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Early recruitment and growth of the American 
oyster Crassostrea virginica (Bivalvia: Ostreidae) 

with respect to tidal zonation and season 

G .  Curtis Roegner*, Roger Mann 

Virginia Institute of Marine Science, School of Marine Science, College of William and Mary, Gloucester Point, 
Virginia 23062, USA 

ABSTRACT: Survival and growth of newly settled oysters were measured at sub- and mtertidal treat- 
ment levels during the first month of post-settlement life in the York River, Virginia, USA. Controlled 
settlement of hatchery-reared larvae m the laboratory and image analysis techniques allowed for indi- 
vidual oysters grown in the field to be tracked through time. High mortality occurred within 1 wk post- 
settlement at all tidal heights m 3 experiments which spanned the natural recruitment period. This im- 
tial mortality strongly influenced later abundance, as weekly mortality rates decreased sharply after 
2 wk. Additionally, all recruits were eliminated from the mid-intertidal zone and above (>25 % aerial 
exposure) during high temperature periods. Only in autumn did recruitment occur in the mtertidal area 
occupied by natural oyster populations. In contrast, low intertidal and subtidal populations persisted 
through the month long experiments where adult oysters were rare Growth (shell area) of intertidal 
oysters exposed >25 % was reduced relative to more immersed oysters. Density-dependent growth 
was not observed While the natural oyster population appeared to be  relegated to the suboptimum 
mtertidal, successful recruitment to this zone was limited on a seasonal basis by lethal air temperatures 
>30Â°C The mortality agents which structure the mtertidal population affect recently settled and 
juvenile oysters 

KEY WORDS: Oyster Recruitment. Growth . Juvenile . Intertidal zonation 

INTRODUCTION 

Both pre- and post-settlement processes contribute 
to the demography of sessile marine organisms on 
hard substrates (Gaines & Roughgarden 1985, Under- 
wood & Fairweather 1989, Michener & Kenny 1991, 
Roughgarden et al. 1991). However, for most organ- 
isms, the problem of accurately distinguishing settle- 
ment patterns from the effects of early post-settlement 
mortality remains (Connell 1985). The early recruit- 
ment period, which includes settlement plus post- 
settlement survival, is often considered deterministic 
for overall recruitment success. Thus, it is important to 
ascertain the time course of events which structure 

'Present address: Department of Oceanography, Dalhousie 
University, Halifax, Nova Scotia, Canada B3H 4J1 

population distributions during the early recruitment 
period. 

Populations of the American oyster Crassostrea vir- 
ginica (Gmelin, 1791) located in higher salinity areas of 
the Middle and South Atlantic and Gulf coasts of the 
USA are commonly restricted to the intertidal zone. 
This zonal distribution has often been attributed to the 
effects of predation and competition (Galtsoff & Luce 
1930, McDougall1942, Mackm 1946, Chestnut & Fahy 
1952, Nichy & Menzel 1967, Ortega 1981). However, 
most of these investigations monitored recruitment 
patterns with a coarse temporal resolution (often 
months) and usually without quantifying variations in 
the relevant physical parameters such as aerial expo- 
sure, temperature, or salinity. These studies have con- 
tributed important information on recruitment trends 
but fail to identify when structuring phenomena occur. 
Similarly, few investigations have compared growth 
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rates with respect to tidal inundation during the early 
recruitment period (but see Crosby et al. 1991). 

To examine the relative contribution of larval settle- 
ment versus early post-settlement mortality on the 
zonal distribution of oysters, we conducted field exper- 
iments using hatchery-reared larvae in which recruit- 
ment was separated into pre- and post-settlement com- 
ponents. Previously, we reported the results of larval 
microcosm studies which demonstrated that oyster set- 
tlement occurred predominantly in the subtidal zone 
(Roegner & Mann 1990). Our approach in the present 
investigation was to experimentally standardise the 
influence of larval supply by measuring mortality and 
growth from a known number of recently settled indi- 
viduals over weekly sample periods using photo- 
graphic and image analysis techniques. The objective 
was to ascertain the time course of mortality and 
growth of newly settled Crasssotrea virginica as a 
function of tidal exposure and season. 

MATERIALS AND METHODS 

Study site. Experiments were conducted in the York 
River, Virginia, USA, a partially mixed subestuary of 
Chesapeake Bay, on the Virginia Institute of Marine 
Science (VIMS) Ferry Pier approximately 15 m from 
shore. Water depth was 0.75 m at mean low water 
(MLW), while the tidal range at the site was approxi- 
mately 1 m. Wild Crassostrea virginica populations 
were distributed on pier pilings within a distinct band 
located between about +25 and +50 cm relative to 
MLW. This mid-intertidal zone graded above into a 
distribution of the barnacle Chthamalus fragilis Dar- 
win and below into a zone of the barnacle Balanus 
eburneus Gould. Green algae Ulva lactuca Linnaeus 
and Enteromorpha spp. were seasonally abundant 
throughout the intertidal zone. Substantial amounts of 
free space existed intertidally on the pilings below 
+25 cm, but few oysters were found there. The compo- 
sition of the subtidal epifaunal community varied sea- 
sonally but was dominated by the sponges Microciona 
prolifera (Ellis & Solander) and Halichondria bower- 
banki Burton. Barnacles B. eburneus and B. improvisus 
Darwin, tunicates Molgula manhattensis (DeKay), and 
unidentified bryozoans and hydroids were additional 
conspicuous macrofauna. Little free space was appar- 
ent and oysters were rare subtidally. 

Physical data. Air and water temperature and salin- 
ity readings were recorded at 6 min intervals by auto- 
mated sensors located approximately 30 m from the 
study site. The mtertidal temperature range was mea- 
sured at l to 3 d intervals with a minimum-maximum 
thermometer positioned at +35 cm relative to MLW. 
Least-squares regression was used to evaluate linear 

trends of mean daily salinity and temperature with 
time. Hourly water heights were measured at the 
Gloucester Point National Oceanographic and Atmos- 
pheric Association tide station located 100 m from the 
study site. Percent aerial exposure at any given inter- 
tidal level was computed from these data and was 
resolved to a weekly scale. All tidal heights quoted in 
this report were referenced to the mean of the low 
water level of the river computed over an 18 yr period 
from 1960 to 1978. 

Early post-settlement mortality. Recruitment studies 
require clearly stated definitions of terms (Keough & 

Downes 1982, Luckenbach 1984, Roegner 1991). Set- 
tlement for this study was defined as permanent 
cementation to the substrate. Post-settlement mortality 
was calculated from the proportion of individuals 
remaining from settlement over time scales of roughly 
1 wk. Hence, a 'settler' was defined as a newly 
cemented individual, while a 'recruit' was a juvenile 
which had survived at least the first week of benthic 
existence. 'Recruitment' in this study thus included 
both the initial abundance of settlers and the subse- 
quent survival of recruits. Oyster recruitment was 
measured at weekly intervals for 4 wk post-settlement. 

Experiments were initiated on 3 June, 8 July, and 
9 September 1988 (spring, summer, and autumn exper- 
iments, respectively) and were terminated after 31, 28, 
and 28 d, respectively. This period includes most of the 
natural settling period of oysters in this area (unpubl. 
technical reports, Virginia Oyster Spat Survey, VIMS, 
1970-1990). The experimental design compared oyster 
survival at the tidal heights +75, +50, +25, 0 (=MLW), 
-25 and -75 cm relative to MLW. Unglazed 25 cm2 
ceramic plates served as the settlement substrate. 
There were 10 replicate plates at each of the 6 tidal 
heights except in the spring experiment which used 
7 plates at each of 5 heights (-25 cm was not tested). 
Plates were pre-conditioned for 3 d in flowing York 
River water and then randomly sorted into 3 clear plas- 
tic containers filled with 5 1 of 5 pm filtered York River 
water. Larvae were grown to the pediveliger (compe- 
tent to settle) stage at the VIMS Oyster Hatchery and 
added to each container in approximately equal num- 
bers. Salinity was ambient with river water (17 to 
22%0), temperatures ranged between 20 and 24OC, and 
the containers were shaded. 

After a 3 to 5 d settlement period, the plates were 
removed from the containers and all individuals not 
firmly attached were displaced with a powerful jet of 
water. This insured that only oysters which had perma- 
nently cemented were counted as settlers. Settler den- 
sity on the plates was nonuniform and varied over an 
order of magnitude within an experiment, and care 
was taken to standardise the settler density range 
among treatments. Density was measured by photo- 
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graphing each plate on a copy stand with an Olympus 
OM camera fitted with a 50 mm macro lens at a 1: 1.25 
reproduction ratio. Photographs included a 1 cm2inter- 
nal scale which served both as a focusing reticule and 
for size determination of individual spat during data 
processing (see below). Individual plates required 
about 30 s for photography and were otherwise held 
submerged in flowing seawater. 

After recording settler density, the plates were at- 
tached with plastic cable ties to a rectangular wood and 
plastic-coated wire rack (2.5 x 0.75 m) and deployed into 
the York River on a permanent frame calibrated by tidal 
height. During subsequent sampling of recruits, the rack 
was brought into the laboratory and each plate was 
rephotographed as described, after which the rack was 
redeployed. Density of fouling organisms and evidence 
of predation were estimated during rack retrieval. Prior 
to photosampling, the plates were cleaned of all epibiota 
except the more tenacious serpulid worms and barna- 
cles. This removal was necessary to have clear photo- 
graphs of the juvenile oysters, but the cumulative effects 
of competition and predation on experimental oyster 
survival and growth were thus reduced compared to 
natural populations. The sampling' procedure resulted 
in a time series of 5 photographs for each plate. 

To determine recruitment, each time series was digi- 
tised and stored into a computerised image analyser 
(System 575, International Imaging Systems), and the 
images were then recalled in sequence to identify indi- 
vidual oysters. Mortality was conservatively deter- 
mined as presence/absence from the initial photo- 
graph. Cumulative proportional mortality (Mp) at each 
date sampled was computed from the census data as 
Mpt = 1 - (Nt/Ni), where N is oyster density (no. 
p la te i )  and t is oyster age (d). For each tidal height, 
the mean Mp was computed for the weekly sample 
intervals from the 10 replicate plates (7 in the spring 
experiment), but once the variance of a tidal height 
reached zero (all spat dead) it was removed from fur- 
ther analysis. A one-way ANOVA was used to test the 
null hypothesis of no difference in the arcsine-square- 
root-transformed Mp among tidal levels at each age. 
Comparisons of Mp among intervals were not tested 
because of non-independence of replicate plates 
between sample dates. Bartlett's test was used to test 
for homogeneity of variances and Tukey's HSD test 
(a = 0.05) was used when appropriate to distinguish 
significantly different groups. 

Proportional daily mortality rate per plate (Zp, pro- 
portional mortality d *  plate1) was computed for each 
weekly interval as Zpt = [I  - (Nt/Nt_i)]/dt, where dt 
designates the time interval in days and the other sym- 
bols are as above. Least-squares regression was used 
to evaluate the linear trend in the log-transformed 
mean Zp with time. 

Size and growth. The size of individual Crassostrea 
virginica, measured as planar shell area (mm2), was 
determined on the image analyser with a 'blotch' func- 
tion which computed the number of pixels within an 
operator-defined area. Areas in the images were stan- 
dardised to the 1 cm2 internal scale. For statistical com- 
parisons, the mean oyster area was calculated after 
pooling the replicate plates by tidal level for each date 
sampled. For each experiment, a one-way ANOVA 
comparing mean area per tidal level for each weekly 
interval was used to test the hypothesis of no differ- 
ence in size among levels. Tukey's HSD test (a = 0.05) 
was used when appropriate to distinguish significantly 
different groups. 

Growth was determined for individual oysters by the 
area difference between successive samples. Daily 
individual growth rates (mm2 d l )  were computed for 
each weekly interval as Ga = (A, - At_l)/dt, where A is 
oyster area (nun2), t is sample interval, and dt is dura- 
tion (d) of the sample interval. The relation between 
log-transformed Ga and oyster age was investigated 
with least-squares regression. 

Effect of density on growth. Due to the range of set- 
tler densities used in the experiments, we also investi- 
gated the effect of oyster density on growth by regress- 
ing the mean Ga p la te1  over each sample interval by 
the no. of oysters p l a t e*  at the beginning of the sam- 
ple interval. The expectation of growth reductions at 
high oyster densities should be evident as increasingly 
negative slopes of the regression lines with time (see 
Roegner 1991 for a similar analysis). Thus, changes in 
the slope of the growth-to-lagged-density regression 
lines over the course of an experiment were considered 
evidence for intraspecific competition. 

RESULTS 

Physical data 

Mean salinity increased from about 17%0 in June to 
about 23%0 in October, with mean daily fluctuations 
of <1 to 5%0 (Fig. 1A). There was a significant in- 
crease in mean daily salinity with time during the 
spring (p < 0.001, r2 = 0.890, n = 31) and summer (p < 
0.001, r2 = 0.235, n = 29) experiments but the mean 
salinity ranges over these periods were <4%0. The 
autumn experiment exhibited no significant trend 
with time (p = 0.535, r2 = 0.356 n = 29); the mean 
salinity range remained about 2%o. Salinities during 
the spring experiment ranged between 17 and 21%o, 
while salinities during the summer and autumn ex- 
periments were slightly higher (21 to 23%0). These 
values are well within the tolerance range of Cras- 
sostrea virginica. 
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I I 1 I , I 
Jun Jul Aug Sep Oct Nov 

Fig. 1. (A) Mean salinity range, (B) mean water temperature 
range, and (C) mean air temperature range, during the 

experimental period 

Mean daily water temperature during the experi- 
mental period ranged from approximately 20 to 30Â°C 
with a maximum reached during the summer experi- 
ment (Fig. 1B). Mean temperatures increased by 4 to 
5OC during the spring and summer experiments and 
exhibited significant linear increases with time (spring: 
p < 0.001, r2 = 0.564, n = 31; summer: p < 0.001, r2 = 

0.569, n = 29). Mean water temperature significantly 
decreased from 24 to 19OC during the autumn 
(p < 0.001, r2 = 0.601, n = 29). Throughout the experi- 
mental period, mean daily variation in water tempera- 
ture was usually <5OC. 

Mean daily air temperatures ranged from 18 to 31Â° 
during the experimental period (Fig. 1C). During 

spring, the mean daily air temperatures ranged from 
19 to 2gÂ°C with a third of the experimental period 
experiencing mean daily maximum temperatures 
>30Â°C The range of mean daily temperatures during 
summer was 25 to 31Â°C with 57 % of the days having 
maximum temperatures >30Â°C No linear trend was 
observed with time in spring or summer (spring: p = 
0.512, r2 = 0.015, n = 31; summer: p = 0.890, r2 = 0.001, 
n = 29). In contrast, mean daily air temperatures signif- 
icantly decreased from 26 to 18OC during autumn, 
(p < 0.001, r2 = 0.350, n = 29), with no days experienc- 
ing mean daily maximum temperatures >30 OC. 

Maximum intertidal temperatures measured at 
+35 cm correlated with the mean daily maximum air 
temperatures (p = 0.001, r2 = 0.805, n = 120), but were 
generally higher. In spring 12 out of 15 recorded days 
had air temperatures >30Â°C with a maximum of 35'C. 
In summer 16 of 18 recordings exceeded 30Â° with half 
of those >35OC. In autumn, only 2 of 17 readings 
exceeded 30Â°C 

Percent aerial exposure by tidal level was similar in 
spring and autumn, while the summer experiment 
exhibited > 15 % increase in exposure between some 
levels (Table 1). This was due to the lower water levels 
in the York River during summer. Overall, the average 
experimental exposures were 80 to 90% at +75 cm, 
50 to 65 % at +50 cm, 25 to 45 % at +25 cm, 1 to 10 % at 
MLW, and the levels <MLW were subtidal. Weekly dif- 
ferences in the percent exposure were relatively large, 
however, with changes of >10 % occurring between 
consecutive week^. 

Post-settlement mortality 

Oyster mortality was high in the first week post- 
settlement at all tidal heights in each experiment, with 

Table 1. Weekly percent aerial exposure by tidal level. All 
heights < MLW are subtidal 

Expt Tidal Week 
level (cm) 1 2  3 4 

Spring + 75 
+50 
+ 25 

MLW 

Summer +75 
+50 
+ 25 

MLW 
Autumn +75 

+ 50 
+ 25 

MLW 
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settlers at +50 and +75 cm incurring 100 % mortality 
during this initial period (Fig. 2). At +25 cm 
(> 10 % emersed), all oysters died within 2 wk with the 
exception of the autumn experiment, when survival 
was relatively good (see below). The mean percentage 
of the settler population which died each day (Zp) 
ranged from 14.3 to 9.3 % d-I (Mp = 100 and 64.2 % 
d l ,  respectively), while recruit Zp fell below 1.0% d 1  
after the second week. Regression analysis indicated 
Zp declined significantly with time for all treatments 
(Table 2). Thus, while most newly settled oysters did 
not survive the first week of post-settlement life, the 
subsequent recruit mortality was low. 

The time course of recruitment varied among exper- 
iments. During spring, settler mortality was signifi- 
cantly lower at MLW than at -75 cm or +25 cm 
(Fig. 2A, Table 3). At MLW, significantly higher sur- 
vival persisted through the second week, after which 
cumulative mortality was not significantly different 
from oysters at -75 cm (88.7 and 94.2 %, respectively). 

Tidal Level 
*Ã‘ >25 cm 
Â Â +25 crn 

MLW 1 
T--7 -25 cm 
Â¥Ã -75 cm 

Fig. 2. Crassostrea virginica. Mean cumulative percent 
mortality (Â±SE by oyster age for each tidal treatment m 

(A) spring, (B) summer, and (C) autumn 

The summer experiment had a similar pattern except 
settler survival at +25 cm was significantly higher than 
at -75 cm (Fig. 2B, Table 3); however, during the fol- 
lowing week mortality of recruits at +25 cm was nearly 
complete. The MLW, -25, and -75 cm levels did not 
show further significant differences in cumulative mor- 
tality. Survival was very low, with final mortalities 
ranging from 93 to 99 %. Intertidal recruitment was 
comparatively more successful in the autumn (Fig. 2C, 
Table 3). After the first week, settler survival was rela- 
tively high (22 to 35 %) and was not significantly differ- 
ent between + 25, MLW, - 25 and - 75 cm levels. Over 
each of the next 3 weeks, there was significantly lower 
mortality at +25 cm relative to - 75 cm level. No other 
significant differences were detected. Final mean mor- 
talities ranged from 87 to 95 %. Thus, m contrast to the 
earlier experiments, there was a substantial recruit- 
ment into the mid-intertidal zone in autumn. 

Size and growth 

Shell areas of juvenile oysters increased between 2 
and 3 orders of magnitude during each of the month- 
long experiments (Fig. 3). Regressions of log-trans- 
formed individual daily growth rates (Ga) of oysters 
exhibited significant positive increases with time 
for treatments with surviving recruits (Table 4). In 
general, growth differences were most pronounced 
between mid-intertidal oysters and those grown at 
- 75 cm; fluctuations among the weekly growth rates 
resulted in inconsistent statistical results among the 
MLW and subtidal treatments (see below). 

During spring, the mean daily growth rates and sizes 
were consistently greater subtidally than in the inter- 
tidal zone (Fig. 3A, Tables 4 & 5). After the second week, 
oysters at MLW grew only about 50 % as large as those 
at -75 cm. After the first week of the summer experi- 
ment, shell areas at + 25, MLW, - 25, and - 75 cm were 
all significantly different from each other, with the high- 
est growth at MLW (Fig. 3B, Tables 4 & 5). Again, oys- 
ters at +25 cm grew only marginally before complete 
mortality occurred. After the second week, oysters at 
MLW exhibited a very high relative Ga and were signif- 
icantly larger than oysters at the subtidal stations. How- 
ever, no significant difference in size among treatments 
was found at the third week and there was a greater 
mean size at -75 cm after 4 wk (Table 5). During au- 
tumn, survival at + 25 cm was relatively good but growth 
was consistently less than at the more immersed treat- 
ments, and mean sizes lagged about a week behind the 
lower levels (Fig. 3C, Tables 4 & 5). The statistical sig- 
nificance of the weekly size ANOVA and Tukey HSD 
differed due to varied Ga, although -75 cm was always 
in the fastest growing group. 



96 Mar. Ecol. Prog. Ser. 117: 91-101, 1995 

Table 2. Crassostrea virgimca. Mean percent daily mortality rate (Zp  x 100) for each tidal level, week, and season combination. 
Statistical values for regression of Zp by time for each combination of tidal level and season are also given. Slopes of all 

regression lines are negative. n: number of plates; nd: not done; -: all oysters dead 

Tidal level Week 
(cm) ZP 

Spring 
SE n ZP 

Summer Autumn 
SE n ZP SE n 

>+25 1 
2 

+ 25 1 
2 
3 
4 

Regression- 

MLW 1 
2 
3 
4 

Regression: 

- 25 1 
2 
3 
4 

Regression: 

- 75 1 
2 
3 
4 

Regression: 

Effect of density on growth 

There were no significant regressions between mean 
daily growth rate p l a t e i  and the lagged oyster density 
for any experiment-treatment combination. Oysters on 

Table 3 Crassostrea virginlca. ANOVA and Tukey's HSD test 
comparing oyster proportional mortality by treatment for each 
weekly sample interval. For the Tukey's test, the relative 
order from lowest to highest mortality of significantly dif- 
ferent groups is shown, while parentheses enclose groups 
which were not different. 1: +25 cm: 2: MLW: 3: -25 ern; 

4: -75 cm. ns: not significantly different 

Expt Week ANOVA Tukey's test 
P df 

Spring 1 0.007 
2 >0'001 
3 0.050 
4 0.153 

Summer 1 0.017 
2 0.020 
3 0.241 
4 0.132 

Autumn 1 0.152 
2 0.012 
3 0.020 
4 0.011 

plates with high densities did not have lower growth 
rates, suggesting that intraspecific competition due to 
crowding was n6t affecting oyster growth over the 
time periods investigated. 

DISCUSSION 

Recruitment 

The pronounced mortality of newly settled oysters 
constituted the most important event structuring the 
population during the early recruitment period at this 
site. Of the settlers which successfully cemented to the 
plates, 64 to 100 % were dead after 1 wk. Such high ini- 
tial mortality has been alluded to in previous studies of 
oysters (Chestnut & Fahy 1952, Andrews 1954, Hop- 
kins 1954, MacKenzie 1970, 1981, Michener & Kenny 
1991), as well as in recruitment studies with other spe- 
cies (e.g. Keough & Dowries 1982, Luckenbach 1984). 
The cause of settler mortality in the present study was 
largely undetermined. However, the losses were den- 
sity-independent, and occurred before strong competi- 
tion from fouling organisms was possible (Roegner 
1991). MacKenzie (1981) attributed 'early post-setting 
mortality' to a physiological defect, while Chestnut & 
Fahy (1952) and Michener & Kenny (1991) considered 
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Tidal Level 
+ Â +25 c m  

v- -7  -25 c m  
Â¥Ã -75 cm 

Fig. 3. Crassostrea virgmca Mean size (mm2 Â SE) by oyster 
age for each tidal treatment in (A) sprmg, (B) summer, and 

(C) autumn 

the greater values of cumulative recruitment in short- 
period samples compared to those from longer periods 
as a predation effect. The pervasive settler mortality 
found across all tidal heights and experiments in this 
study suggests an internal (metabolic) rather than 
external cause. 

Exposure exerted an additional mortality on inter- 
tidal oysters. The magnitude of the effect varied by 
immersion period and seasonal air temperature. Oys- 
ters placed at MLW, with aerial exposures < lo%,  
never exhibited significant reductions in recruitment 
over subtidal treatments, and often had increased com- 
parative survival (which may be related to negative 
competitive interactions in the subtidal zone). In con- 
trast, recruitment above MLW was severely curtailed 
until aerial temperatures fell below 30Â° in autumn. 
No oysters recruited into upper intertidal levels (+50 
and +75 cm) during any of the experimental periods 
and in the spring and summer even moderate expo- 

sures at +25 cm resulted in complete mortalities of 
experimental oysters as well as natural barnacle set- 
tlers. In contrast, during the autumn experiment, when 
air temperatures generally remained below 30Â°C 
there was a significant survival of oysters in the mid- 
intertidal zone, as well as an upward range extension 
of fouling organisms. Observations indicated natural 
intertidal recruitment of oysters onto the pier pilings 
also occurred only in September and October. Expo- 
sure stress leading to desiccation (due to excessive 
heat, evaporative losses, and respiratory inhibition) 
has long been implicated in reducing the upper zona- 
tion of intertidal organisms (Newel1 1979), including 
oysters [Nichy & Menzel 1967, Bahr & Lanier 1981, 
Potter & Hill 1982, Michener & Kenny 1991), and likely 
explains the additional high mortality in the intertidal 
treatments. Nichy & Menzel (1967) recorded high mor- 
talities of older oysters when internal temperatures 
exceeded 35OC. Small, recently settled oysters would 
be particularly vulnerable to desiccation. 

In contrast to the effects of exposure time and aerial 
temperature, the ranges of water temperature and 
salinities encountered during this study were well 
within the tolerance limits of oysters (Galtsoff 1964). It 
is difficult to ascertain the seasonal difference in Cras- 
sostrea virginica survival or growth rates due to the 
unmeasured genetic qualities of the cohorts (Newkirk 
et al. 1977, Losee 1979, Paynter & DiMichele 1990), as 
well as variations in food resources (Utting 1988), 
although the dminishing water temperatures during 
the autumn experiment may have contributed to the 
lower overall growth rates during this period (Dame 
1972). However, the salinity regime had an indirect 
control by supporting oyster predators such as the gas- 
tropods Eupleura caudate Say and Urosalpinx cinerea 
Say, the blue crab Callinectes sapidus Rathbun, and 
the flatworm Stylochus ellipticus (Girard). These 
predators have well-known impacts on oysters (Chest- 
nut & Fahy 1952, Mackin 1959, Nichy & Menzel 1967, 
MacKenzie 1970, Kranz & Chamberlin 1978) and were 
directly observed to cause mortality of subtidal spat in 
this study. 

The population dynamics of newly settled Crasso- 
strea virginica in relation to tidal zonation in the York 
River resembles that from other studies conducted over 
a variety of temporal scales and post-settlement ages. 
Loosanoff (1932) monitored recruitment along the tidal 
gradient in the James and Corrotoman Rivers, Chesa- 
peake Bay, and found the best survival near the bottom 
and good survival intertidally. In the higher salinity 
site at Wachapreague, Virgmia, however, most sur- 
vival was intertidal due to gastropod predation below 
MLW. The sample periods of these studies ranged from 
3 to 3.5 mo, and thus measured cumulative recruit- 
ment. Mackin (1946), repeating this work at Wacha- 
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Table 4. Crassostrea virginica. Mean daily growth rate (Ga) for each tidal level, week, and season combination. Statistical values 
for regression of Ga by time for each tidal level-season combination are also given. Slopes of all regression lines are positve. 

n: number of spat; nd: not done; -: all oysters dead at end of week 

Tidal level (cm) Week s ~ n n g  Summer 
Ga SE n Ga SE n 

Autumn 
Ga SE n 

>+25 1 

+ 25 1 
2 
3 
4 

Regression: 

MLW 1 
2 
3 
4 

Regression: 

- 25 1 
2 
3 
4 

Regression: 

-75 1 
2 
3 
4 

Regression: 

preague over periods between 1 and 4 mo, found 
comparable results. Growth intertidally was found to 
decrease with exposure time, while predator activity 
was sharply increased below MLW. In Beaufort, North 
Carolina, USA, McDougall(1942) monitored the settle- 
ment of organisms on cleaned plates at 1 to 2 wk inter- 
vals as well as recruitment of organisms on uncleaned 
plates every 2 wk. All unprotected subtidal oysters 
were killed, presumably through competitive interac- 
tions (Urosalpinx cinerea and Cliona sp. were absent), 
while intertidal oysters survived. Ortega (1981) com- 
pared the intertidal distributions of fouling organisms 
between protected and wave-exposed sites in Beau- 
fort. Oysters were out-competed by the mussel Brachi- 
dontes exustus (Linnaeus) at the exposed sites due to 
differential tolerance to wave stress. C. virginica dom- 
inated at protected sites because of higher recruitment 
and faster growth rates. Predation was found to be 
unimportant to the structuring of the intertidal commu- 
nities because predatory gastropods were not active in 
the intertidal zone. Chestnut & Fahy (1952) also attrib- 
uted predation and competition to the prevalence of 
intertidal oysters in Bogue Sound, North Carolina. In 
Georgia, USA, Bahr & Lanier (1981) concluded that 
boring sponges caused the high subtidal mortality and 
considered growth orientations which afforded mutual 
shading to be important for reducing heat mortality in 
the intertidal zone. In Florida, USA, Nichy & Menzel 

(1967) concluded that the intertidal distribution of 
oysters was maintained by heat mortality at the upper 
levels and by predation subtidally. Our study demon- 
strated the impacti of settler mortality and intertidal 
exposure stress on oyster distribution during the first 
month of benthic life. 

Table 5. Crassostrea virgmica. ANOVA and Tukey's HSD test 
comparing oyster size by treatment for each weekly sample 
interval. For Tukey's test, the relative order from smallest to 
largest of significantly different groups is shown, while 
parentheses enclose groups which were not different. 1: 
+25 cm; 2: MLW; 3: -25 cm; 4: -75 cm. ns: not significantly 

different 

Expt Week ANOVA Tukey's test 
P d f 

Spring 1 0.002 278 (1 = 4) < 2 
2 >0.001 274 1 < 2 < 4  
3 >0.001 101 2 < 4  
4 >0.001 73 2 < 4  

Summer 1 >0.001 1008 1 < 3 < 4 < 2  
2 >0.001 325 (3 = 4) < 2 
3 0.118 185 ns 
4 0.001 98 2 < 4  

Autumn 1 >0.001 1051 1 < ( 2 = 3 ) < 4  
2 >0.001 612 1 < 2 < 3 < 4  
3 >0.001 403 1 < ( 2 = 3 = 4 )  
4 >0.001 300 1 < 3 < ( 2 = 4 )  
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Growth 

Oyster growth in the mid-intertidal zone was 
retarded in comparison to subtidal treatments. In 
spring and summer, mean daily growth rates at +25 cm 
level were 10 to 25% lower than that of the more 
immersed treatments before mortality occurred. Dur- 
ing autumn, mid-intertidal oysters grew about 50% 
slower than oysters at the low-shore treatments. The 
lower growth in the intertidal may reflect the conse- 
quences of reduced feeding times (Peterson & Black 
1987) or metabolic stress associated with emergence 
(Dame 1972, Newel1 1979). Dame (1972) showed oys- 
ters increase oxygen consumption with increasing 
temperatures, while Koehn & Shumway (1982) attrib- 
uted efficient oxygen utilisation rates to increased oys- 
ter growth. Energy m mid-intertidal spat may have 
been used for metabolic maintenance, thus reducing 
the amount available for somatic growth. 

The effect of exposure on growth at MLW was not 
consistent. During the spring, with exposures ranging 
from 1.7 to 4.7 %, the mean daily growth rate at MLW 
was about 50 % that at - 75 cm and the final mean 
oyster size was significantly less In the intertidal zone. 
In contrast, during the higher aerial exposures (5.2 to 
9.9%) and temperatures in the summer experiment, 
oysters at MLW exhibited comparatively rapid growth 
rates relative to oysters at the subtidal treatments dur- 
ing the first 2 wk but lower growth rates subsequently. 
Final sizes at MLW were again significantly smaller 
than oysters at -75 cm, while no difference was 
detected with those at -25 cm. This pattern was 
reversed in autumn (aerial exposures 0 to 2.1 %, lower 
air temperatures), when oyster Ga at MLW was 
initially lower than Ga at the subtidal treatments, but 
increased during the second 2 wk so that after 4 wk no 
difference was detected between mean area of oysters 
at MLW and -75 cm, although both were again signif- 
icantly larger than oysters at -25 cm. Thus, there was 
no conclusive evidence for negative effects of aerial 
exposure on oyster growth at low levels of emersion. 

There are few experimental studies which quantify 
growth of Crassostrea virginica in relation to tidal 
zonation over the early recruitment period, but the 
comparable investigations generally report intertidal 
growth reductions. Loosanoff (1932) found intertidal 
oysters to be smaller than subtidal oysters after a 
3.5 mo recruitment period in the James River, Virginia, 
although he attributed this to later settlement of the 
intertidal oysters. Ingle & Dawson (1952) found dimin- 
ished growth rates in exposed oysters and no differ- 
ence in growth rates of oysters placed at different sub- 
tidal depths in Florida. Gillmor (1982) grew oysters (10 
to 20 mm shell height) at 0, 20, 40 and 60 % emersion 
levels m laboratory and field experiments and sug- 

gested enhanced intertidal growth was due to an 
energy 'compensatory' mechanism. However, the 
rationale for a curvilinear fit to essentially linear field 
growth data coupled with the poor growth perfor- 
mance of the laboratory stock makes this conclusion 
equivocal. Crosby et al. (1991) followed the growth of 
recently settled (1 to 13 d, mean size 1.3 mm) C. vir- 
qinica for 7 wk and measured greater mean cumula- 
tive growth rates for subtidal oysters than those 
exposed at the 20 % level until a post-settlement age of 
about 34 d, after which no significant difference was 
detected. As a result of shorter immersion periods, 
intertidal oysters required an additional 22 d to reach 
the same size as subtidal oysters. In the present study, 
we found clear reductions in growth at exposure levels 
>25 %, with a variable response at the 1 to 10 % levels 
of emersion for up to 30 d post-settlement. 

Growth in other species of oysters has also been 
compared along the tidal gradient. Spencer & Gough 
(1978) found little overall difference between the 
growth or survival of Crassostrea gigas Thunberg or 
Ostrea edulis L. held subtidally from rafts versus inter- 
tidal trays subjected to low levels of emersion (5 %). 
Roland & Albrecht (1986) measured reduced growth 
rates of C. gigas at +2.1 m compared with +0.9 to 
1.2 m, while Surnner (1981) similarly found higher 
growth in subtidally grown oysters over 3 mo. Walne 
(1958) demonstrated reduced growth rate with inter- 
tidal height with 0. edulis in Conway, Great Britain. 
Wisely et al. (1979a, b) found subtidal growth of C. 
commercialis to be 3 times that of oysters at the mid 
tide level in Australia. Littlewood (1988), working with 
C. rhizophorae in Jamaica, documented reductions in 
growth parameters between the 36 to 98 5% exposure 
levels relative to oysters in the low intertidal zone 
(10 to 17 % exposed) or subtidal zone. Oysters exposed 
1 to 3 % of the time (Littlewood's levels 7 to 9), how- 
ever, exhibited some growth reductions relative to the 
17 % exposure level, but not to the subtidal treatment. 
The data seem to show few differences in growth para- 
meters below about 36 % aerial exposure. It is evident 
that for the oyster species investigated growth is 
reduced at high levels of aerial exposure while short 
exposures can have either positive or negative effects. 

In conclusion, the use of hatchery-reared larvae 
allowed a clear determination of the time course of 
growth and mortality of Crassostrea virginica during 
the early recruitment period. Early post-settlement 
mortality strongly influenced oyster demography. High 
settler mortality rapidly decreased oyster abundance 
across all tidal heights, and an additional exposure- 
related mortality of early recruits controlled the timing 
of oyster recruitment above the low intertidal zone. 
Subsequent mortality rates of recruits declined 
sharply, indicating recruitment into the population was 
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constrained by the survival of settlers and 1 wk old 
recruits. The mid-intertidal area occupied by the resi- 
dent adult oysters was successfully colonised only in 
the autumn experiment, when aerial temperatures 
were decreasing, while subtidal oysters persisted dur- 
ing the monthly time scale of the experiments at levels 
which were probably inflated by removal of predators 
and epibionts during sampling. In addition, growth 
was substantially reduced at the 25% exposure level 
compared to more immersed treatment levels. The fact 
that intertidal survival was not possible until aerial 
temperatures were reduced suggests that successful 
recruitment into the intertidal population was limited 
to a relatively short environmental window by early 
post-settlement mortality. 
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