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ABSTRACT: Grass shrimp are abundant, ecologically important inhabitants of estuarine ecosystems
that have been used extensively in laboratory experiments. However, optimal laboratory feeding
conditions have not been determined. We used a laboratory experiment to determine the effects of
food availability on survival, growth and reproduction in adult Palaemonetes pugio Holthuis and
hatching success of their offspring. Fifteen groups of 50 shrimp were fed 1 of 5 rations of TetraMin®
flake food, a standard laboratory diet, for 12 wk; supplementary amounts of newly hatched Artemia
sp. nauplii were also given twice weekly. Adult survival, female reproductive condition, and embryo
hatching success were determined every 2 wk. Growth was determined from measurements at the
beginning and end of the study. Limited food availability caused severe mortality and reduced
growth of female shrimp, whereas male shrimp were not affected. Reproduction, as measured by
percent gravid females and individual clutch size, was not affected by food availability. However,
estimated population-level embryo production was reduced indirectly for the lower rations through
mortality and smaller size of females. Hatching success was low in all treatments. Further studies are
needed to determine optimal laboratory feeding conditions for grass shrimp so they may be better
utilized as predictors of responses in the field.
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INTRODUCTION
Grass shrimp are conspicuous inhabitants of estuaries throughout the United States. Three species that
often co-occur along the Atlantic and Gulf Coasts,
Palaemonetes pugio Holthuis, P. vulgaris Say and P.
intermedius Holthuis, can comprise up to 56% of the
total abundance of pelagic macrofauna in estuarine
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tidal creeks (Scott et al. 1992). As deposit-feeding
omnivores, grass shrimp break down decaying marsh
grass and thereby influence the cycling of nutrients,
particulates and energy in estuarine systems (Welsh
1975). In addition, they are important prey for early
and juvenile life stages of several commercially
important fish species, including red drum and spotted sea trout (Gunter 1945, Moody 1950, Wenner
1995, Wenner & Archambault 1996). Because of their
ecological significance, they have potential utility as
sentinels of ecosystem integrity. To develop this
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potential, it is important that we understand the biological characteristics of grass shrimp and environmental factors that influence their survival, growth,
and reproduction.
Like many decapod crustaceans, development of
grass shrimp embryos occurs externally on the pleopods of the female. The reproductive pattern of grass
shrimp is similar to that described for Palaemonetes
varians (Antheunisse et al. 1968) and P. kadiakensis
(White 1949). Soon after a female molts, 1 or more
males may deposit spermatophores externally on her
ventral thorax. Eggs are extruded within 2 to 3 h of mating, fertilized as they pass over the spermatheca, and
attached with ‘glaire‘ or cement to pleopodal setae that
form the incubation chamber (Williams 1984). During
the embryonic development period (roughly 2 wk during summer months, but dependent on temperature)
the female may re-initiate oogenesis to provide new
ova for extrusion at the next molt (White 1949). Reproduction in Palaemonetes species in the field occurs
from early spring through fall, depending upon the
location.
Because of their ecological importance and their relative hardiness in the laboratory, grass shrimp have
historically been used in a variety of laboratory experiments. These range from studies of their physiology
(e.g. Goddard & Forward 1991, Okazaki & Freeman
1993) and ecology (e.g. Bell & Coull 1978, Kneib 1987,
Olmi & Lipcius 1991, Vernberg & Piyatiratitivorakul
1998) to toxicology studies (e.g. Tatem et al. 1976, Wilson et al. 1985, Weis et al. 1992, Khan et al. 1993, Key
et al. 1998). Due to the relatively short developmental
period, embryos of Palaemonetes pugio have recently
been used in an in vitro assay to examine developmental effects of environmental toxicants (Fisher & Foss
1993, Rayburn et al. 1996, Rayburn & Fisher 1997,
1999, Shelton et al. 1999).
Results of toxicological studies using grass shrimp
adults and embryos have the potential to be extremely
useful in predicting the effects of environmental contaminants in field situations. However, for laboratory
results to be interpreted accurately, it is imperative
that laboratory holding conditions be appropriate for
survival, growth and reproduction of adult shrimp. In
particular, an optimal diet for production of viable offspring is essential for studies involving shrimp embryos. Although the subject of food quality has been
extensively studied for shrimp species used in aquaculture (e.g. review by Harrison 1990), specific studies
addressing nutritional requirements for adult survival,
growth, and production of viable embryos have not
been performed for Palaemonetes species. In this study
we performed a laboratory experiment examining the
effects of food availability on survival, growth and
reproductive output of P. pugio.

MATERIALS AND METHODS
Field collection. Approximately 1500 grass shrimp
were collected with dip nets on 5 August 1997 from the
Escambia River near Pensacola, Florida, USA. Shrimp
were collected from a 30 m-long stretch of sandy
shoreline with Spartina alterniflora growing along the
bank. On the day of collection, water temperature was
30°C and salinity was 10 ppt. Shrimp were transported
to the laboratory in coolers containing water from the
collection site. Water in the coolers was aerated, and
shrimp were maintained in the coolers overnight. In
the laboratory, the salinity of the water in the coolers
was raised in increments of 2 to 4 ppt every 4 to 6 h to
acclimate shrimp to 20 ppt used in experimental holding aquaria, which were fed by flowing, filtered seawater.
Laboratory conditions. On the day after field collection, 30 female and 20 male grass shrimp identified as
Palaemonetes pugio Holthuis (Williams 1984) were
randomly assigned to each of 15 aquaria (40 l). The
total length of each shrimp, from the tip of the rostrum
to the end of the telson, was measured with calipers to
the nearest 0.1 mm. In addition, the presence or absence of egg masses on the pleopods and visible oocytes in the ovary were recorded for all female shrimp.
To examine the effects of food availability on survival, growth and reproduction, grass shrimp were
maintained on 5 different food rations in a 12 wk laboratory experiment (6 August to 30 October 1997).
Three replicate 40 l aquaria for each of the 5 food treatments were arranged in a randomized block design.
Aquaria were supplied with flow-through filtered,
salinity-controlled (20 ppt) seawater and were aerated
with airstones. The flow rate and aeration were similar
in all aquaria and were monitored daily. The room was
maintained on a 16 h:8 h light:dark cycle and aquaria
were covered with 1/4 inch (6.4 mm) plastic mesh to
prevent escape of shrimp.
Shrimp were fed daily with 1 of 5 different amounts
of TetraMin® Standard Mix flake food (TetraWerke,
Melle, Germany). Previous experience with laboratory
culture had shown that a daily ration of 0.025 g
shrimp –1 resulted in little excess food after 24 h (Foss &
Rayburn 1997). This standard ration was selected as 1
of the 5 experimental treatments. The other treatments
were 1/4, 1/2, 2 and 4 times the standard ration, resulting in daily food rations ranging from 0.0062 to 0.1 g
shrimp–1. The shrimp were fed at the same time each
day. In order to maintain a constant amount of food per
shrimp, the total food amounts were adjusted every
2 wk to compensate for any mortalities that occurred in
the aquaria. Equal numbers of newly hatched Artemia
sp. nauplii were added to each aquarium twice weekly
as a supplemental food source, since many crustaceans
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cannot synthesize cholesterol and some polyunsaturated fatty acids (Whitney 1969, 1970, Kanazawa &
Teshima 1971). Naupliar concentrations (100 l –1 in all
aquaria) were significantly lower than the 5000 l –1 typically used to rear crustacean larvae (Welch & Epifanio
1995) in order to prevent significant alteration of the
food levels in the lower treatments.
Measurements. Aquaria were examined daily for the
presence of gravid females, dead individuals and
the amount of food remaining in each aquarium. The
water quality in all aquaria was analyzed weekly. Temperature and dissolved oxygen measurements were
made using a hand-held Orion 820 oxygen meter;
pH measurements were made using a countertop
Orion 520A pH meter. Ammonia was tested using a
TetraTest® Ammonia test kit (TetraWerke). After
weekly water quality measurements, excess food was
siphoned from the aquaria and dead individuals were
removed.
A census was conducted every 2 wk, during which
all shrimp were removed from the aquaria for observation. The number and gender of survivors were
recorded. The presence or absence of incubating egg
masses on the pleopods and developing oocytes in the
ovary were recorded for all female shrimp; the developmental stage of the embryos in egg masses (Wilson
1985, Glas et al. 1997) was also noted. In addition,
1 female shrimp with embryos that were 3 d postoviposition was removed from each aquarium at each
census. Embryos were removed from the female, separated and counted to determine clutch size. The
embryos from each female were placed individually
into wells of a 24-well plastic tissue culture plate with
2 ml of filtered seawater. This method has been used
successfully (100% hatching success) in an in vitro
assay to study the effects of toxicants on embryo development (Fisher & Foss 1993, Rayburn et al. 1996).
Development of the embryos was monitored daily, and
mortality or survival to hatch was recorded for each
embryo. The females used for these measurements
were not returned to the aquaria. If none of the females
in any particular aquarium were carrying 3 day-old
embryos, then 1 of the remaining females was removed from the aquarium to ensure that removals were
constant across all aquaria.
Analysis. All analyses were performed with Statview
(Abacus Concepts 1992) or SuperANOVA (Abacus
Concepts 1989) software as detailed below. All data
expressed as proportions were arcsine-transformed
prior to analysis (Sokal & Rohlf 1981). Significant foodration main effects were followed by Tukey-Kramer
post-hoc comparisons (Sokal & Rohlf 1981). For
repeated-measures analyses, significant time main
effects were followed by single degree-of-freedom
orthogonal polynomial contrasts (Zar 1996). Significant
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interaction effects in repeated-measures designs were
followed by 1-way ANOVAs for each sampling time.
Survival data were analyzed with separate 2-way
(ration, time) repeated-measures ANOVAs for female
and male shrimp. Data were expressed as the proportion of the initial number of shrimp that survived to
each census. Since 1 female shrimp was removed from
each aquarium for embryo survival tests at each census, proportions of female survivors were corrected for
these removals.
Growth data were analyzed separately for female
and male shrimp. Nested ANOVAs (replicate aquaria
nested within food treatment) were performed on the
size of the shrimp at the start of the experiment, to
ensure that mean sizes of shrimp in each treatment did
not differ by chance. A second set of nested ANOVAs
performed on data collected at the end of the experiment determined the effect of food ration on shrimp
size. In addition, average sizes of female and male
shrimp at the beginning and the end of the experiment
were compared with separate 2-way repeated-measures ANOVAs. In order to avoid pseudoreplication
(Hurlbert 1984), the mean size of shrimp in each aquarium was used for these comparisons rather than comparing individuals.
The number of gravid female shrimp in each treatment at each census were compared with a 2-way
repeated-measures ANOVA. To correct for differential
survival in the different food treatments, the data were
expressed as proportions. Some female shrimp had visible oocytes in their ovaries while they were gravid;
therefore neither of these single measurements indicated the overall reproductive condition of the shrimp.
A reproductive score was calculated to assess the overall reproductive condition of each female: shrimp that
were not gravid and had no visible oocytes were given
a score of 0; shrimp that were either gravid or had visible oocytes were given a score of 1; and shrimp that
were gravid and also had visible oocytes were given a
score of 2. To correct for differential survival in the different food treatments, mean scores were calculated
for each tank. These mean reproductive scores were
compared with a 2-factor repeated-measures ANOVA.
A 2-way ANCOVA was used to determine the effects
of food ration and time on the number of embryos produced by each female. Since female size has been
shown to affect the number of embryos produced per
clutch (Wood 1967), length of the female was used as
the covariate. In addition to determining the clutch size
for individual female shrimp, we also estimated the
total number of embryos produced in each aquarium at
each census. From the individual clutch sizes measured for each aquarium at a given census, a mean
clutch size was determined for each of the treatments
(n = 3 per treatment). This mean clutch size was then
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multiplied by the number of gravid females in each
aquarium in that treatment to provide an estimate of
the total number of embryos in each aquarium. Estimates were calculated for each aquarium at each census and a 2-way repeated-measures ANOVA was used
to compare the estimated totals. Cumulative estimated
total embryo production was also calculated for each
aquarium by summing the estimates from all previous
times. The cumulative totals for 12 wk were compared
with a 1-way ANOVA.
Embryo survival potential in each food treatment at
each census was compared with a 2-factor ANOVA.
The proportion of embryos surviving to hatch was used
in the analysis. In all statistical analyses, statistical significance was recognized at p ≤ 0.05.

RESULTS
Water quality
Water temperatures in the aquaria were initially
28–29°C, but as the experiment progressed into the fall
months and the temperature of the external water supply dropped, temperatures in the aquaria gradually
declined to 23–24°C. Water salinity was maintained at
18–20 ppt in all aquaria. These parameters are within
acceptable ranges for grass shrimp survival and repro-

duction of Palaemonetes pugio (Wood 1967). Dissolved
oxygen in all aquaria ranged from 6.8 to 8.7 ppm over
the course of the experiment. The pH range was 7.65 to
8.36, within standard values for seawater (Sverdrup et
al. 1942). Ammonia concentrations in the aquaria
ranged from 0 to 0.052 ppm, which is acceptable for
marine organisms (Riley & Chester 1971).

Adult survival
The density of female shrimp decreased significantly
in all treatments over time (F6, 60 = 118.7, p < 0.001), but
the decrease was significantly more pronounced in the
lowest food treatment (significant ration [F 4,10 = 10.2, p
< 0.01] and interaction [F 24, 60 = 4.42, p < 0.001] effects;
Fig. 1). After 12 wk, 69.3 to 78.7% of the shrimp still
remained in the 4 higher treatments, while only 36.0%
remained in the lowest food treatment. Male density
also decreased over time (F 6, 60 = 32.2, p < 0.001), but
this decrease was the same for all food treatments (no
significant effect of ration [F 4,10 = 0.6, p > 0.05] and no
significant interaction [F 24, 60 = 1.1, p > 0.05]). After
12 wk, an average of 82.0% of the male shrimp were
still alive (Fig. 1).

Growth
At the beginning of the experiment there were no
significant differences among treatments in the average size of female (F4, 435 = 0.50, p > 0.05) or male
(F4, 285 = 0.4, p > 0.05) shrimp. Females averaged 29.2
(± 0.6) mm in total length, whereas males averaged
23.1 (± 1.0) mm (Fig. 2). After 12 wk, female shrimp
were significantly larger than at the beginning of the
experiment (F 1,10 = 174.1, p < 0.001) and females from
higher food treatments were larger (33 to 34 mm) than
those from the lower food treatments (31 to 32 mm)
(F 4, 238 = 10.4, p < 0.001). Male shrimp were also significantly larger (27.3 ± 0.6 mm) after 12 wk (F 1,10 = 259.8,
p < 0.001). However, the average size of male shrimp
did not differ between the different food treatments
(F4,10 = 0.7, p > 0.05; Fig. 2).

Reproduction
Proportion of gravid females

Fig. 1. Palaemonetes pugio. Mean percent (±1 SD, n = 3) of
females and males surviving to each census date (n = 3 replicates). Treatments were 4 × (h), 2 × (e), 1× (n), 1/2 × (s) and
1/ × (7) a standard ration of 0.0125 g shrimp d–1
4

Although there was a slight trend toward lower proportions of gravid females in the lower food treatments
(Fig. 3A), the proportion of gravid female shrimp was
not significantly affected by the amount of food they
received (F 4,10 = 2.9, p = > 0.05). Overall, 38.4 to 50.4%
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Fig. 2. Palaemonetes pugio. Mean total length (±1 SD, n = 3)
of females and males at the beginning (0 wk) and end (12 wk)
of the experiment. Progressive shading of bars from light to
dark indicates increases in amount of food per shrimp, from
1/ × to 4 × a standard ration, (x = 0.0125 g shrimp d–1). Lines
4
above bars indicate nonsignificant subsets (Tukey-Kramer
post-hoc comparison: Sokal & Rohlf 1981)

of the females in the experiment were gravid at any
given time. The average proportion of gravid females,
however, did decrease significantly over the course of
the experiment (F 6, 60 = 6.3, p < 0.001; significant 1storder orthogonal polynomial contrast, F = 15.0, p <
0.001). In addition, a significant 5th-order contrast (F =
13.0, p < 0.001) indicated that the percentages of
gravid females after 4 and 10 wk were lower than on
other sampling dates (Fig. 3B).
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Fig. 3. Palaemonetes pugio. Mean % females (±1 SD, n = 3)
carrying embryos in the (A) 5 food treatments and (B) at each
census

ductive score at 4 wk (Fig. 4). However, this reduction
was more dramatic, and the score remained significantly lower than the other treatments until the 10
week sampling. At 10 and 12 wk, there were no differences in the reproductive scores of females in the 5
food treatments.

Reproductive score
The overall reproductive condition of individual female shrimp, as described by reproductive score, was
significantly affected by food ration (F 4,10 = 9.0, p <
0.01). Reproductive score also varied significantly over
the course of the experiment (F 6, 60 = 19.4, p < 0.001),
but was typically lower at the lowest ration (F 24, 60 = 2.9;
p < 0.001). The average reproductive score for all treatments except the lowest food ration was approximately
1.2 at all census times except 4 wk, when it was significantly lower (0.91: Fig. 4). Shrimp that received the
lowest food ration showed a similar reduction in repro-

Fig. 4. Palaemonetes pugio. Mean reproductive score (±1 SD,
n = 3) for females in each food treatment at each census.
Score of 0 = gravid and no visible oocytes, 1 = gravid or
oocytes visible, 2 = gravid and oocytes visible. Treatments
were 4 × (h), 2 × (e), 1× (n), 1/2 × (s); 1/4 × (7) a standard ration
of 0.0125 g shrimp–1. *significant differences at that sampling
time (1-way ANOVA)
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Fig. 5. Palaemonetes pugio. Mean cumulative estimated embryo production (±1 SD, n = 3) per aquarium in each food
treatment at each census. Further details as in legend to Fig. 4

Clutch size
The number of embryos produced by an individual
female (clutch size) was not significantly affected by
the amount of food available (F 4, 55 = 1.9, p > 0.05), nor
did the numbers change significantly over time (F 5, 55 =
1.3, p > 0.05). Mean clutch size ranged from 205.3 (±
72.5) to 372.0 (± 63.0). There was, however, a significant relationship between the length of the female
shrimp and the number of embryos produced (F 1, 84 =
16.3, p < 0.001). This relationship is best described by
the model: number of eggs = 12.28 × total length – 85.3
(R2 = 0.162).
In contrast to embryo production per female, embryo
production per aquarium was affected by ration and
varied over time (ration: F 4,10 = 19.5, p < 0.001; time:
F 6, 60 = 16.0, p < 0.001). In addition, the differences
among treatments varied over time (F 6, 24 = 16.0, p <
0.001). At Week 0, aquaria in all treatments produced

approximately 3500 embryos. The overall average was
slightly higher after 2 wk (4200) and, although variation
among treatments was larger, there were no differences among treatments. After the 2 wk census, there
was a gradual decline in estimated total embryo production in all treatments. However, from 4 until 10 wk,
aquaria receiving the lowest ration produced significantly fewer embryos (≤ 1500 at each census) than most
other treatments (2000 to 5000 embryos per aquarium).
By the end of the experiment, production in all treatments was reduced to an average of 2100 per aquarium
and there were no differences among treatments.
Since embryos were produced in each treatment
throughout the experiment, cumulative embryo production (estimated) increased over time in all treatments (Fig. 5). After 12 wk, cumulative embryo production was significantly different among rations (F 4,10 =
15.67, p < 0.001). In standard (1×), 2 × and 4 × rations, a
total of > 24 000 embryos were produced. The lower 2
rations produced significantly fewer total embryos
over the course of the experiment (1/4 × and 1/2 × rations
produced 12 000 and 18 000, respectively: Fig. 5).

Embryo success
There was no significant effect of ration on survival
of embryos to hatch (F 4, 56 = 0.5, p > 0.05; Fig. 6) at any
of the sampling intervals. However, average embryo
survival was different at different sampling times during the experiment (F 5, 56 = 1.0, p < 0.001). After 2 wk of
the experiment, survival was 46.6 ± 18.5%. Survival
then increased to > 50% for the next 3 sampling periods. However, after 10 wk, survival decreased to <
35% and remained low until the end of the experiment
(Fig. 6).

DISCUSSION

Fig. 6. Palaemonetes pugio. Mean % survival (± 1 SD, n = 3)
of embryos to hatch. At each census, embryos were incubated
individually in 24-well tissue-culture plates with filtered
seawater for 12 d. Bars with same letters are not significantly different (Tukey-Kramer post-hoc comparison: Sokal
& Rohlf 1981)

This study demonstrated that laboratory-induced
food limitation impacted survival and growth of female
grass shrimp Palaemonetes pugio, creating indirect
effects on population-level reproductive output. Low
food availability significantly reduced survival and
growth of females even though it had no effect on survival or growth of males. The reproductive effort of
surviving females, as measured by the percentage of
gravid females and length-normalized clutch sizes of
individual females, was unaffected by low food availability. However, since clutch size is proportional to
female length, population-level reproductive output
was reduced through both decreased female survival
and decreased female growth in the lower food treatments. Finally, embryo hatching success was dramati-
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cally and inexplicably lower than has been shown in
other studies that used the same methods, and there
were no differences among treatments. These data
imply that success of grass shrimp populations in the
field during periods of low food availability may
depend on the transfer of metabolic energy and material to reproduction (egg production) rather than to survival and growth of mature females.
Female shrimp in low-food treatments showed striking reductions in both survival and growth (Figs 1 & 2).
Females in aquaria fed 1/4 × the standard ration exhibited 36% survival and 32 mm average total length after
12 wk in the laboratory, whereas all other treatments
(1/2 to 4 × rations) exhibited survival ranging from 69 to
79% and total lengths averaging 33 to 35 mm. In contrast, survival and growth of male grass shrimp were
conserved in the low-ration treatments. An average of
82% of male grass shrimp in all treatments survived
after 12 wk; the average length increased from 23 to
27 mm in all treatments. It is possible that males are
better intraspecific competitors for the available food.
However, it is more likely that females have higher
nutritional requirements because of their larger size
and continuous egg production during the reproductive season. These biological characteristics may make
them more susceptible to starvation than males, given
the same ration. Equal division of food among the
shrimp would result in males receiving a higher ration
per body mass.
Despite the high rate of mortality at the lowest
experimental ration, female shrimp that survived continued to produce embryos. In fact, the proportion of
shrimp that were gravid at any census did not differ
across food treatments (Fig. 3). It is possible that egg
production in grass shrimp proceeds whether food is
limited or in excess. Although the specific sources of
material for vitellogenesis and oogenesis are not
known for Palaemonetes pugio, it is known that nutrients, particularly lipids, involved in vitellogenesis in
other crustaceans can be derived from one or both
of 2 sources: (1) mobilization of stored lipids in the
hepatopancreas and synthesis of lipids in ovarian
tissues, and (2) direct use of dietary lipids ingested by
the female (reviewed by Harrison 1990). Since production of oocytes is energetically costly (Harrison 1990),
female shrimp must ingest enough material to offset
what they mobilize during reproduction in order to survive and grow. If grass shrimp use both stored and
ingested material for egg production, then females
with severely limited food intake might not be able to
replace the nutrients they mobilize. Alternatively, the
quality of the eggs may be reduced due to lack of sufficient nutrients available to the female. Finally, it is
possible that some shrimp in natural populations are
predisposed to survive periods of food limitation. If so,
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then those females that survived on 1/4 × ration may not
have suffered any effects of limited food availability,
and might be expected to reproduce ‘normally‘ despite
the limited food supply.
The fact that female grass shrimp maintained maximum individual reproductive effort despite lethally
low levels of food does not imply that reproductive output for a field population can be sustained during periods of low food availability. Estimates of cumulative
numbers of eggs produced in this study (Fig. 5) were
lower at the lower food levels as a consequence of both
reduced female survival and reduced body size of surviving females. The latter is an indirect effect established from the observation that smaller females bear
fewer embryos. It is possible that egg number at each
oviposition is predetermined, based on the size of the
female and the corresponding size of the ovary. Alternatively, eggs may be produced in excess in the ovary
and only a portion captured by the pleopodal setae
because of the physical (size) limitations of the female
abdomen. Regardless, the smaller size of females in
the lower ration treatments ultimately decreased the
number of larvae produced.
The proportion of gravid females across all treatments was lower after 4 and 10 wk in the laboratory
(Fig. 3). This could be a result of reproductive cycling
within the population, perhaps a reflection of consecutive versus non-consecutive breeding periods (Fisher &
Clark 1983). When the presence of embryos on pleopods and oocytes in ovaries were combined into a reproductive score, a significant decline occurred at the
4 wk census, with the lowest values in the low-food
treatment. By 6 wk, all other treatments had rebounded except the low-food treatment, which remained significantly low until Week 10. Such a low
reproductive score (<1) indicates that females did not
have developing oocytes while they were gravid.
Therefore, shrimp at the lowest ration may have had
non-consecutive, rather than consecutive broods. This
use of a combined reproductive measure provided
evidence of diminished reproductive capacity at the
lowest food level that was not detected by bi-weekly
measurement of gravid females alone.
The hatching success of embryos was not influenced
by the different food levels provided in this study. If
hatching success had been high (near 100%) in all food
treatments, we might conclude that appropriate types
and quantities of nutrients were available for egg production, even at the low ration treatment. However,
hatching success across all treatments was extremely
low relative to past studies using grass shrimp embryos
(Fisher & Foss 1993, Rayburn et al. 1996, Rayburn &
Fisher 1997), so these results must be viewed with caution. Poor hatching success may have been a consequence of handling and physical manipulation of the
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adult shrimp for measurements and examination. It is
not known how a physical stress to adults could translate into poor embryo survival, yet previous work by
Sandifer & Lynn (1980) showed that handling of female
Palaemonotes pugio could arrest spawning or delay
oviposition. Physical handling of the shrimp may also
cause loss of appendages, including chelae; such
losses might restrict the ability to acquire food. The
quality of the maternal diet is another possible explanation. Artemia sp. nauplii were fed at a density of
100 nauplii l –1 water in the aquaria, a level significantly lower than the 5000 l –1 typically used for rearing
crustacean larvae (Welch & Epifanio 1995). This low
density was chosen to avoid artificially altering the
rations while still providing essential nutrients, including cholesterol and polyunsaturated fatty acids, that
most crustaceans cannot synthesize (Whitney 1969,
1970, Kanazawa & Teshima 1971). It is possible that
embryo quality suffered in all treatments due to insufficient amounts of some of these essential nutrients in
the adult diet.
Finally, it is also possible that low hatching success
was a consequence of factors that influenced the
females before they were collected for study. In comparison with previous and subsequent years, unusually
poor hatching success was observed in field collected
embryos from field samples throughout the summer of
1997 (Fisher unpubl. data).
It is unknown whether the effects of nutrient limitation shown here are expressed in the field. If so, then
reduction in larval recruitment would be expected during sustained periods of low food availability when
female growth and survival is curtailed. Regardless of
the potential importance in field situations, these findings support the need to define specific methods for
feeding and handling laboratory-held grass shrimp.
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