using the G statistic (Sokal and 
Rohlf, 1981). We tested for significant deviation from 
random change in vertical limits, which we considered 
to be equal numbers moving up, down, and not chang- 
ing. The degree of consistency between mean vertical 
limits of the studied seaweeds on all 3 transects and 
tidal features was determined using Kendall's coeffi- 
cient of concordance (Siegal, 1956). 

RESULTS 

The major physical difference between the transects 
was steepness of slope. This was reflected by the linear 
distances between the 2.9 m and 0.4 m tide levels: 
point, 8 m; channel, 27 m; and flat, 84 m. 

Mean monthly wave heights, as determined from 
recordings taken twice daily during 1966, ranged from 
0.5 m to 1.0 m (Fig. 1).  

The greatest displacement of sea level in response to 
waves occurred on the point, followed by the channel 
and the flat (Fig. 2). Tidal curves corrected for wave 
effects differed from uncorrected tidal curves in 2 ways 

J F M A M J J A S O N D  
MONTHS 

Fig. 1.  monthly means of wave height ( 1 standard devia- 
tion) for 1966, as determined from twice-daily observations 
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Fig. 2. Sea level displacement as a function of wave height as 
determined during 1966 for point (P), channel (C), and flat (F) 

(Fig. 3): the harmonic pattern of the tidal curves tended 
to be disrupted, and the intertidal range and the lowest 
level emerged increased from uncorrected tidal curves 
to the flat, the channel, and the point. 

The influence of waves on the various studied tidal 
features as observed on the 3 transects and compared 
with tidal data uncorrected for wave effects, are shown 
in Figs. 4 and 5 and in Table 1 for the May 1 -June 14 
period. The tidal features were altered from one 
extreme value at the point to the other extreme for 
uncorrected tidal data. For example, the accumulated 
time submerged at 2 m above 0 tide was 90 % at the 
point, 73 % in the channel, 67 % on the flat and 48 % 
for uncorrected tidal data during this period (Fig. 5). 
This relation between the transects and the various 
tidal features remained constant throughout the year, 
with only the magnitude of the values varying. Fig. 6 
illustrates seasonal variation i n  accumulated time sub- 
merged for the point and uncorrected tidal data. The 
other studied tidal features showed the same seasonal 
trend. 

A general view of the transects revealed several 
differences in floristic composition. The point con- 
trasted with the other transects in that Postelsia pal- 
maefomis was present, while Phyllospadix scouleri, 
Egregia menziesii, and bladed and filamentous green 
algae were absent. The conspicuous differences 
between the flat and channel were the comparatively 
low densities of Lessoniopsis littoralis and E. menziesii 
in the channel. 

Most of the plants whose vertical distributions were 
studied were present throughout the 6-yr observation 

HOURS 

Fig. 3. Tidal curves, corrected for wave effects, for channel 
and point. The tidal curve for the flat was similar to that of the 
channel but with slightly less upward displacement. The 
uncorrected tidal curve is derived directly from 6-min tidal 
predictions. Wave height data are derived from twice daily 

observations. All data are for the May 1-25, 1966 period 

period (Fig. 7). Two essentially annual algae, Costaria 
costata and Desmarestia ligulata, were present for only 
3 yr on the point and flat respectively, and the peren- 
nial alga Egregia menziesii was present in the channel 
only during the last year of study. 

Vertical ranges and means of upper and lower limits 
observed over the 6-yr study period are shown in Fig. 
7; the year-to-year changes in vertical limits of 
selected species, in Fig. 8. Generally, the upper limits 
of any given species were highest on the point, and 
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Fig. 4.  Total number of emergences and submergences as a 
function of elevation above 0 tide level for point (P), channel 
(C), flat (F) and for uncorrected tide data derived directly from 

6-min tidal predictions (U) 
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similar on the flat and channel. Lower limits tended to 
be lowest on the flat and highest on the point. The 
ranges of upper and lower vertical limits of individual 
species varied from a few cm (e, g, upper limits of 
Fucus distichus on the channel) to over 1 m (e. g. upper 
limits of Hedophyllum sessile on the point) throughout 
the 6-yr study period. The relative vertical positioning 
between transects also varied; for example, in 1966 
Laminada setchellii was at its highest position on the 
flat and at its lowest on the channel. 

When the relative movement of both upper and 
lower limits of the studied species on all transects are 
considered together, some temporal patterns are evi- 
dent (Table 2). In 1967 and 1969 a significant number 
of upper and lower limits had lower vertical positions 
relative to the previous year (P 5 0.029), and between 
1969 and 1970 there was an increase in both vertical 
limits (P = 0.1 19). During 1968 and 1971 the vertical 
positioning changed in a random manner (P 2 0.404). 

MAY l -JUNE14,1966 

Fig. 5. Accumulated time submerged as a function of eleva- 
tion above 0 tide level for point (P), channel (C), flat (F) and 
for uncorrected tide data derived directly from 6-min tidal 

predictions (U) 

The emersion and submersion histories for the mean 
upper and lower limits of the studied species are given 
in Table 3. Where there is considerable variation for 
any one tidal feature between the transects, the 
extreme value is usually represented by the point (e. g. 
duration of single greatest emergence for Alaria nand). 

As determined by Kendall's coefficient of concord- 
ance, the mean upper limits of seaweed distribution 
were most consistent with accumulated time sub- 
merged (P = 0.059), followed by number of emer- 
gences and submergences (P = 0.068), duration of 

Table 1. Duration of the single greatest emersion (E) and submersion (S) on the 3 transects and from uncorrected tide data. T. F. 
number of critical tide levels (sensu Doty 1946: levels where a small vertical shift results in a 2- to 3-fold change in duration of the 

single greatest emergence or submergence) 

Meters above Uncorrected Channel Flat Point 
0 tide E S E S E S E S 
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Fig. 6. Seasonal variation in accumulated time submerged as 
a function of elevation above 0 tide level for 1966. The 4 
upper curves represent wave-corrected tidal data for the 
point; the 4 lower curves are derived directly from 6-min tidal 

predictions 

Table 2. Percent of upper and lower limits changing upwards 
(+ ) ,  downwards ( - )  or not detectably (0 )  on the 3 transects 
between successive years; n: number of cases, as calculated 
from the G statistic. P assesses the probability that the year- 
to-year changes were random (P = .5: random change; P < .S: 

increasingly non-random) 

Change in upper and lower limits 

+ 23.7 % 36.6 % 21.7 % 44.4 % 35.3 % 
- 50.8 33.3 46.6 27.8 31.4 
0 25.5 30.1 31.7 27.8 33.3 

n 59 60 60 54 51 
P 0.011 0.404 0.029 0.119 0.471 

greatest single emergence (P = 0.075) and duration of 
single greatest submergence (P = 0.212). Lower limits 
were most consistent with duration of greatest single 
emergence (P = 0.077) followed by number of emer- 
gences and submergences (P = 0.078), accumulated 
time submerged (P = 0.081) and duration of single 
greatest submergence (P = 0.085). 

DISCUSSION 

Three general categories of environmental factors 
may jointly control the vertical limits of distribution of 
intertidal organisms: unpredictable disruptions (e. g. 
storms, abrasion by logs, etc.; Dayton, 1971; Paine 

1979), biological interactions (e. g.  grazing, crowding, 
shading, predation; Dayton, 1975), and a differential 
stress tolerance to intertidal conditions (e. g. desicca- 
tion, actinic radiation; Schonbeck and Norton, 1978; 
Druehl and Hsiao, 1977). 

With the exception of the duration of the single 
greatest submergence or emergence, the various tidal 
features that have been suggested as significant in 
determining limits of distributions of intertidal organ- 
isms (i. e. total hours of submersion or emersion, and 
number of submergences and emergences per unit of 
time) are clinal, and therefore inherently difficult to 
relate to zonation patterns. 

Doty's original field study (1946), a subsequent 
laboratory study (Doty and Archer, 1950), and a field 
study by Beveridge and Chapman (1950) supported the 
hypothesis that the duration of the single greatest 
emergence or submergence was most important in 
determining intertidal limits of distribution. Widdow- 
son (1965) and Womersley (1955), however, found no 
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Fig. 7 .  Vertical ranges (boxes) and means (dots) of the upper 
and lower limits of selected species on the 3 topographies. 
Where the range in upper or lower limits exceeded the vertl- 
cal extent of the beach studied, means were not calculated. 

These cases are indicated by an open-ended box 
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TabIe 3. Aspects of the emersion and submersion history experienced by the mean upper and lower limits of the studied algae OII 

channel (C), polnt (P) and flat (F) from May 1 to June 14 

Greatest Greatest Accumulated time Number of 
submergence (h) emergence (h) submerged (%) emergences and 

submergences 

Mean upper limits C P F  C P F  C P F  C P F  
Hedophyllum 31 149 20 7 6 8 77 89 71 97 53 113 
Iridaea 61 253 22 5 6 7  85 92 77 82 39 104 
Alaria nana 31 138 22 7 35 7 76 83 74 95 72 106 
A. marginata 188 23 4 6 92 82 49 87 
Microcladis 32 2 1 7 8 7 6 73 98 112 
Halosaccion 22 17 8 8 70 66 119 129 
Lea thesia 27 18 7 8 72 65 11 1 130 
Egregia 209 22 4 7 93 7 8 4 5 100 

Mean lower limits 

Endocladia 27 100 20 7 7 10 72 83 67 110 76 125 
Alaria nand 61 307 23 5 4 6  83 95 79 82 32 83 
Hedoph yllum 526 324 256 2 5 3  98 94 95 18 90 30 
Halosaccion 141 92 5 6 91 86 58 68 
Leathesia 31  22 7 7 78 79 101 103 
Fucus 26 22 6 7 78 74 97 104 

correlation between vertical distributions and dura- 
tions of single greatest emergences or submergences. 
Doty (1957) continued to support his original 
hypothesis, but concluded that use of this tidal feature 
was too complex to be practical. More recently, Chap- 
man (1973) dismissed tidal features as being unimpor- 
tant in delineating intertidal distributions. 

Generally, earlier studies have calculated the sub- 
mersion/emersion history of a shore from predicted or 
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Fig. 8. Year-to-year variation of the upper (U) and lower (L) 
l ~ m i t s  of selected species 

recorded tidal data (e,  g. Doty, 1946; Womersley, 1955; 
Widdowson, 1965). In a few instances, the elevation of 
tides by waves was noted by either measuring wave 
excursions up the shore (e. g. on 2 occasions for 10 min; 
Atobe and Saito, 1974), or by observing sea level dur- 
ing calm sea conditions against a tidal pole positioned 
near shore (Beveridge and Chapman, 1950). Our data 
show that these approaches fail to describe accurately 
the submersion/emersion history of the intertidal re- 
gion, insofar as they do not account for wave conditions 
over an extended period, or for the influence of local 
topographic features. Our approach of adjusting tidal 
heights on 3 adjacent intertidal transects on the basis 
of observations made twice daily for a year, and on 
empirically derived relations between topography and 
wave excursions, enabled us to calculate realistic sub- 
mersion/emersion histories for our study transects. 

Our data demonstrate that wave action causes sub- 
stantial changes in actual submersion/emersion events 
from those predicted from tidal data, and the extent of 
these changes is dependent upon topography and sea- 
son. The steeper the slope, the higher the position of 
any particular tidal feature, and maximum differences 
between actual and predicted submersion/emersion 
events occur at those times of year when wave heights 
are greatest. Any attempt to describe accurately the 
submersion/emersion history of a shore must therefore 
account for these 2 variables. We are not familiar with 
any studies which have done this with sufficient accu- 
racy to test validly Doty's tide factor hypothesis, or 
other hypotheses directly related to submersion/emer- 
sion events. 
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Previous attempts to relate intertidal distributions to 
the subn~ersion/emersion history of the intertidal zone 
have relied on single observations of the vertical limits 
of distributions (e. g. Doty, 1946). Other studies have 
demonstrated a seasonal change in vertical limits of 
intertidal plants (Lawson, 1957; Druehl and Hsiao, 
1977; Schonbeck and Norton, 1978), but to our know- 
ledge variation in vertical limits over several years has 
not been reported. We have found that in some in- 
stances, limits of vertical distribution over the 6-yr 
study period ranged to over 1 m (or over ' / 3  of the 
maximum tidal amplitude). 

Generally the upper and lower limits were higher on 
the point than on the flat or channel. Earlier studies 
have correlated an elevation of vertical limits with 
increasing wave exposure, and hypothesized that this 
reflected a differential submersion/emersion history at 
any one tidal level between sites of different wave 
exposure (Atobe and Saito, 1974; Lewis, 1977). Our 
study has shown that marked differences in vertical 
positioning can occur along a short (50 m) horizontal 
stretch of coast with the same wave exposure, and that 
these are related to topography. Widdowson (1965) 
noted that there was greater variability in vertical 
distributions on surf-exposed coasts; we contend that 
this variability is a function of the local topography. 

Vertical floristic patterns changed between years, as 
well as between the 3 topographies. The vertical limits 
of a single species sometimes changed differentially in 
a given year (e, g,  up on the point and down on the 
flat), yet there was a general tendency for the majority 
of species to alter their limits in a common mode from 
year to year. When looked at individually, most of the 
species experienced similar submersion/emersion his- 
tories, particularly accumulated time submerged and 
duration of the single greatest emergence at the mean 
limits of their vertical distribution on the 3 topo- 
graphies. These results suggest the presence of a com- 
mon factor(s) whose stresdbenefit effects on the verti- 
cal limits of the plants vary from year to year, but for 
any one year have a more or less uniform effect. 

A variety of studies have shown that abiotic factors 
associated with an intertidal position can limit the 
vertical distribution of marine plants. Observations on 
post-earthquake shores of Alaska demonstrated that 
moderately uplifted intertidal communities could not 
survive at  a higher intertidal level, but that com- 
munities which were shifted downward could survive 
at their new position (Haven, 1971). Further, transplant 
studies on intertidal fucoids have demonstrated that 
the upper limits of 2 Fucus species are determined by 
physical factors (Schonbeck and Norton, 1978). The 
effects of a tidal cycle on intertidal fucoid growth, as 
observed under laboratory conditions, suggest an 
emersion requirement for these plants (Rusanowski 

and Vadas, 1973; Schonbeck and Norton, 1979). 
Edwards (1977), however, questions the general 
applicability of these observations. 

Our detailed and long-term observations of wave 
and tide heights on 3 adjacent transects have shown 
that the actual submersion/emersion patterns along a 
shore deviate considerably from standard tide predic- 
tions, and these differences are the result of local 
topography. Observations of algal distribution on the 3 
transects over 6-yr period proved to correlate with 
certain aspects of the submersion/emersion history of 
each location, indicating that submersion/emersion 
events do indeed play an important role in determin- 
ing vertical distributions of intertidal seaweeds. 
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