
INTRODUCTION

Associations of shrimp with gobies are widespread across the tropics.  Most of the work on these goby-shrimp relationships has been done in the Red Sea/Indian Ocean (Luther 1958; Magnus 1967; Karplus 1981; Karplus et al. 1981; Polunin and Lubbock 1977) and Japan (Harada 1969; Yanagisawa 1978, 1982, 1984).  There have been a few other studies in the Atlantic (Karplus 1992) and the South Pacific (Cummins 1979; Thompson 2004, 2005), but only one study on the Hawaiian association (Moehring 1972; Preston 1978).  

Nearly every report of the goby-shrimp relationship has concluded that the species are mutualistic (reviewed by Karplus 1987).  The alpheid shrimps dig burrows in the predominantly sandy habitats where they live, providing protection for the gobies.  The gobies stay near the entrance of the burrow during the day, close enough to dart in for escape from danger.  At night neither species emerges from the burrow.  The gobies, which probably have much keener eyesight than the shrimp, apparently provide a kind of ‘early warning system’ by being able to see potential predators earlier (Karplus 1981).  The goby relays this information back to the shrimp through (1) its rapid head-first entries, and (2) a series of tail flicks which the shrimp detects through its antenna that are ‘continuously positioned on the fish’s body’ (Moehring 1972; Karplus 1981, 1987, 1992). 

Theories have been proposed as to how the relationship may have evolved (Karplus 1992).  Most notably, the idea has arisen that the relationship evolved because of predation pressure exerted on shrimps and gobies living in close proximity to each other.  Until recently, only Yanagisawa (1982) had noted any effect of predation pressure on the shrimp gobies.  This effect was cited as a side-note in a larger study of shrimp gobies.  He noted that in areas where predation was naturally lower, shrimp and gobies ventured farther from the burrow, and seemed to be more abundant.  This study, however, was not experimental, and the observations were not tested analytically.  

Seeing a need to better understand the effects of predation on this goby-shrimp relationship, Thompson (2005) conducted a detailed experiment in French Polynesia in which, among other things, he manipulated the density of predators with access to observed gobies.  In areas with increased predators, he found no effect on total goby density, but a significant decrease in the proportion of large gobies with increasing predator density.  

Because goby-shrimp relationships are known in more than 70 species of goby living in coral reef habitats around the world, it is unclear whether the effect of predation is universal.  In Hawaii, one shallow-water shrimp goby occurs, (Psilogobius mainlandi Baldwin 1972), which is endemic to the islands, and classified with only one congener (Watson and Lachner 1985). Psilogobius mainlandi, along with its associated snapping shrimp (Alpheus rapax and A. rapicida), have been examined previously only in the context of communication between them, and the details of all goby-shrimp interactions seem to have been generalized from these two species (Moehring 1972; Preston 1979).  I used these two species to study daily shrimp activity cycles, the effects of goby presence on shrimp behavior, and the effects of predation on numerical density and size of gobies by experimentally decreasing predation pressure. 

This study consisted of three parts.  (1) I studied the behavior and interaction of the Hawaiian shrimp goby (P. mainlandi) and snapping shrimp (A. rapax) and compared them to other well studied goby-shrimp relationships.  (2) I experimentally removed gobies to look for effects on shrimp behavior.  (3) Beginning with natural densities of gobies and shrimp, I experimentally decreased predation pressure on gobies to determine the effects on density and sizes of gobies.  The predation results can be compared with those previously shown for increasing predator density (Thompson 2005).  

METHODS

The entire study was conducted between October 2002 and October 2004.  The chosen site was a small (approximately 100-m by 100-m) bay (hereafter called “goby bay”) on the western side of Coconut Island, Oahu, HI (Lat: 21° 26.2' N Long: 157° 47.6' W).  The bay is protected from wind and waves, and thus has silty-sandy sediment covering a coral rubble base.  These conditions provide suitable habitat for shrimp gobies (Thompson 2004).  

Diurnal Rhythm

The diurnal rhythm of snapping shrimp was determined from six full-day measurements over the course of six weeks in March and April 2004. Each full-day measurement was set up just before 0600 hours. A small underwater surveillance camera was set above the goby burrow and wired to a video monitor and recording device on shore. 

The activities of shrimp of a single burrow were then analyzed for 1000 sec at each of five set times over the course of one day (0600, 0900, 1200, 1500 and 1800). To facilitate comparison with results of Karplus (1976), the same times of day, lengths of observation, and measurements were taken. 

To record the daily activity rhythm, a data logging program called BEAST (Behavioral Events Analysis System, Windward Technology, Hawaii) was used.  BEAST records the occurrence of a behavior when a key on a computer keyboard is pressed.  Following the general terminology of Karplus (1976), shrimp behaviors were classified into one of four categories:

1) Inside the burrow:  This behavior occurred when the shrimp was inside its burrow and could not be seen by the observer.

2) Burrow maintenance: This behavior occurred when a shrimp came out of the burrow pushing sand with its two large chelae or manipulated rubble around the burrow entrance.

3) Foraging: This behavior is characterized by the shrimp outside the burrow picking at the sediment or bringing organic matter into the burrow.  At times shrimp came outside the burrow and picked through the sediment with their first pair of pereiopods.  This action normally preceded the collection of organic matter that was later introduced into the burrow.

4) Static outside: This behavior occurred when a shrimp was outside the burrow, but not engaged in either burrow maintenance or foraging behaviors.  This behavior occurred without any noticeable movement of the chelae or pereiopods probing at items in the sand.  Shrimp doing this behavior were generally still or walking slightly forward or backwards. 

Most burrows normally contain two shrimp.  Because of this, different computer keys were selected to record the activity of each shrimp while using BEAST.  When more than one shrimp was outside the burrow at a time, the activity of the second shrimp to emerge was also recorded.  Any time a second shrimp was outside the burrow, its total time of activity was added to that of the primary shrimp.  The result is a total, combined time that the shrimp were outside the burrow during the 1000-sec sampling period.  As far as is known, the gobies associated with each of these shrimp observed were present and behaved normally.

Effect of gobies on shrimp behavior

.

This study was conducted during the months of October 2002 through January 2003.  Only A. rapax residing with P. mainlandii was studied. 

Shrimp burrows are easily detected by the presence of dark anoxic sediment surrounding a small hole. After shrimp and gobies retreat into the burrow, it is usually about five minutes before they re-emerge and continue activity. Because it is difficult to determine whether or not the activity is normal when an observer is close by, a small remote, underwater, black-and-white bullet camera was employed for observation. The camera was installed in a plastic ring, 45 cm in diameter, without a bottom or top. The camera could be moved up or down, remaining centered in the ring. Because of this capability for vertical movement, the field of view could be changed to accommodate the burrow size. This allowed for better viewing by the observer located on land. 

To examine the shrimp behavior with and without a goby present, some gobies were removed from some burrows studied. Removing gobies from burrows created some problems. It was difficult to remove gobies without damaging the entrances to their burrows. It was necessary to block the entrance, whereupon gobies would freeze, allowing capture and removal.  Damage to burrows varied. As soon as a goby was removed from a burrow, the plastic ring was placed around the burrow with the video monitor on it. Sometimes shrimp spent up to two hours repairing the burrow. Sometimes shrimp would not repair a severely damaged burrow. Because of this, several observation sessions of shrimp without gobies were discarded. Only burrows with minor damage and shrimp that appeared to be unaffected were used for data analysis.

After the video capture was complete, the video record was reviewed and BEAST used to record behavioral observations. The same behaviors recorded for the diurnal rhythm study (shrimp inside burrow, static outside, burrow maintenance and foraging) were analyzed.  Times for these behaviors were recorded and later combined into three related measurements: (a) total amount of time a shrimp spent out of the burrow, (b) percent of times that a shrimp emergence resulted in burrow maintenance, and (c) average amount of time that a shrimp ‘excursion bout’ lasted (defined as the amount of time spent outside the burrow at each emergence).  Each shrimp behavior was quantified over a 1000-sec period (16.67 minutes). The camera was above each burrow for three hours, and three individual 1000-sec periods were taken on each individual burrow. Seven burrows with gobies and seven burrows without gobies were recorded. 

The length of an ‘excursion bout’ is a good indication of the ‘skittishness’ of the shrimp, which I define as the tendency of a shrimp to dart back into the burrow.  A low level of ‘skittishness’ would imply a longer amount of time spent outside the burrow conducting activities such as ‘foraging’ and ‘static outside’.  

To analyze the difference between burrows with gobies and burrows with gobies removed, separate t-tests were used on each behavioral variable.  All data were normally distributed and had similar variances about the mean.  

Effect of decreased predation on shrimp goby populations
To examine the effects of predation on gobies, a series of 18 3.6-m x 3.6-m treatment areas were marked out in goby bay (Figure 1).  One of three treatments (full exclosure, partial exclosure or no exclosure) was randomly assigned to each of the treatment areas (Figure 1).  Each exclosure was made by driving four, 6-ft t-posts into the substrate, making a 3.6-m by 3.6-m square.  Full exclosures were completely surrounded by 4-ft high, ½-in. square mesh netting extending from the substrate to above the water surface at highest tide.  Concrete blocks were placed around the bottom to keep the mesh on the substrate and prevent fish from swimming underneath the mesh.  A ½-in. square mesh was chosen because it was the smallest mesh that allowed all sizes of goby to move freely in and out, while keeping out larger fish that were believed to be the main predators on gobies (carangids, juvenile hammerhead sharks, and especially goatfish and lizardfish). Partial exclosures (cage controls) were made to examine any artifacts induced by the presence of mesh, and had mesh on three sides of the treatment area.  The bottom of the mesh was not held in contact with the substrate and allowed predators to access the inside.  For the “no exclosure” treatment, the areas (containing their plots) were laid out in the same way, but there was no barrier structure.

Exclosures were built 28 Feb 04 and kept in place and fully functional until removed 15 Aug 04 (Table 1).  During this time, abundance and size data were taken during five consecutive days of each month.  Counts were also taken in the same manner during each of the two months after exclosures were taken down, i.e. until 6 Oct 04.  An initial sampling was done one week prior to the construction of exclosures by starting from the center of the general area where exclosures would be constructed, and taking censuses of 1.5-m by 1.5-m plots at random distances and directions from the center stake.  These data were taken in the general area where samples were taken after exclosures were later constructed.  A total of 18 such samples were taken.  These data were later compared to data taken after exclosures were conducted.

Because the activity of moving people and materials through the sandy areas of goby bay and constructing exclosures was expected to cause disturbance to the substrate and demersal community of the area, a period of two months was allowed to elapse after construction of exclosures before data were collected.  This time was considered an ‘equilibration’ period, during which all treatments were expected to recover from disturbances involved in setting up the experiment.  A set of censuses taken about halfway through this equilibration period showed some goby densities well below the values reported in the results, suggesting that the precaution was well taken.  

Two months after the exclosure construction, observations were made on six occasions in the designated plots (four approximately monthly occasions with exclosures and two after exclosures were removed).  To better identify each occasion of data collection, a sample ID # was given to each date of collection which roughly corresponds with the number of months after exclosures were built.  Data collected before exclosures were built were given a sample ID# of 0.  The first recorded data for analysis taken after exclosures were built received ID#  2 because it was taken approximately 2 months after construction (Table 1).

Observations were made of the three plots within each treatment area.  For each of the three treatments, there were two identical treatment areas, each consisting of three replicate experimental plots and an access/service area (Figure 2).  To census each plot, an observer entered the service area of the exclosure (for full exclosures by going over the mesh wall) and waited ten minutes, remaining motionless, until the gobies came out of their burrows and regained normal activity.  He then censused the three plots by counting the number of gobies.

In each plot, gobies were recorded and visually placed in approximate size classes: small (<2 cm), medium (2 cm to 4 cm), and large (>4 cm) total length.  Accuracy in estimating sizes of gobies was tested by cutting plastic strips of various lengths within their size range and having observers place the plastic strips in the three categories.  A chi-squared analysis showed that the actual size class based on measurement of the plastic strips was not significantly different from that chosen by the observer (df=2 , p=0.926).  Goby density was analyzed using a two-way ANOVA with time and treatment as categories.

RESULTS

Diurnal Rhythm of Snapping Shrimp

The total time outside the burrow was divided between three activities, ‘burrow maintenance,’ ‘static outside’ and ‘foraging’ (Figure 3; Table 2).  The results show a general increase in daily activity across one day.  From a first recorded value at 0600 of  around 13 sec per 1000-sec sampling period, ‘burrow maintenance’ increased to a maximum of around 110 sec per 1000 sec at the end of the recorded day.  ‘Foraging’ activity showed similar trends, but did not increase nearly as much as ‘burrow maintenance’.  ‘Total time outside,’ which is a combination of these two subset behaviors and ‘static outside’ behavior, shows a trend of shrimp spending more time outside the burrow as the day progresses.  A slight decrease occurred in time spent outside the burrow around 0900, which corresponds to the decreased duration of ‘burrow maintenance’ and ‘foraging’ activities.  By 1800, shrimp spent a mean of about 190 sec out of the burrow every 1000-sec sampling period.  The relative amount of the total time outside the burrow that shrimp spent in each behavior was also calculated (Table 2).  Shrimp spent a relatively greater proportion of time outside the burrow in the afternoon engaging in burrow maintenance (Figure 3).  At 0900 only about 12 percent of the time shrimp spent outside the burrow was occupied with burrow maintenance, in contrast to 57 percent at 1800.  

Effect of gobies on shrimp behavior

Total amount of time shrimp spent out of the burrow
One of the key indicators that goby behavior affects shrimp behavior is the amount of time shrimp spent outside the burrow. Shrimp with gobies present spent much time outside the burrow foraging.  A striking decrease occurred in the total amount of time shrimp spent outside the burrow when associated gobies were experimentally removed in this study. Of the 14 shrimp studied, the 7 shrimp with gobies spent a mean of 53.6 + 21.8 (S.D.) percent of their total time outside the burrow, but the 7 shrimp with gobies removed spent only 6.9 + 3.4 (S.D.) percent of their time outside the burrow (Table 3). 

Percent of times that a shrimp emergence resulted in burrow maintenance
Shrimp that had a goby at the entrance conducted ‘burrow maintenance’ on an average of 52.7 + 25.1 (S.D.) percent of all their emergences from the burrow, while shrimp that had no goby performed burrow maintenance on 98.7 + 2.8 (S.D.) percent of their emergences (Table 3). Hence, shrimp without gobies were almost never observed outside the burrow except when doing burrow maintenance. 

Mean length of time for a shrimp ‘bout’
A t-test (alpha = 0.05, N=7) comparing shrimp with and without gobies, indicated that the mean ‘bout’ time of a shrimp was longer (14.0 + 6.4 S.D. sec) when a goby was present than when no goby was present (3.1 + 0.24 S.D) (p< 0.001).

Effect of decreased predation on goby populations
Over the course of 7 months of collecting data, ~9000 sightings of gobies were documented in the 18 treatment areas.  A two-way ANOVA was run on goby densities, collected from the first sampling after exclosures were built (sample ID #2) through to the end of the study in October (sample ID #7)  with time and treatment as the two variables.  The ANOVA shows no treatment effect (F=1.07, p=0.345). It does, however, show an effect of time, indicating some sort of change in goby density with time (Table 4; F=12.08, p<0.001).

Goby density over time

The total number of gobies in each of the three treatments can be seen graphically in Figure 4. During the pre-treatment period, gobies averaged 17.94 + 1.55 (S.D.) individuals per plot (ID# 0). After two months of allowing the exclosures to alter predator access, goby density in all treatments increased to around 22-25 gobies per plot (ID#2; Table 5).  Goby density remained around this number and decreased only slightly through August (ID#5). 

Size Class Effects
The major effect shown by the 'predator exclusion study' was the difference between the size class distributions of gobies in the full exclosure treatment vs. partial exclosure/no-exclosure treatments. Because the density of gobies (all sizes combined) is not significantly different among treatments for any month (Table 4; ANOVA p=0.345), the total number of large gobies can be used as an indicator of differences in size class ratios.  Figure 5 shows a distinction between the number of large gobies in full exclosures versus those in areas with partial or no exclosures.  While the number of large gobies in areas without full exclosures remained around two individuals per plot, areas with full exclosures contained approximately four individuals per plot.  (Table 6; ANOVA, F=76.61, p<0.001).  A somewhat similar relationship appeared for the response of the densities of medium gobies to treatment (Appendix A).  However, the reverse trend appeared for the densities of small gobies in response to treatment (Appendix A).  Fewer small gobies appeared in full exclosure treatments than in partial or non-exclosure treatment areas.
An estimate of the biomass of gobies per plot was made using the numerical density for each of the three sizes (large, medium and small) of gobies and the estimated length of each size class.  The estimated weight (W in grams) of each size class was obtained by using the mid-point of each body length class (L in mm) in the length-weight model:

W = 0.018  L 2.62

derived for Scartelaos histophorus, a gobiid fish with body proportions similar to Psilogobius mainlandi (Khaironizam and Norma-Rashid 2002).  The lengths and weights of a few preserved specimens of P. mainlandi, available in the Bernice P. Bishop Museum, fitted the length-weight expression reasonably well.  The calculated weights of the size classes and the numerical densities of goby numbers from previous results (e.g. Appendix A) provide estimates of biomass (or total weight of gobies per plot) as in Figure 6.  An ANOVA like that in Table 4, done with these biomass figures, indicates a clear difference between treatments (full exclosure versus partial and none) (F=62.0; p<0.001) 
DISCUSSION

This study examined the behavior and ecology of the Hawaiian shrimp goby and its symbiotic alpheid shrimp, including aspects which had never been documented for these species.  I also attempted to examine some effects of predation on shrimp and goby.  Species in this study exhibited behavior and ecology similar to that reported for other goby-shrimp relationships.  My results also provide evidence that predators can affect the population biology (at least the size frequency distribution) of the gobies and probably the shrimp.  

The first part of this study examined the diurnal rhythm patterns of the snapping shrimp Alpheus rapax.  The most notable trend observed was the general increase in activity from the morning hours until around the time of sunset.  While activity above ground ends just after sunset, activity just before sunset is at its highest level of the whole day.  The two activities that increased most by sunset were burrow maintenance and foraging.  Karplus (1976) showed that some species of shrimp decrease the amount of time they spend performing ‘burrow maintenance’ while increasing the amount of time they spend foraging as the day progresses.  The quantitative differences in detail with these general behavioral patterns for Karplus’ work and mine may relate to the relative importance of the introduced organic matter to the diet of the different shrimps, or they may express undetected sources of natural variation in shrimp behaviors at the individual or regional level.  There might also be slight differences between sampling methodology.  While it seems that all shrimp that pair with gobies show slight variation in details of behavior, some trends tend to be universal.  If the diel pattern of time that the Hawaiian Alpheus rapax spends outside the burrow during one day is compared to data from shrimp studied by Karplus (1976), they show similar trends in regard to their increase in activity to their highest level by dusk (Figure 7).  Results from the Hawaiian goby-shrimp pair have already been used to suggest the general nature of a tactile communication system in all shrimp-gobies (Moehring 1972, Preston 1978). The goby-shrimp association in Hawaii may thus provide a useful model for examining other larger questions about goby-shrimp biology more broadly.

My experimental removal of the goby from a shrimp burrow tends to validate assumptions regarding the mutualistic nature of the relationship.  This study clearly showed that shrimp dramatically decrease their activity outside the burrow in the absence of a goby.  The relative amount of time spent engaging in various tasks also changed.  When no goby was present, almost all the shrimp’s time outside was spent performing burrow maintenance and almost no time was spent foraging.  Foraging, as I have defined it, is important to shrimp growth, survival, and ultimately fitness (Thompson unpublished data).  Therefore, it seems likely that the presence of a goby is a very important selective force in evolution of behavior for some shrimps of this group.   

The suggestion of co-evolution of shrimp and gobies has received little support or development in the literature beyond the mention that gobies seem to provide an advanced warning of predators to the shrimp, and that shrimp provide gobies with a hiding place from predators (Karplus 1987).  However, it continues to seem reasonable that predation, in whatever form, is a very important driving force in the co-evolution of two species that share this association.  An explicit and conclusive demonstration in the field or laboratory of such a driving force for this system seems unlikely.  However, the issue of predation, and its potential effects on the behavior and ecology of shrimp and gobies, must continue to be considered in studying such systems.

       Predation on the Hawaiian shrimp goby and its associated alpheid shrimp appears to have an effect on shrimp goby population dynamics. Previous qualitative work by Yanagisawa (1982) showed that shrimp and goby behaved differently when in areas of high versus low predation pressure. Thompson (2005) showed that total goby density did not change with increased predator density (caused by manipulating predator cover). He also showed, however, that there was a decrease in the proportion of large gobies in the area where the predator density was higher.  Those trends are entirely consistent with the results of my experiment.  Two major findings of my study were that (a) protection from predators did not significantly affect the overall goby density when predator exclosures were built, and (b) areas where predators were excluded had significantly more large gobies than areas where predators were not excluded.

It is clear that predators have an effect on goby dynamics.  This study suggests that predation affects this system by preferentially removing large gobies.  From a theoretical perspective, selective predation on large gobies could shape the life history traits of gobies (Pianka 1978).  If predators decrease the proportion of large gobies in a population, selection could be expected to favor individuals that reproduced earlier, had higher fecundity at earlier age, and developed other r-selected traits.  In our shrimp-goby-predator system, selective pressure may also favor gobies that are more vigilant.  Several times, predators were recorded on remote video monitoring devices.  Typically the predator was very close before the goby darted into the burrow. Increased vigilance and quick response would decrease the risk of being taken by a predator, but would also decrease the amount of foraging time.  The net effects of these trade-offs are unknown. 

Besides the effects of the exclusion experiment on shrimp gobies, several other trends appeared in the study. First, over the 7-month predator exclusion study, the density of gobies varied significantly with time.  The first record of goby density was taken in late February (ID#0) when waters in Hawaii are cool.  In two months, the average number of gobies rose by approximately 6 gobies per plot (recorded in each of the three treatments and not significantly different among them). Of particular interest was the change in large gobies from the premanipulation period (ID#0) to the second month (ID#2) (Figure 5).  In full treatment areas, large gobies stayed relatively constant from the time of premanipulation (approximately four gobies per plot), whereas they dropped in the other two treatments to a value around two gobies per plot (Figure 5).  

Why did the average number of gobies increase in all treatments, but the number of large gobies stay constant in full exclosures and drop in partial and non-exclosures? A few speculative ideas based on data taken from other organisms can be given.  First, data collected for marine polycheates (Bybee personal communication) in Kaneohe Bay indicate that recruitment is low in February and March and increases in April and May until it plateaus in June through August.  If gobies follow a similar trend, this could explain the increase in goby density from February to April.  Data from another sub-tropical shrimp goby from Japan, Amblyeleotris japonica, indicate that the breeding season is restricted to the months of May through September (Yanagisawa1982).   While breeding pairs have been recorded from every month in Hawaii (Preston 1978), the number of shrimp gobies observed in pairs seems to be greater from April to August (pers. obs).  More information about the breeding cycle of P. mainlandi is needed to determine trends in shrimp goby density dynamics.

Two months after the exclosures were taken down, the percentage of large gobies, which was significantly greater in the exclosure plots, decreased to the point where it was not significantly different from those of the other two treatments. This seems to indicate that gobies react in a relatively short time to what we assume to be pressure of predation.

This study has shown that the Hawaiian shrimp goby, Psilogobius mainlandi, with its primary shrimp associate, Alpheus rapax, shows the same general diel rhythm trends as other goby-shrimp pairs studied to date.  This suggests that information from this goby may be used to generalize for other shrimp gobies. Thompson (2004) showed that shrimp goby density is not affected by an increase in predator density; this study complemented that result by showing that shrimp goby total population density is also not affected by a decrease in predator density.  Predation pressure was manipulated differently in the two studies, but the densities of goby size classes varied significantly with predation in both studies.  
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	Sample ID #
	Date of collection
	Months after exclosure was constructed

	0
	February 23-27
	0

	------------
	February 28
	Exclosure Constructed

	2
	April 26-30
	2

	3
	May 21-25
	3

	4
	June 21-26
	4

	5
	August 11-13
	5.5

	------------
	August 15th
	Exclosure taken down

	6
	September 13-15
	6.5

	7
	October 5-6
	7


Table 1. Dates of data collection, corresponding sample ID numbers, and timing relative to exclosure events.

	Time
	Burrow maintenance
	Foraging
	Static Outside
	Total time outside

	600
	13.1 + 10.2
	27.0 + 8.4
	15.6 + 5.6
	55.1 + 13.5

	900
	4.8 + 13.4
	17.2 + 3.5
	17.2 + 4.6
	38.9 + 16.3

	1200
	44.7 + 12.8
	20.4 + 10.1
	18.9 + 7.2
	83.1 + 21.3

	1500
	74.9 + 11.1
	45.7 + 12.2
	58.4 + 15.9
	178.6 + 21.3

	1800
	108.9 + 16.6
	56.4 + 10.3
	26.0 + 21.9
	191.3 + 26.2


Table 2. Duration of behaviors in seconds (mean + SD) recorded for shrimp during five 1000-sec sampling periods in daylight.

	Status of the goby
	‘Bout’ length (Time a shrimp spent out of the burrow – in seconds)
	Percent of time shrimp were out of the burrow
	Percent of shrimp emergences when ‘burrow maintenance’ occurred

	Present (N=7)
	14.0+6.4
	53.6+21.8
	52.7+25.1

	Absent (N=7)
	3.1+0.2
	6.9+3.4
	98.7+2.8


Table 3. Means (+ S.D.) from seven shrimp burrows with associated goby and seven burrows without:  ‘bout’ length; percent of total time that shrimp were out of the burrow; percent of shrimp emergences that involved burrow maintenance.

.

	Source
	df
	SS
	MS
	F
	P

	Treatment
	2
	14.99
	7.49
	1.07
	0.345

	Month
	5
	338.74
	84.69
	12.08
	< 0.001

	Interaction
	8
	28.01
	3.50
	0.500
	0.856

	Error
	255
	1788.06
	7.01
	
	

	Total
	269
	2169.8
	
	
	


Table 4. Results from two-way ANOVA of numerical density of gobies (all sizes combined) for exclosure treatment and time.

	
	Small Gobies
	Medium Gobies
	Large Gobies
	

	ID#
	Treatment
	No. per plot (mean and S.D. of 18 plots)
	Total count (18 plots)
	No. per plot (mean and S.D. of 18 plots)
	Total count (18 plots)
	No. per plot (mean and S.D. of 18 plots)
	Total count (18 plots)
	Total of All Sizes combined (mean and S.D.)

	0
	None
	6.28 + 1.41
	113
	7.56 + 0.98
	136
	4.11 + 1.02
	70
	17.94 + 1.55

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	2
	Full
	7.11 + 1.68
	128
	13.28 + 2.14
	239
	4.06 + 1.11
	73
	24.44 + 2.38

	2
	Part
	12.06 + 1.70
	199
	9.17 + 1.69
	181
	1.94 + 1.11
	31
	23.17 + 2.64

	2
	None
	11.06 + 1.47
	217
	10.06 + 1.86
	165
	1.72 + 1.13
	35
	22.83 + 2.01

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	3
	Full
	6.17 + 1.38
	111
	14.06 + 1.89
	253
	4.33 + 0.97
	78
	24.56 + 3.20

	3
	Part
	11.61 + 1.97
	215
	10.06 + 2.24
	185
	2.50 + 1.29
	37
	24.17 + 3.00

	3
	None
	11.94 + 1.26
	209
	10.28 + 1.96
	181
	2.06 + 1.00
	45
	24.28 + 2.37

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	4
	Full
	5.50 + 1.58
	99
	13.94 + 1.47
	251
	3.72 + 1.07
	67
	23.17 + 2.83

	4
	Part
	9.83 + 1.94
	182
	10.88 + 2.14
	198
	2.33 + 0.91
	38
	23.06 + 2.65

	4
	None
	10.11 + 1.67
	177
	11.00 + 2.03
	196
	2.11 + 0.83
	42
	23.22 + 2.73

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	5
	Full
	6.28 + 1.32
	113
	11.56 + 1.38
	208
	4.06 + 0.94
	73
	21.89 + 2.30

	5
	Part
	8.17 + 1.42
	151
	11.00 + 1.94
	202
	2.33 + 0.97
	35
	21.56 + 2.30

	5
	None
	8.39 + 1.50
	147
	11.22 + 2.16
	198
	1.94 + 0.87
	42
	21.56 + 2.94

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	6
	Full
	7.44+ 1.76
	134
	11.56 + 1.38
	208
	3.06 + 0.87
	55
	22.06 + 2.67

	6
	Part
	8.50 + 1.92
	148
	9.72 + 1.84
	201
	2.61 + 0.98
	43
	20.83 + 3.20

	6
	None
	8.22 + 1.44  
	153
	11.17 + 2.07
	175
	2.39 + 0.92
	47
	21.78 + 2.65

	
	
	
	
	
	
	
	
	

	
	
	Small
	
	Med
	
	Large
	
	Total

	7
	Full
	8.22 + 1.83
	148
	10.22 + 1.80
	184
	2.72 + 1.02
	49
	21.17 + 2.23

	7
	Part
	8.50 + 1.89
	147
	9.22 + 1.59
	181
	2.39 + 1.04
	49
	20.11 + 2.87

	7
	None
	8.17 + 1.65
	153
	10.06 + 2.01
	166
	2.72 + 0.89
	43
	20.94 + 2.35


Table 5. Mean numerical densities of gobies per plot, divided into three size classes, for each of seven data collection dates and three exclosure treatments (full, partial, none). (For ID#s, refer to Table 1.) 

	Source
	df
	SS
	MS
	F
	P

	Treatment
	2
	175.44
	87.72
	76.61
	< 0.001

	Month
	5
	12.22
	2.04
	1.78
	0.102

	Interaction
	12
	48.89
	4.07
	3.56
	< 0.001

	Error
	357
	408.78
	1.15
	
	

	Total
	377
	645.33
	
	
	


Table 6. Results from two-way ANOVA of numerical density of large gobies for exclosure treatment and time.

Appendix A. Mean number (+ S.D.) of large, medium and small gobies (separately) recorded per plot for each of three treatments from February to October 2004.  Exclosures were in place and functional just after ID#0 and were taken down immediately after ID#5.
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