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ABSTRACT: Previous studies on salinity tolerance of Ophiophragmus filograneus have

documented its ability to acclimate to a wide range of salinities in the laboratory and to acclimatize

to short-term natural reductions in salinity. In all cases, salinities below 10% were lethal within a few

weeks of exposure. Recent long-term changes in hydrology have exposed a dense population of O.

filograneus in the Banana River lagoon to 3 yr of salinities between 10% and 20%. The burrowing

response of animals subjected to acute exposure was tested in the present study at salinities of 8, 10,

12, 14 (ambient), 19, and 24%. After almost 6 wk of continuous exposure, animals at 14%, 19%, and

24% had fully acclimated, although all animals showed signs of stress. Those at 12% still had elevated

burrowing times after 6 wk. Animals at 10% survived, but many did not burrow within the allotted

time (7 min) for each trial. None at 8% burrowed nor survived more than 15 d. Long-term exposure

to low salinity does not extend the tolerance of O. filograneus: it has a lower lethal limit of about 8%,

a limit that might produce local extirpation if current approaches to lagoon management do not

change.
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ECHINODERMS are regarded to be strictly marine animals (Brusca and

Brusca, 2003; Ruppert et al., 2004). Forbes (1841) wrote that ‘‘Starfishes have

a great antipathy’’ for fresh water. Fresh water may be used as a readily

available and inexpensive anaesthetic for echinoderms before fixation (Hendler

et al., 1995). The restriction of echinoderms to the sea is within the general

experience of the public; they are so characteristic of the seas that some

cartoonists use seastars to indicate ocean beaches to their readers (e.g., Colon,

2000). In contrast to mollusks, annelids, and arthropods, echinoderms lack

well-developed circulatory, excretory, gas-exchange, and integumental mech-

anisms to regulate their body fluids in brackish waters.

Populations of about 40 species of echinoderm are, nevertheless, found in

estuaries (Pagett, 1981; Stickle and Diehl, 1987); many of them are ophiuroids.

One species—the burrowing amphiurid brittlestar Ophiophragmus filogra-

neus—is endemic to the brackish waters of Florida bays and lagoons (Turner
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and Meyer, 1980). This brittlestar is among the echinoderms with the greatest

tolerance to low salinity in the laboratory and the field (Stickle and Diehl,

1987). Turner and Meyer (1980) demonstrated acclimation of O. filograneus to

salinities of 17–38% in the laboratory and acclimatization to short-term

reduction in ambient salinities; but the lower lethal limit seemed to be 8–10%
regardless of the ambient salinity. (Acclimation and acclimatization are used

here sensu Prosser [1973] and Calow [1981].)

Recent changes in the hydrology of the Indian River lagoonal system on

the central east coast of Florida have led to long-term reductions in salinity. A

location in one of the lagoons, the Banana River, is the site of a dense

population of O. filograneus that has been used for several studies for more

than two decades (Turner et al., 1982; Dobson, 1985; Curley, 1988; Dobson

and Turner, 1989; Shlepr, 1994; Liesman, 1997; Clements et al., 1998). Salinity

at this site dropped to 15–20% in late 1994 and to 10–15% from late 1995

through early 1998 (data published herein). In view of the continued high

density of brittlestars at the site, the purpose of the present study was to

evaluate if its lower lethal limit has been extended after long-term exposure to

low salinity.

MATERIALS AND METHODS—The methods outlined below are only slightly modified from those

of Turner and Meyer (1980), except for the source of brittlestars. Ophiophragmus filograneus was

collected on 20 January 1998 by shovel and sieve (4-mm mesh) in shallow water (, 1 m) off the

southeastern shore of Pineda Causeway (Florida State Road 404) in the Banana River, part of the

Indian River Lagoon System on the east coast of Florida (80u 37.59 W, 28u 12.69 N; Fig. 1). Only

adult animals with well-formed discs and arms were used. The area was sparsely vegetated with

mixed beds of the seagrasses Halodule wrightii and Ruppia maritima in medium-grained sand.

Salinity of the overlying water was 13%, measured in the field by optical refractometer. The salinity

of a large stock of lagoon water collected at the site read 14% on the same instrument in the

laboratory later in the day; the selection of experimental salinities was based on the latter reading.

Beach sand and ocean water (36%) were collected at Indialantic, Florida. Shell fragments and

infauna were removed from the sand by sieving through a 1-mm mesh. The sand was left to drain in

trays in the laboratory to eliminate as much ocean water as possible before use.

Brittlestars were held unfed in six groups of nine animals in 1.5-L jars, referred to here as

habitation jars. Density in the laboratory (1040 m22) was well below maximal field densities

recorded in the lagoon system over the last two decades (1870 m22; Liesman, 1997). Each

habitation jar was provided with beach sand to a depth of 0.5–1.0 cm and with 500 ml of lagoon

water. Salinity was adjusted with deionized water or ocean water; the overlying water was mixed

thoroughly with the sand before adding the animals. Water was changed and mixed with the sand

every 2 d during the course of the study, keeping salinity variation within 1%. Continuous aeration

was provided through a standard aquarium airstone and hose inserted through a hole in the screw

cap of the jar. Parts of brittlestars dismembered by autotomy or decomposition were removed by

repeatedly washing the sediment and decanting the water and suspended parts.

Burrowing trials were conducted in finger bowls (18.5 cm inside diameter) provided with 2–

3 cm of beach sand and enough lagoon water to cover the sand to a depth of about 1 cm. Salinity

of each bowl was adjusted, if necessary, as described above before each burrowing trial. Animals

were tested individually, and each of the nine animals in each treatment was allowed to burrow for

7 min. A stopwatch was started when the animal began to flick grains vertically with podia at the

bases of the arms. Burrowing was considered complete when a falling grain of sand or shell covered

the last exposed area of the disc. Animals that failed to burrow completely (partial burrowers) were

assigned a time of 7 min, as were those that showed no podial activity (non-burrowers). ‘‘Restless’’
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animals that wandered around the bowl were repeatedly returned to the center of the bowl and

eventually started to burrow. Brittlestars that emerged from the sand after partially burrowing were

restarted at 0 min when they again initiated burrowing activity. Some animals, recorded as

moribund, had weak podial activity and failed to initiate burrowing. Those that lacked a podial

response to touch were considered dead. Between uses, finger bowls were stacked to reduce

FIG. 1. Banana River lagoon, Florida. This section of the southern half of the Banana River

and part of the adjacent Indian River illustrates the convergence of present and former barrier

islands. The large arrow marks the source of brittlestars and the approximate location of sampling

sites for data given in Fig. 4. The location of the map is indicated by the square on the inset of

peninsular Florida.
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evaporation, and only slight and occasional adjustment of salinity was needed over the duration of

the study.

The six groups of brittlestars were held in their habitation jars overnight at ambient salinity

(14%) to adjust to laboratory conditions. Burrowing trials were held on the second day (21

January) at ambient salinity to obtain a baseline value for each group. Water in the six habitation

jars and the respective burrowing bowls was replaced on the third day with water at the

experimental salinities of 8, 10, 12, 14, 19, and 24%. Burrowing trials were begun on the fourth day,

1 d after acute exposure, and continued daily through 7 d of exposure. Trials were subsequently

conducted every 2 d through 21 d of exposure and then every 5 d through 41 d of exposure. The

decision to expose animals acutely was based on the conclusion of Stickle and Diehl (1987) that

acute and gradual exposure of echinoderms to changes in salinity has no difference in effect, an

outcome that was confirmed for O. filograneus by Turner and Meyer (1980).

The collection site was sampled again on 29 January by corer (149 mm inside diameter) to

depths of several centimeters, well below the depth of shoalgrass rhizomes among which the

brittlestars dwell. Twelve cores were sieved on a 4-mm mesh, fixed in 2% formaldehyde in lagoon

water, and returned to the laboratory to sort for brittlestars and to estimate population density,

oral-frame diameter (Lie, 1968), and the density of short shoots of seagrasses. Densities of

brittlestars and seagrasses were compared by Spearman’s coefficient of rank correlation. Ambient

salinity was 13%.

RESULTS—In few trials did all brittlestars in a group burrow within 7 min

on a given day (Fig. 2), but many partial burrowers at the higher salinities were

very active during burrowing trials. Over the 6-wk experimental period, the

ambient (14%) group performed best based on the proportion of fully

burrowed animals (Fig. 2d) (total 301 out of 369 potential animal-days). One

animal in this group seemed to become moribund after 1 wk and died by Day

23. Its death seems to have been extraordinary because only one other death

(on Day 43 at 10%) was recorded in groups held at 10–24% (Fig. 2b–f). Level

of burrowing activity declined some at 19% (Fig. 2e) (289 animal-days) and

further at 24% (Fig. 2f) (279 animal-days), but almost no animals in these two

groups at higher salinity failed to initiate burrowing. Performance was even

worse at reduced (below ambient) salinities of 12% (Fig. 2c) (253 animal-days)

and 10% (Fig. 2b) (193 animal-days), especially during the second half of the

study. Moribund animals, which failed to attempt burrowing, were not

a significant component of activity profiles until the last week in the group held

at 10% (Fig. 2b). The activity profile of the group held at 8% was greatly

different (Fig. 2a). After exposure on Day 2, no animal at 8% burrowed

completely; within 2 wk, animals became moribund, and all died by Day 17.

The first mortality at 8% occurred between 7 d and 9 d of exposure, and the

LT50 was ,12 d. Except for the occasional accidental loss of parts of arms

from handling, little evidence of pathology was noticed at salinities other than

8%. Animals at 8% grew open wounds on their discs, developed mucus-like

shrouds around the arms and discs, and autotomized discs and arms.

Because one or more animals failed to burrow completely in all groups on

most days, burrowing times are expressed as medians, and statistical analysis

has not been attempted. Initial median burrowing times of the six groups

ranged from 179 s to 272 s (Fig. 3). Median times of the group held at ambient

salinity (14%) for 41 d were highly variable (range, 133–364 s; Fig. 3d) for the
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FIG. 2. Activity profiles of Ophiophragmus filograneus exposed acutely to salinities of (a) 8%,

(b) 10%, (c) 12%, (d) 14% (ambient salinity), (e) 19%, and (f) 24% for 43 d (n 5 9 per treatment).

Shaded areas represent numbers of brittlestars that (B) burrowed completely within 7 min, (P)

burrowed only partly, (U) did not burrow (moribund), or (D) died on a given day. Any day on

which activity was not recorded (see methods) was assigned values of the previous day.
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first 2 wk; with one exception on Day 28, median burrowing times during the

last 4 wk were within 2–3 min and were shorter than the initial burrowing time

(192 s) of the group. Median burrowing times for groups held at elevated

salinities (19% and 24%) were high and variable only for the first week (Fig. 3e

and 3f, respectively), after which variability declined. Although the median

burrowing times were longer compared to the ambient group, the similarity of

the values to the initial burrowing times (19%, 210 s; 24%, 236 s) indicates that

the brittlestars had acclimated with 1 wk of exposure to higher salinities.

Brittlestars held at lower salinities (12% and 10%) gave a similar, highly

variable response after a 1–2-d lag, during which burrowing times were similar

to the initial times (Fig. 3c, b, respectively). A trend toward acclimation

appeared to develop in 1–2 wk, but burrowing times subsequently became high

and variable (12%) or consistently high (10%), largely due to the failure of

several animals to burrow completely. At 8%, no animals burrowed completely

during the first week of exposure; almost all became non-burrowers during the

second week, by the end of which time all had died (Figs. 2a, 3a).

The mean density (6 SD) of brittlestars at the collection site was 160 6

164 m22. The population consisted of adult animals with a narrow range of

oral frame diameters (2.5 6 0.12 mm). Seagrass density was 651 6 480 short

shoots m22. Both the seagrasses and the brittlestars were patchily distributed,

and the two distributions had a high positive correlation (Spearman’s

coefficient of rank correlation, P , 0.001).

DISCUSSION—Water management practices can have a strong impact on

estuarine communities, especially in bar-built lagoons that have limited

exchange with the sea (Sheng et al., 1990; Irlandi et al., 1997; Brock, 1998).

The hydrology of the Indian River Lagoon System historically has been

determined largely by precipitation, evaporation, and wind and affected locally

by its small watershed, its few inlets, and groundwater seepage (Glatzel, 1986;

Smith, 1987, 1990; Pandit and El-Khazen, 1990; Sheng et al., 1990). Although

canalization through the Atlantic Coastal Ridge and the municipal discharge

of rainwater into the lagoon have impacted much of the Indian River (Glatzel,

1986), variation in salinity continues to be driven by evaporation and

precipitation in the Banana River (Sumner and Belaineh, 2005), nested

between the barrier island and the Indian River by a secondary barrier island

(Fig. 1). Despite its greater within-year consistency and predictability (Sumner

and Belaineh, 2005), interannual variation can be high. In the late 1980s and

early 1990s, salinity in the Banana River varied seasonally and ranged between

20 and 30%, with only occasional and brief periods below and above this range

(Fig. 4). In fall 1994, salinity of the collecting site in the Banana River fell to

15–20% for 1 yr and to 10–15% through early 1998 (Fig. 4), when the present

study was undertaken. During the years 1981–1997, densities of Ophiophrag-

mus filograneus at the site remained high (1981: 309–311 m22, Turner et al.,

1982; 1982–1983: 371 m22, Turner, unpubl. data; 1986–1987: 126–291 m22,

Curley, 1988; 1995–1997: 144–556 m22, Liesman, 1997; 1998: 160 m22, present
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study) despite failure of recruitment in at least two of those years (Liesman,

1997). The maintenance of high population densities during this time indicates

a strong physiological tolerance to life in brackish water and confirms the

designation of O. filograneus as an equilibrium species by Grizzle (1984). Its

tolerance is, however, limited, and populations might not fare so well in the

Indian River, in which salinity is more variable, less predictable, and more

greatly impacted by altered hydrology (Sumner and Belaineh, 2005). Since the

present study was conducted, salinity in the Banana River near the collection

site has remained generally between 14% and 25% (Sumner and Belaineh,

2005; Rhodes, 2006) despite hurricane seasons of 2004 and 2005. As of August

2006, density of O. filograneus had declined to 28.3 m22 (n 5 12; Turner,

unpubl. data), a density nevertheless comparable to populations of this

FIG. 3. Burrowing times of Ophiophragmus filograneus exposed acutely to salinities of (a)

8%, (b) 10%, (c), 12%, (d) 14% (ambient salinity), (e) 19%, and (f) 24%. All values are median

times (n 5 9).
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ophiuroid in other parts of the lagoon system (Virnstein et al., 1983; Grizzle,

1984; Curley, 1988), in Tampa Bay (Bloom et al., 1972; Curley, 1988; Clements

et al., 1994), and at Cedar Key (Stancyk, 1974).

Ophiophragmus filograneus acclimates to acute exposure to elevated and

reduced salinities in the laboratory based on burrowing (Turner and Meyer,
1980; present study) and righting times (Stancyk, 1970). Turner and Meyer

(1980) found that animals at a field salinity of 21% acclimated their burrowing

times within 3 wk after acute exposure to salinities of 17–38% and died within

19 d at 10%. But, after a 1-mo decline in field salinity from .20% to 9%
followed by a 1-mo increase to 17%, field animals exposed in the laboratory to

14% showed a strong trend toward acclimation over the 3-wk period; animals

at 11% showed weak acclimation; and those held at 8% did not burrow and

suffered 88% mortality (Turner and Meyer, 1980). Thus, the range of
acclimation depends on ambient salinity, and the lower lethal limit of this

brittlestar is alterable depending on acclimatization in the field.

The present study demonstrates, however, that the lower lethal limit

remained at 8% despite exposure of the population to 3 yr of low salinities.

Thomas’s (1961) report of O. filograneus at 7.7% in Whitewater and Coot

bays, Florida, is often cited as a record for echinoderms. Ophiophragmus

filograneus was abundant at Thomas’s sites, where near-bottom salinities

ranged from 7.7 to 14% in the summer of 1958 and generally lasted ‘‘for
weeks’’ in these bays. Salinity dropped further and remained low for longer

periods after 1959, and Thomas (1961) was unable to find O. filograneus at his

sites. Within the subsequent 15 yr, the ophiuroid population achieved

collectible densities again in Whitewater Bay (Davis and Hilsenbeck, 1974).

Based on these findings, local extirpation of O. filograneus can be expected in

FIG. 4. Long-term variation in bottom salinity (%) of the Banana River lagoon. All

sampling was done at or near the collecting site of brittlestars for the present study (Fig. 1).

Sources: Brevard County Surface Water Improvement (pers. comm.); Marine Resources Council of

East Florida (pers. comm.); St. Johns River Water Management District (pers. comm.); Liesman

(1997); Turner and Potts (unpubl. data).
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parts of the Indian River Lagoon System that experience prolonged and severe

reductions in salinity.

The population of O. filograneus in the Banana River was physiologically

stressed at the time of the present study. Compared to its performance in the

study by Turner and Meyer (1980), burrowing times of O. filograneus were

more variable and higher even on Day 1 when animals were held at ambient

salinity. There seems to be an inverse relationship between ambient salinity and

the time and variability of burrowing performance in O. filograneus (Fig. 5).

Many animals did not burrow completely within the 7-min trial period. The

inability to calculate means, although confounding statistical comparison with

data of Turner and Meyer (1980), is itself a strong indication of stress within

the population.

Based on its tolerance to salinity stress, detrital feeding (Stancyk, 1970),

intermittent reproduction (Liesman, 1997), likelihood of pelagic development

(Turner and Reyier, 2003), and high regenerative ability following sublethal

predation (Brown, 1981; Turner et al., 1982; Curley, 1988; Shlepr, 1994), O.

filograneus may be classified as a stress-tolerant ruderal strategist (Lawrence,

1990). Although it acclimatizes to reduced salinity and tolerates a wide range of

salinity, it performs more poorly when acclimatized to lower salinities than to

higher salinities (Fig. 5); as found by Talbot and Lawrence (2002), it is not,

therefore, adapted to reduced salinity. Perhaps by its ability to survive in

FIG. 5. Median burrowing times of Ophiophragmus filograneus at ambient salinities of (a)

25% (n 5 10), (b) 21% (n 5 6), (c) 17% (n 5 6), and (d) 14% (n 5 9). (a–c) Data modified from

Turner and Meyer (1980); (d) Fig. 3d of present study repeated here for convenience.
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brackish waters, O. filograneus avoids competition with its congener O.

wurdemani (Turner and Meyer, 1980). Its strong salinity tolerance allowed its

invasion of seagrass meadows of the developing lagoonal system sometime

during the last 7000 yr (Parkinson, 1995) under a seasonally predictable

hydrological regime, but its tolerance is not without limit and could be

exceeded if current trends in local environmental management continue.
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