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Abstract: The photosynthetic and respiratory physiology of the sea anemone Anthopleura elegantissima
(Brandt, 1835), living in association with the endosymbiotic dinoflagellate Symbiodinium ( = Gymnodinium)
microadriaticum Freudenthal, was investigated in anemones that were fed and starved for 2 wk under
laboratory conditions or newly collected from the intertidal zone. The photosynthetic performances of this
association were similar to those of marine phytoplankton and intertidal seaweeds. Light saturation for
Anthopleura elegantissima occurred between 125-350 uE - m~2 - s~! and inhibition was not observed at
intensities up to 1550 uE - m~2 - s~ 1, Weight-specific gross photosynthetic rates decreased with increasing
anemone size and were similar for fed, starved, and newly collected anemones. Gross photosynthetic rates
were positively correlated with chlorophyll @ content and number of zooxanthellae. Weight-specific respi-
ration rates also decreased with increasing anemone size. Fed anemones respired at rates about twice those
of starved anemones and A. elegantissima measured within 10 h of collection had respiration rates similar
to starved anemones. Gross photosynthesis to respiration (P : R) ratios were a function of the nutritional
state of the anemones, typically ranging from 2.0 to 3.0 for starved anemones, but seldom over 1.0 for fed
anemones. Estimates of the relative contribution of carbon from the zooxanthellae to the host (animal)
respiratory carbon depended on host nutritional state, averaging ~ 13% for fed anemones and 459, for
starved or newly collected anemones. Photosynthetic rates were similar to temperate intertidal seaweeds
having low surface to volume ratios. Calculations of the contributions of anemones to intertidal gross
primary production (48-151gC-m~2-yr~') fall within the range of temperate intertidal seaweed
populations.

INTRODUCTION

Most studies addressing productivity of algal symbioses have dealt with invertebrate-
zooxanthellae associations found on coral reefs (see McCloskey et al., 1978 ; Muscatine,
1980 for reviews). While the ecological and geological importance of these associations
to hosts such as reef-building corals is unquestionable, there are other animals that
contain endosymbiotic zooxanthellae living in temperate waters which may also be
important in the productivity as well as the structure of benthic communities (e.g., see
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Taylor, 1968; Kevin & Hudson, 1979; Szmant-Froelich & Pilson, 1980; Taylor &
Littler, in press). One such host is the anemone Anthopleura elegantissima, found
intertidally on the west coast of North America from British Columbia to northern
Mexico (Hand, 1955). A. elegantissima is one of the most abundant invertebrates in the
southern California rocky intertidal (Littler, 1980a), being second highest in percent
cover (37,) to the barnacle Chthamalus fissus Darwin (4%) and second highest in
biomass (24 g dry wt-m~™2) to the mussel Mytilus californianus Conrad (49 g
dry wt - m~?). Anthopleura elegantissima occurs in clonal aggregations as well as having
a solitary form (Francis, 1979), and is typically found in association with the dino-
flagellate Symbiodinium (= Gymnodinium) microadriaticum Freudenthal. These endo-
symbiotic algae translocate photosynthetic products to the host (Trench, 1971a,b,c)
which contribute to structural components and metabolism (Muscatine & Cernichiari,
1969; Smith et al., 1969; Trench, 1971a; Fitt & Pardy, 1981). Some northern popu-
lations of Anthopleura elegantissima may contain an unidentified green alga in addition
to or instead of zooxanthellae (Muscatine, 1971; O’Brien, 1978, 1980).

In the present study we document the photosynthetic performance of 4. elegantissima
(Brandt, 1835) that contained only zooxanthellae, by measuring respiratory and photo-
synthetic rates of different sized animals. In addition, we address the role of nutritional
state of the host in the respiratory physiology and productivity of A. elegantissima.
Finally, we compare the contribution of 4. elegantissima to total intertidal productivity
with that of common intertidal seaweeds, and interpret its role in view of factors
influencing patterns of distribution, abundance, and productivity.

MATERIALS AND METHODS

EXPERIMENTAL ORGANISMS

Specimens of A. elegantissima were collected intertidally from Campus Point,
University of California, Santa Barbara. All individuals used in each experiment were
from the same clone and contained endosymbiotic zooxanthellae. For 2 wk preceding
experiments individual anemones were maintained in the laboratory in Petri dishes in
running sea water on a 14:10h light : dark photoperiod at light intensities of
10-17 pE - m~2 - s~ '. All maintenance and experiments were performed at 20 + 1°C,
the ambient ocean temperature at the time of collection. Half of the anemones were fed
daily to repletion with frozen shrimp while half were starved. In some experiments
A. elegantissima were collected at dusk and maintained in the dark in running sea water
for 7 h prior to the experiments. Experiments on these freshly collected animals were
completed within 24 h of collection.

GAS EXCHANGE MEASUREMENTS

The photosynthesis—light intensity (PI) response was determined by two methods.
For fed and starved anemones maintained in the laboratory, oxygen and carbon-dioxide
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flux were measured simultaneously in the filtered sea water surrounding an individual
anemone enclosed in a 0.6-1 Plexiglas chamber containing a magnetic stirring bar.
Oxygen flux was recorded continuously on a chart recorder from an IBC (Model
No. 160) differential oxygen analyzer. Carbon-dioxide exchange was determined by
measuring pH with an Orian (model 801A) Ionanalyzer using standard curves described
by Beyers (1970). In practice, individual anemones were preincubated in the chamber
for 15 min in the dark before respiration measurements were made. Photosynthetic
determinations followed the respiration measurements. Light from an incandescent
floodlight was filtered through neutral density filters to obtain intensities ranging from
0to 1160 uE - m~? - s~ '. The light intensity was measured at the top of the anemone
with a Lambda Quantum Meter. Photosynthetic rates were determined in steps at
increasing light levels, each measurement taking 5 to 15 min. An individual anemone
generally spent <2 h in the chamber and at no time did oxygen or carbon dioxide
concentrations change > 257, from initial values, most experiments varying < 109%.
A control chamber without an anemone was monitored simultaneously to correct for
the biological oxygen demand in the sea water. This procedure was followed on four
fed and four starved anemones. Fed animals were analyzed 12—24 h after feeding. The
photosynthetic quotient (PQ), defined as the ratio of oxygen produced to carbon
dioxide consumed during photosynthesis was calculated for each anemone at each light
intensity tested.

In the second method, four 4. elegantissima were collected intertidally and analyzed
within 24 h by the Winkler titration method (Strickland & Parsons, 1972). Individual
anemones in 125-ml stoppered flasks were exposed to natural illumination at different
times of day for periods ranging from 0.5 to 2 h. Flasks were shaken immediately before
sampling. Changes in oxygen concentration were determined by subtracting oxygen
levels in control flasks containing only sea water from the experimental flasks.

Weight-specific gas exchange was measured on nine fed and eight starved anemones
plus 12 newly collected anemones in total darkness and in natural sunlight (saturating
intensities ranging from 700-1500 uE - m~2 - s=' by the Winkler titration method).
Individual anemones were incubated at 20 + 1°C in 250-ml flasks for 0.5to0 2h
between 0900 and 1500. Oxygen concentrations changed <25%,, with most experi-
ments varying <10%,. The P : R ratio, defined as the ratio of gross photosynthesis to
respiration, was calculated for each anemone.

The 1, value (Yentsch & Lee, 1966) was used to compare photosynthesis light
response curves. This value corresponds to the light intensity occurring at the intersect
of the light-dependent portion of the curve with the level of maximum photosynthesis.

All respiratory and photosynthetic rates were standardized to submerged weight and
to surface area. Submerged weight (also known as reduced weight) was determined by
weighing each anemone while it was submerged in sea water (see Muscatine, 1961;
Sebens, 1980). Since the zooxanthellae are concentrated in the tentacles and oral disk
region, a two-dimensional surface area was calculated from the radius of each anemone
(distance from center of oral disc to tip of expanded tentacles).
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CHLOROPHYLL DETERMINATION

Twenty-three 4. elegantissima, were collected for chlorophyll analysis. After 2 wk of
daily feeding or starvation, submerged weights were measured and chlorophyll a content
determined. Each anemone was cut into small pieces with a razor blade and macerated
in a tissue grinder with 909, acetone containing a few mg of MgCO;. Pigments were
extracted in closed containers in the dark at 4 °C under nitrogen gas for 12 to 24 h.
Samples were subsequently re-homogenized with a tissue grinder, centrifuged at
1500 x g, and absorbance of the supernatant measured at 630 and 663 nm using a
Varian Techtron 634 spectrophotometer. Chlorophyll @ concentrations were calculated
by the method of Jeffrey & Humphrey (1975). The remaining pellet was extracted an
additional 48 h with fresh 909, acetone and never yielded > 59, of the total chloro-
phyll a found in the first extraction; the whiteness of the pellet indicated that most of
the chlorophyll was extracted.

Numbers of zooxanthellae per animal were measured from samples of homogenates
of four anemones. Replicate counts of symbionts were made using a hemocytometer.
Amount of chlorophyll a was determined as described above. Two fed anemones (0.01
and 0.13 g submerged weight) and two starved anemones (0.01 and 0.10 g submerged
weight) were analyzed.

CONTRIBUTION OF TRANSLOCATED ZOOXANTHELLAE CARBON TO ANIMAL
RESPIRATORY CARBON

Percent contribution of translocated zooxanthellae carbon to the host (animal)
respiratory demand (CZAR) was calculated by the method of Muscatine & Porter
(1977) and Muscatine et al. (1981). Briefly,

total carbon carbon respired
assimilated by — by zooxanthellae | (%, translocation)

zooxanthellae/day during daytime
x 100.

(carbon required by animal/day)

For our calculations, the following assumptions were made and values used (see
discussions of Muscatine & Porter, 1977; McCloskey et al., 1978; Muscatine, 1980;
and Muscatine et al., 1981; for analysis of these and other assumptions used in CZAR
calculations).

(1) Since it is not possible to measure respiration of zooxanthellae in the light while
they are in the host, the amount of respiration is estimated as a proportion of the total
symbiotic anemone’s dark respiration based on biomass ratios. For 4. elegantissima,
zooxanthellae : animal protein biomass ratios range from 0.03 to 0.19 (McKinney,
1978). However, other biomass ratios for 4. elegantissima go as low as 0.0033 (Musca-
tine, 1974). A biomass ratio of 0.09 was used in the calculations, based on the mean
value obtained by McKinney (1978).
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(2) A minimum estimate of 10 h of saturation photosynthesis per day was chosen.
The actual daily period of maximum photosynthesis for field animals would depend on
weather conditions and the season.

(3) Oxygen exchange rates were converted to equivalent carbon units assuming
PQ =1 and RQ = 1 (see Fitt & Pardy, 1981; Muscatine et al., 1981; this study).

(4) Respiration in the dark = respiration in the light.

(5) Estimates for in vitro translocation of fixed '“CO by zooxanthellae isolated from
A. elegantissima range from 40-509%, (Trench, 1971b). A conservative value of 407, was
arbitrarily selected.

PRODUCTIVITY

Percent cover data from 10 different locations in southern California averaged from
four seasonal assessments in 1975—1976 for A. elegantissima, intertidal seaweeds, and
sand cover were tabulated from Littler (1977). Data from two of these sites, Coal Oil
Point near Santa Barbara, and Dutch Harbor on San Nicolas Island, were selected for
detailed analyses of productivity of 4. elegantissima and the intertidal seaweeds present
because this anemone was abundantly represented at these two locations. Percent
cover data were converted to dry weight with site-specific regression data (Littler, 1977,
1979). Where no regression data were available for a species at a particular study site,
data from another site or from a morphologically similar seaweed was used. Gross
productivity of each species was calculated by multiplying the dry weight of their
standing stocks by individual photosynthetic rates per unit dry weight from Littler &
Murray (1974a) and P. Taylor (pers. comm.). Where no photosynthetic data were
available for a given species, the mean photosynthetic rate (2.2mgC-g
dry wt=' - h™!) was used. Gross production rates for each species were subsequently
converted to percentages of the total amount of carbon fixed for the entire community
of primary producers.

RESULTS

PHOTOSYNTHESIS—LIGHT INTENSITY RESPONSES

Representative PI curves for oxygen exchange are given in Fig. 1 for two 4. elegan-
tissima of similar size, one fed and one starved. Other fed and starved animals had
similar PI responses. Anemones measured within 24 h of collection had PI curves
similar to those of starved anemones maintained in the laboratory. Maximum photo-
synthesis occurred above 125-350uE-m~?-s~'. I values were 120 +40
(mean +SD) uE - m~2 s~ ! (n = 8). There were no measurable differences in the I,
values between fed, starved, and newly collected anemones. Photoinhibition was not
evident up to intensities of maximum natural illumination (2000 uE -m~™2-s™" in
air = 1550 uE - m~2 - s~ ! at the surface of the anemone in a flask in 10 cm of sea
water).
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Carbon dioxide values were either identical or slightly less than the oxygen values at
each light intensity. The PQ varied between 0.95 and 1.30 in the range of light intensities
examined (20—1160 uE - m~2 - s~ '). There was more variability in the PQ, especially
towards higher values, below saturation; whereas above saturation the PQ stabilized
between 0.95 and 1.15.
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Fig. 1. Photosynthetic response of two similarly sized (0.08—0.09 g submerged wt) Anthopleura elegantissima
to different light intensities after 2 wk of daily feeding (@) or starvation (A ).

TABLE 1

P : R ratios (gross photosynthesis : respiration) of Anthopleura elegantissima and percent contribution of

zooxanthellae translocated carbon to daily host respiration carbon requirements (CZAR): P : R and CZAR

were determined for fed and starved anemones after maintenance in the laboratory for 2 wk and for “field”
anemones < 12 h after their collection.

P:R CZAR (%)
Fed 0.93+0.23 (8) : 12.9 + .32, (8)——
Starved 2.55+0.57 (9) 428+ 94 (9)} i
Newly collected 278 +0.61 (12)—n-s- 46.6 + 10.1 (12)—'ns.

* P<0.001; t-test. n.s., P> 0.05.

Fig. 1 also illustrates a major difference in the photosynthetic response of fed and
starved symbiotic anemones. Fed anemones seldom showed positive net photosynthesis
due to high respiration. In comparison, starved and newly collected anemones always
produced more oxygen at P, ,, than they consumed in the light (Table I). Starved and
newly-collected anemones exhibited significantly greater (P < 0.05, ¢-test) P : R ratios
than those of their fed counterparts.

PHOTOSYNTHESIS

Weight-specific maximum gross photosynthetic rates were allometric; smaller anem-
ones produced more oxygen per unit weight than larger anemones (Fig. 2b). There was



TABLE 11

Regression analysis of rates of oxygen consumption (ml O, - g submerged wt™' - h™') and chlorophyll a (mg Chla - g submerged wt™') by Anthopleura
elegantissima of different submerged weights (g) for log transformed data (log y = b(log x) + log a): conditions as in Table L.

RZ
Slope Intercept Correlation Comparison Comparison
Condition n (b) SE (log a) coefficient of slopes of intercepts
Respiration
Field 12 —-0.460 0.092 -0.627 0.85**
Starved 9 ~0.428 0.197 ~0.606 0.64* % 2: e
Fed 8 —-0.446 0.113 -0.263 0.85** " Ins. e
Photosynthesis (gross)
Starved 9 -0.324 0.125 -0.079 0.70*
Fed 8 ~0.305 0.184 ~0.159 0.56 — 10 2
Starved and fed 17 —-0.407 0.095 -0.226 0.74**
Field 12 ~0.456 0.124 -0.190 076 — | 0 . -
Chlorophyll a (fed and starved) 23 -0.545 0.083 -2.82 0.82%* - 5

* P<0.05; * P<0.01; ** P<0.001. 2 0.05< P<0.1, ns., P> 0.05.
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no significant difference (P > 0.05, Table II) in maximum levels of photosynthesis of
fed, starved, and newly-collected anemones (Table II). In addition, P, ,, varied < 20%,
between 0830 and 1630 in natural illumination. Weight-specific chlorophyll a content
decreased with increasing anemone size with similar slopes for anemones in fed and
starved conditions (Fig. 2a). The slopes of weight-specific photosynthesis and chloro-
phyll a regression lines were not significantly different (P > 0.05, Table II).
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Fig. 2. a, relationship of chlorophyll @ content and number of zooxanthellae in Anthopleura elegantissima
to weight; b, relationship of maximum gross photosynthesis of 4. elegantissima to weight; @, fed; A, starv-
ed; O, newly collected; see text.

TABLE III

Number of zooxanthellae and chlorophyll a content per zooxanthella for two large and two small Anthopleura
elegantissima: n, number of fields counted.

Submerged wt No. of zooxanthellae
(g) Condition +SD x 10° g Chl a x 107 '2/zooxanthella
0.01 Starved 1.16 + 0.24 (8) 2.9
0.01 Fed 1.11 £ 0.34 (14) 27
0.10 Starved 7.03 £ 1.19 (10) 22
0.13 Fed 7.32 +£2.05 (12) 2.7

Mean = 2.6 + 0.3 (n = 4)




PRODUCTIVITY OF A SYMBIOTIC ANEMONE 221

An analysis of four anemones showed that animals of similar size contained approxi-
mately the same number of zooxanthellae regardless of nutritional state. In addition,
small anemones had more zooxanthellae per unit weight than larger anemones
(Table III). The amount of chlorophyll @ per zooxanthella did not appear to vary with
size or nutritional state (= 2.6 + 0.3 g Chl a x 10~ '?/z00x., n = 4) and was similar to
values obtained by McKinney (1978) for the same anemone (= 2.2+ 1.1g Chl
a x 107'?/zoox., n = 22) (Table III). Consequently, the chlorophyll a content (Fig. 2a)
was used to estimate the number of zooxanthellae in each anemone.

RESPIRATION

Respiration rates of A. elegantissima, measured as oxygen consumed per unit weight
per hour, decreased with increasing weight (Fig. 3). In addition, oxygen consumption

10¢ ]
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Fig. 3. Relationship of respiration of 4. elegantissima to weight: symbols as in Fig. 2.

of fed anemones was approximately twice that of starved and newly collected anemones
(Fig. 3, Table II). Respiration rates of A. elegantissima in this study ranged from
20—164 9 of the gross photosynthetic rates, depending on nutritional state and anemone
size, and did not differ when measured in the daytime or nighttime.

CZAR

The calculated daily contribution of photosynthetically fixed carbon translocated to
the host (Table I) accounted for a significantly lower (P < 0.05, ¢-test) percentage of the
host’s respiratory requirements in fed anemones (& 139,) than in starved and newly-
collected anemones (~45%).



TABLE IV

Gross and net photosynthesis (ml O, - h™! or mg C - h™ ') and productivity (g C - yr ') of fed, starved, and newly collected “field” Anthopleura elegantissima:
gsw, submerged weight (g).

Gross Net
Nutritional  Size (ml O, - (mg C- & (ml O, - (mg C- gC-
condition (gsw) gsw—!-h"1)2 1 1 Y m~2.yr-1)d gsw~!l-h"1)2 m~2-h~1)° m~2-yr~1)d
Fed 0.01 3.9 26.8 98 0 0 0
Fed 0.20 1.1 13.2 48 0 0 0
Starved 0.01 39 26.8 98 2.1 14.4 53
Starved 0.20 1 132 48 0.6 7.2 26
Field® 0.01 6.0 41.3 151 4.0 27.5 100

From Table II.

Maximum value from anemones measured within 12 h of collection, see Fig. 2.
(Surface area in cm?) = 430 x (submerged weight in g) + 3.5; r = 0.96; P < 0.01; n = 17.
Calculated on the basis of 10 h of maximum photosynthesis per day.
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PRODUCTIVITY

Gross and net photosynthetic rates were determined for the size range of anemones
used in our experiments from Figs. 2 and 3 and converted to grams of carbon stan-
dardized to submerged weight and area (Table IV). Weight-specific photosynthesis of
large anemones was less than a third of that of the smallest. Gross and net production
of A. elegantissima over the period of 1yr was calculated on the basis of 10 h of
maximum photosynthesis per day (Table IV) and ranged from 48—151gC - m~2 - yr !
depending on the size on the anemones. As mentioned earlier, the net primary produc-
tivity of fed anemones was essentially zero due to increased respiration. Net production
for starved anemones was about half the gross production.

TABLE V

Percent cover and contribution to total gross photosynthesis of intertidal algae and invertebrates from Coal

0Oil Point, Santa Barbara and Dutch Harbor, San Nicolas Island: total carbon fixed for a “typical” m? area

of intertidal was 1.88 g C - h~! for Coal Oil Point and 1.36 g C - h~! for San Nicolas Island; —, alga was
not present.

Coal Oil Point San Nicholas Is.

Species % Cover % Ps % Cover % Ps
Phyllospadix sp. 23.0 24 .4 9.6 46.6°
Rhodophycean turf 15.6 308 - -
Egregia menziesii 11.1 46.4° - =
Gigartina canaliculata 8.1 5.5¢ 19.8 19.0¢
Ulva lobata 3.6 2.14 2.5 3.69
Cryptopleura violacea 2.1 0.5 - -
Blue green 1.8 1.14 5.2 4.44
Plocamium cartilagineum 1.4 0.2¢ - -
Corallina vancouveriensis 1.1 0.4¢ 5.0 2.9¢
Chaetomorpha linum - - 8.5 4.2¢
Ralfsiaceae - - 2.9 0.1¢
Cladophora columbiana — - 1.7 0.3¢
Smithora naiadum — - 1.6 | 5 b
Porphyra lanceolata - - 1.5 0.99
Lithophyllum proboscideum - - 1.4 0.74
Other macrophytes?® 9.8 TAe 10.1 11.0°
Anthopleura elegantissima 15.4 7.5/1.4f 5.5 5.4/1.0F
Other invertebrates 4.6 0 21.0 0
Total 97.6 95.6

2 Less than 19, cover for individual species.

b Photosynthesis data from Littler & Murray (1974).

¢ Photosynthesis data from P. Taylor (pers. comm.), collected at Dutch Harbor, San Nicolas Island,
Sept. 1979.

9 Photosynthesis data from Littler (unpubl.).

¢ Mean photosynthetic values (see p. 215) used in calculations.

f Range of values from maximum photosynthetic rates of smallest (0.01 g submerged wt) animals to lowest
photosynthetic rate by largest (0.2 g submerged wt) animal.
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The overall contribution of 4. elegantissima to gross intertidal primary production at
Coal Oil Point and Dutch Harbor was calculated from percent cover, regression of
cover on weight, and photosynthesis per weight data and compared to similar calcu-
lations for the major intertidal seaweeds at the same locations. The relative contributions
of A. elegantissima and seaweeds to the overall intertidal primary productivity is given
in Table V. At Coal Oil Point the contribution of 4. elegantissima was between 1.4 and
7.59%, of the total (depending on size of anemones used in the calculations), while at
San Nicholas Island it is between 1.0 and 5.49,. Since nearly all of the anemones at
these sites are small clonal animals (see below), the actual value is probably closer to
the upper estimate.

DISTRIBUTION

Analysis of cover data for 10 intertidal habitats in southern California revealed a
positive correlation (except for the site at Santa Cruz Island) with the amount of sand
cover and abundance of A. elegantissima (Table VI). Highest densities and cover of
A. elegantissima were documented at Coal Oil Point and San Nicolas Island where
rocky outcroppings were completely surrounded by sand and exposed to the direct
force of the surf and swell. Because of sand inundation both study sites were missing
most of the upper barnacle and mussel zones (Littler, 1977) typically present in exposed
rocky areas of high A. elegantissima densities in the Pacific Northwest (Sebens, 1977).
As with the other locations studied, the highest sand cover occurred during the winter

TABLE VI

Relationship of abundance and percent cover of Anthopleura elegantissima to percent cover of sand at 10
intertidal locations in Southern California: numbers are means of four (seasonal) surveys made in
1975—-1976, unless otherwise noted; —, no data available; peak, tide height (m) where maximum 9%, coverage
of anemones or sand occurs; peak %, cover, range of %, cover in the peak areas; compiled from Littler (1977).

Anemones Sand
Peak Peak
Location % Cover n-m~? Peak % Cover. . Peak: % Cover?
Fisherman Cove, Santa Catalina Is. 0.1 9 0.6—1.5 1 none 0
Cave Canyon, Santa Barbara Is. 0.4 11 0.3—-1.2 1 none 0
Wilson Cove, San Clemente Is. 0.1 - - 1 none 0
Ocean Beach, San Diego 0.1 - 0.6-1.8 1 none 0
Corona del Mar 1.0 10 0.6-0.9 3 0.3-0.9 3
White’s Point, Los Angeles 1.4 32 0-0.9 2-3 0-1.2 12
Cuyler Harbor, San Miguel Is. 1.8 56 0.3-1.5 2-5 0.3-1.5 9
Willows Anchorage, Santa Cruz Is. 2.6 46 0.3-1.2 5-17 none 0
Dutch Harbor, San Nicholas Is. 55 136 0.3-0.9 10-20 0.3-0.9 44
Coal Oil Point, Santa Barbara 15.4 412 0.3-0.9 2044 -0.6-0.6 51

4 Data from winter and spring surveys.
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and spring months (Littler, 1977), although the Coal Oil Point study site had zones of
persistent sand cover throughout the year. A. elegantissima covered over 20 and 409,
respectively, at San Nicolas Island and Coal Oil Point at some intertidal zones
(Table VI). Most of the cover of A. elegantissima in these areas was made up of small
(0.01 to 0.02 g submerged weight) clonal anemones (Taylor & Littler, in press; unpubl.
obs.).

The presence of A. elegantissima in sand inundated areas may be due to the ability
of this anemone to withstand both scouring and burial better than other macrophytes
and macroinvertebrates. Observations at low tides indicate that anemones may remain
buried for three months or more, corroborating estimates of three months burial
(Sebens, 1977; Taylor & Littler, in press) and five months burial (G. Hodson,
pers. comm.).

DiscuUSsSION

The effect of host nutritional state on the respiratory physiology of algal /invertebrate
symbioses has only recently been addressed. Our results indicate that recently fed
anemones consumed about twice as much oxygen as similarly-sized starved anemones
and confirm the preliminary results of Fitt & Pardy (1981) using A. elegantissima and
Svoboda & Porrmann (1980) using Aiptasia diaphana, as well as experiments on Hydra
viridis containing zoochlorellae (Pardy & White, 1977). The result of this increase in
respiration reduced the apparent net photosynthetic output of the organism (note that
gross photosynthesis did not change), and thus lowered the P : R ratio.

This phenomenon has important implications in studies that use respiratory and
photosynthetic rates to calculate CZAR (e.g. Muscatine & Porter, 1977; Muscatine,
1980; Muscatine et al., 1981). These measurements are used to estimate potential
energetic significance of endosymbiotic algae to their hosts, often in situ, where the
nutritional state is not usually known. While the actual amount of carbon translocated
to the host may be the same for fed and starved anemones, the apparent contribution
is lower for fed animals than for starved animals. Changes in respiration rates due to
host nutritional state may be responsible for some of the variation in CZAR estimates
from in situ studies.

Results of studies on other zooxanthellae—coelenterate associations suggest that
translocated carbon may account for higher respiration in symbiotic host species when
compared to aposymbiotic host species (Svoboda, 1978), and in symbiotic hosts kept
in high versus low light intensities (Svoboda & Porrmann, 1980). Fed and starved
aposymbiotic Anthopleura elegantissima have respiration rates indistinguishable from
symbiotic anemones of similar size (Fitt & Pardy, 1981, unpubl. data), implying that
fed and starved respiration rate differences in this association are due primarily, if not
solely, to the metabolic demands associated with external food sources rather than with
translocated photosynthetic products.

A. elegantissima analyzed within 10 h of field collection had respiration rates,
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P : R ratios, and CZAR estimates essentially identical to starved anemones maintained
in the laboratory, suggesting that these anemones were not metabolizing an external
food source at the time of collection.

The factors responsible for the allometric relationship between respiration and weight
in A. elegantissima appear to be different than those determining the similar relationship
between gross photosynthesis and weight. Respiration per unit body weight declines
with increasing body weight as a power function of the body weight, expressed by the
equation:

log,o Vo, = log,pa + blog,, W,

where V,,, = rate of oxygen uptake (ml O, - weight~' - h™'), W = body weight, a = y
intercept, and b = the slope. The slope b usually falls between (—1 and 0) for most
organisms, as a result of allometric increases in metabolic function with growth (Kleiber,
1932; Zeuthen, 1953; Gould, 1966; Schmidt-Nielsen, 1974). For sea anemones, slopes
range from —0.14 to —1.95 (Newell & Northcroft, 1967; Sassaman & Mangum, 1970;
Sebens, 1981; Shick ez al., 1979; Walsh & Somero, 1981). Our slopes for 4. elegantis-
sima in sea water are roughly two to three times those obtained by Shick ez al. (1979)
for this species. However, slopes of weight regressions of weight specific respiration for
a single marine species have been shown to vary with temperature (Widdows, 1978;
Walsh & Somero, 1981), exposure to air (Shick etz al., 1979), and feeding (Widdows,
1978).

Photosynthesis of the anemones also declined as a power function with increasing
weight. In this case, photosynthetic rates are correlated with the number of zooxan-
thellae, the source of the observed photosynthesis. Zooxanthellae in A. elegantissima
are found predominantly in the endoderm of tentacles and the oral disc. The data in
Fig. 2 suggest that the number of zooxanthellae in this layer may increase with increasing
anemone size in a manner similar to a surface-to-volume relationship and therefore
account for the observed weight-specific relationships of photosynthetic rates and
number of zooxanthellae. Svoboda & Porrmann (1980) also found a decrease in
chlorophyll a with increasing size of the anemone Aiptasia diaphana. However, they
noted that the number of zooxanthellae per mg of animal protein was similar in animals
of all sizes, implying that either zooxanthellae from larger anemones contained less
chlorophyll @ per zooxanthella than those from smaller animals or a higher proportion
of non-protein biomass in large anemones. Our anemones were all from the same clone
and light regime and we found no difference in chlorophyll a per zooxanthella.

McKinney (1978) noted an apparent increase in CZAR with increasing size of
A. elegantissima. This observation may be explained if photosynthesis per unit weight
increases as a greater power of weight than does respiration. Our regression lines do
not have significantly different slopes (Table IT); however, CZAR in starved animals
increased from 34 to 569, while fed animals increased from 8 to 199, over the size
range of 0.01 to 1.0 g submerged weight.

The photosynthetic response of A. elegantissima is typical of most marine algae and
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phytoplankton, as well as other zooxanthellae-coelenterate symbioses (c.f. Beyers,
1966; Crossland & Barnes, 1977; Wethey & Porter, 1977; Chalker & Taylor, 1978;
Kevin & Hudson, 1979; Chalker, 1981; Trench ez al., 1981). At low light intensities
oxygen and carbon dioxide exchange rates increase linearly with increasing light
intensity. Saturation occurs at external light intensities that are less than half of
noontime intensities. Photoinhibition was not apparent in A4. elegantissima at natural
light intensities reaching the surface of the anemone up to 1550 uE - m~2-s~!. We
know of no reports of photoinhibition occurring in any intact zooxanthellae symbioses
at natural light intensities (Muscatine, 1980).

Photosynthetic rates of temperate intertidal seaweeds with low surface-to-volume
ratios, such as crustose, saccate, and thick sheet-like forms (Kanwisher, 1966; Littler,
1980b) are comparable to rates measured for A. elegantissima. The PQ values are within
the range of values calculated for phytoplankton (Fogg, 1965; Lewis, 1974; Burris,
1981). A PQ of ~ 1.2 is thought to indicate the synthesis of proteins in phytoplankton,
whereas a PQ of =~ 1 suggests carbohydrate production (Myers, 1949; Fogg, 1959). The
significance of PQ in animal—algal symbioses is not clear, due primarily to the fact that
PQ of the animal—algal association probably differs from PQ of the zooxanthellae.

Productivity of this anemone is best expressed in “gross” terms, since this value
represents the total amount of carbon fixed photosynthetically, while net productivity
will vary with the respiration rate. For instance, respiration rates of 4. elegantissima
ranged from 20—1649, of gross production rates, depending on nutritional state and
size of the anemone, whereas intertidal seaweeds typically have respiration rates ranging
from 1 to 269, of their gross photosynthetic rates (Kanwisher, 1966; Littler & Murray,
1974a; King & Shramm, 1976; Ramus et al., 1977). Gross production of A4. elegan-
tissima ranges from 48—151 g C-m~?-yr~ !, depending on the size of the animals. This
estimate is within the range given for some intertidal algal populations in southern
California (Littler & Murray, 1974b), but an order of magnitude lower than production
rates given for tropical reef corals (e.g., see Taylor, 1973; Smith, 1974; Muscatine,
1980) and about one-fifth of values determined for the temperate symbiotic corals
Plesiastrea urvillei (Kevin & Hudson, 1979) and Astrangia danae (Jacques et al., 1977).
These differences may relate to a larger ratio of host respiratory biomass to number of
zooxanthellae in anemones compared to corals (Muscatine, 1974).

The existence of a temperate habitat where one of the major primary producers is
an animal containing an endosymbiotic plant has interesting implications. In this
respect A. elegantissima is similar to reef corals, where tight recycling of nutrients
between zooxanthellae and host resembles a miniature self-contained “food chain”
(Lewis, 1973 ; Muscatine, 1973). However, there are two noticeable differences between
reef corals and A. elegantissima. Whereas algae form the base of many temperate
intertidal food chains (Paine, 1966; Paine & Vadas, 1969; Dayton, 1975; Hodgson,
1980; Kitting, 1980) there are few predators known to eat 4. elegantissima. Sebens
(1977) documented predation of A. elegantissima by the nudibranch Aeolidia papillosa
and the leather star Dermasterias imbricata; however, these predators appear to be rare
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in Anthopleura elegantissima habitats in southern California (Littler, 1979). Other preda-
tors on A. elegantissima include Epitonium tinctum Carpenter and Opalia funiculata
Carpenter, small gastropods classified as “macroparasites” (Taylor & Littler, in press).
Their effect on the abundance and distribution of Anthopleura elegantissima is thought
to be minimal (Breyer, 1981). In contrast, a number of animals are important consumers
of reef corals, including starfish (Endean, 1973; Glynn, 1974), urchins (Bak & Van Eys,
1975; Glynn et al., 1979), gastropods (Glynn et al., 1972; Hadfield, 1976), crustaceans
(Robertson, 1970; Glynn et al., 1972) and fish (Randall, 1974; Neudecker, 1979).
Secondly, calculations of CZAR for A. elegantissima tend to be less than half of those
made on reef corals (see Muscatine & Porter, 1977; McCloskey et al., 1978 ; Muscatine
etal., 1981), indicating a greater dependence of A. elegantissima on external food
sources. Corroborating evidence lies in the fact that starved A. elegantissima lose weight
even in the light (Muscatine, 1961; Sebens, 1980). This is in contrast to some reef corals
which have been shown to survive and grow without external sources of food in sea
water for extended periods of time (Kawaguti, 1965; Franzisket, 1969, 1970; Johannes,
1974 ; Wellington, pers. comm.).

Seasonality, temperature, water quality, and numerous other variables that are
known to affect photosynthesis were not considered in our calculations of productivity.
However, the purpose of this exercise was not to provide absolute numbers for pro-
duction of A. elegantissima and intertidal seaweeds, but to suggest that symbiotic
A. elegantissima fix carbon at rates similar to photosynthetic algae that live in the same
habitat, and that in some locations A. elegantissima function not only as consumers
(Sebens, 1981) but also as major primary producers. As evidence, our calculations
suggest that 4. elegantissima ranks among the top five primary producers at Coal Oil
Point and San Nicolas Island, where there is extensive coverage of the small clonal
form. There are intertidal zones at these two locations in which A. elegantissima is not
only the dominant macroinvertebrate in terdms of number and percent cover (Littler,
1977; Taylor & Littler, in press) but also, by our calculations, the dominant primary
producer.
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