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ABSTRACT 

 

To avoid unfavorable seasonal conditions, some species of calanoid copepods produce 

resting eggs that do not immediately hatch.  When buried in the sediment, these eggs can remain 

viable from weeks to years, and therefore can represent a potentially important source of recruits 

to the pelagic population over various time scales. Copepod resting eggs tend to behave similarly 

to other fine particles in the water column and will accumulate in areas of high deposition and 

low resuspension. Seagrass beds are known to be environments that promote the accumulation of 

fine sestonic particles by inhibiting resuspension but have not been previously investigated as 

possible reservoirs for copepod resting eggs. Three years of field sampling on a shallow reef in 

the northern Gulf of Mexico has revealed that viable resting eggs of the copepod Acartia tonsa 

are significantly more abundant in seagrass-colonized sediment than in adjacent unvegetated 

sediment, even during times of the year when the seagrass canopy is low.  Enhanced egg 

accumulation in seagrass sediment appears to be the result of unique biological, physical, and 

chemical characteristics within that environment.  Seagrass beds may therefore be important 

accumulation sites for resting copepod eggs in shallow areas subjected to frequent disturbance, 

and seagrass loss could have significant impacts on local populations reliant on recruitment from 

resting eggs. 

 



INTRODUCTION 

 

Zooplankton such as copepods are a vital link at the base of many coastal food webs 

(Turner 2004).  While these organisms are often considered to be holoplankton, or plankton that 

spend their entire lives in the water column, many species of zooplankton are capable of 

producing cysts or resting eggs that sink to the sea bottom and remain in the sediment until they 

experience appropriate hatching conditions (Marcus & Boero 1998).  Therefore, benthic-pelagic 

coupling may play an important role in the population dynamics of such species.  Seagrass beds 

are well-known for being unique and productive benthic environments that offer habitat to a 

wide variety of organisms and serve as nurseries for larval and juvenile fish, but they also can 

have dramatic impacts on the overlying water column by regulating benthic-pelagic processes.  

Studies relating to this aspect of seagrass ecosystems have focused on nutrient cycling (e.g. 

McGlathery et al. 2007), the control of suspended particulate matter (e.g. van derHeide et al. 

2007), and the settlement of the larvae of benthic organisms (e.g. Bostrӧm & Bonsdorff 2000), 

but no consideration has been given to how seagrass presence may influence the interactions 

between zooplankton populations and their benthic resting stages.  The declining health and 

disappearance of seagrass beds around the globe has drawn increasing attention to their 

ecological importance, and while the effects of seagrass recession on benthic fauna and young 

fish may be quite evident, consideration must also be given to how the presence or absence of 

seagrass could affect pelagic zooplankton. 

 

Resting Stages of Plankton 

Benthic resting stages such as cysts or eggs (i.e. fertilized eggs, hereon simply referred to 

as eggs) are produced by pelagic plankton to allow them to avoid unfavorable seasonal 

fluctuations in salinity (Hall & Burns 2001), temperature (Uye et al. 2000, Viitasalo 1992, 

Marcus 1989), and algal food concentration (Ban & Minoda 1992, Viitasalo 1992).  These 

resting stages may hatch when favorable conditions return in the next season, allowing a species 

to persist in an area it would otherwise not be able to survive in.  If they are buried, they may 

remain viable in the sediment for decades (Marcus et al. 1994, Katajisto 1996) or possibly even 

centuries (Hairston et al. 1995).  Cysts and eggs that can survive for such long time periods can 

serve as genetic banks to maintain intraspecific diversity (Hairston 1996) and can slow evolution 
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through time (Hairston & De Stasio 1988).  It is now recognized that these benthic resting stages 

play a very important role in the life histories of otherwise pelagic plankton species and that 

some organisms previously considered holoplankton should actually be considered 

meroplankton, organisms that spend only part of their life cycle as members of the plankton 

(Marcus & Boero 1998). 

Numerous studies have focused on understanding how the benthic resting stages of 

planktonic organisms contribute to important pelagic processes.  For example, several studies 

involving the distributions of resting stages in marine sediments have focused on dinoflagellate 

cysts (Dale 2001, Azanza et al. 2004, Joyce 2004).  Knowing the distributions of these cysts in 

the top layers of sediments can assist in predicting where and when harmful algae blooms may 

occur (Azanza et al. 2004, Joyce 2004).  Determining which species’ resting stages are in deeper 

layers of sediment can also provide clues to an area’s ecological history and what recent changes 

may have occurred (Dale 2001).  These studies concentrating on resting stages of primary 

producers are important considering the increasing occurrence of devastating harmful algal 

blooms in coastal areas, but the resting stages of higher trophic levels should also be taken into 

account with regard to change in coastal ecosystems. 

 

Copepod Resting Eggs:  Importance and Distribution 

As the dominant mesozooplankton in most coastal systems, copepods serve as the 

primary energetic link between phytoplankton and higher trophic levels (Turner 2004).  At least 

49 species of calanoid copepods are capable of producing resting eggs (Belmonte & Puce 1994, 

Næss 1996, Marcus 1996, Belmonte 1997, Chen & Marcus 1997, Guerrero & Rodríguez 1998, 

Newton & Michell 1999, Hall & Burns 2001).  Initial studies identified two types of copepod 

resting eggs: subitaneous and diapause.  Both remain dormant until they experience proper 

hatching conditions, however, diapause eggs must remain dormant for a refractory phase before 

they have the potential to hatch (Grice & Marcus 1981).  More recently, Chen and Marcus 

(1997) found evidence of a third type of egg, described as delayed-hatching eggs, which hatch 

gradually over an extended period of time.  By producing resting eggs, copepod populations can 

survive unfavorable environmental conditions, during which some species may completely 

disappear from the water column, and resume activity when suitable conditions return (Grice & 

Marcus 1981, Viitasalo 1992).   
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Studies examining the distribution of copepod eggs in sediments have mainly been done 

to examine the relationships between benthic and pelagic phases of the copepod life cycle 

(Marcus 1996).  High numbers of copepod resting eggs observed in freshwater and marine 

sediments of seasonally influenced regions suggest they are an important part of the copepod life 

cycle (Marcus & Lutz 1998, Engel & Hirche 2004).  In coastal environments, the study of 

benthic resting egg abundances and distributions may contribute to a better understanding of 

fluctuations in the abundances and distributions of pelagic marine copepod populations (Lindley 

1990, Marcus 1996).    

Studies of dinoflagellate and copepod resting stages have revealed that the cysts and eggs 

behave as sediment particles in the water column (Marcus & Fuller 1989, Lindley 1990, Azanza 

et al. 2004, Kawamura 2004).  Therefore, the stages tend to accumulate in areas where other fine 

particles settle.  It is important to identify these areas because horizontal variations in the 

abundance of resting eggs in the sediments can influence the distribution of pelagic copepod 

populations (Lindley 1990).  Copepod resting eggs are known to accumulate in sheltered inshore 

areas, at tidal fronts, and in other areas of high deposition and low resuspension (Marcus & 

Fuller 1989, Lindley 1990).   

 

Seagrass Environments and Egg Accumulation 

Seagrass beds are known to be areas that significantly inhibit the resuspension of 

particles, and in some cases, enhance their deposition (Ward et al. 1984, Gacia et al. 1999, 

Terrados & Duarte 2000, Agawin & Duarte 2002).  Seagrass blades baffle currents, raising the 

zone of high vertical shear usually observed just above the bottom in unvegetated areas to a point 

where it has less influence on the sediment surface (Fonseca et al. 1982, Gambi et al. 1990).  

This allows finer particles to become trapped in the bed when they would otherwise be 

resuspended and removed by water flow (Granata et al. 2001).  Although numerous studies have 

recently examined the accumulation of particles in seagrass beds, few have focused on particle 

types (Duarte et al. 1999).  It is possible that copepod eggs are included among these finer 

particles and that the presence of seagrass affects their distribution. 

It is also possible that any effects seagrasses have on egg distribution are seasonal.  In 

subtropical areas such as the Gulf of Mexico, above-ground seagrass biomass increases during 

the spring and summer and dies off in the fall, leaving only small stems during the winter 
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(Iverson & Bittaker 1986).  Previous studies have shown that the dying off of the grass blades 

creates seasonality in particle resuspension patterns, suggesting a direct relationship between leaf 

length and area to particle trapping ability (Dauby et al. 1995, Gacia & Duarte 2001).  Increased 

resuspension of resting eggs in the winter and spring when above-ground seagrass biomass is 

low could promote hatching or washing away, resulting in lower egg concentrations within beds. 

To date, no studies have examined whether the presence of seagrass has any affect on the 

benthic distribution of copepod resting eggs.  Studies examining the benthic distribution of 

resting eggs have not made note of the presence or absence of submerged aquatic vegetation, and 

studies examining particle flux within seagrass beds have not made note of resting eggs as 

contributors.  It is possible seagrass beds serve as reservoirs for copepod eggs, allowing large 

numbers to accumulate and periodically releasing them into the water column during storm 

events or seasons when seagrass blades die off.   

As seagrass beds deteriorate and disappear from some areas, copepod resting eggs that 

would otherwise be held in place by seagrass could be washed away or hatch.  The absence of 

this egg reservoir could keep populations from being reinforced by pulses of hatch from 

resuspension or from rebounding after seasonally low numbers.  Because copepods are often 

important grazers and prey in many ecosystems, such changes in their population dynamics 

could potentially have great impacts on both higher and lower trophic levels. 

 

Study Objectives 

It was hypothesized that higher abundances of viable copepod resting eggs would be 

present in sediment colonized by seagrass than in unvegetated sediment.  This type of 

distribution pattern could be attributed to differences in faunal abundance, hydrodynamic 

conditions, or sediment chemistry between the two environment types and could vary seasonally.  

The purpose of this study was therefore to determine the concentrations of viable calanoid 

copepod eggs in seagrass beds and compare them to concentrations in unvegetated areas, to 

determine any seasonal variability in these observations, and to determine what factors 

contribute to observed differences in egg accumulation.   

To accomplish these objectives, this study consisted of regular field sampling over the 

course of three years to allow for the observation of seasonal trends and supplementary 

experiments to help determine why seasonal or environmental variability occurs.  Factors 
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considered in this study to be of possible influence on benthic egg abundance and distribution 

patterns are briefly described here. 

 

Biological The pelagic distribution of adult copepods was the first factor considered.  If adult 

females show preference for one habitat over the other, the flux of eggs into bare sand and 

seagrass-colonized sediments could differ.  For example, if copepod adults are attracted to the 

area above or among seagrass blades, more eggs could be deposited in that area.  If they avoid 

the seagrass canopy due to high numbers of predators within the beds, more eggs could be 

produced and fall over the sand.  However, even if adults exhibit habitat preference, it is still 

possible their eggs could be redistributed uniformly by turbulence and fall randomly across both 

environments. 

Egg mortality and burial caused by benthic fauna could also cause differences in resting 

egg concentrations between sand and seagrass environments.  Faunal composition and 

abundance are likely to differ between these two environments due to dramatic differences in 

benthic structure, hydrodynamics, and chemistry.  Animals could cause increased mortality of 

eggs through consumption, thereby lowering their abundance, or could enhance the burial of 

eggs through bioturbation, which would inhibit hatching and increase their abundance. 

 

Physical Seagrass blades change boundary currents along the seafloor.  Often stronger 

currents are inhibited from entering seagrass beds and are forced to flow over the top of the 

canopy (Gambi et al. 1990).  This causes less turbulence to reach the sediment surface within the 

bed and may allow more eggs to accumulate by inhibiting their resuspension. Eggs that fall on 

bare sediment may be immediately resuspended by currents and therefore not sampled.   

 

Chemical Chemical conditions within the sediment are also likely to differ between seagrass 

beds and unvegetated habitat (Duarte et al. 2005, Papadimitriou et al. 2005).  Anoxia caused by 

the decomposition of organic matter in the sediments of seagrass beds may increase egg 

concentrations by inhibiting hatching.  Eggs in sandy sediment with less organic material and 

better exposure to moving oxygenated water may develop and hatch immediately, leading to low 

concentrations.  However, anoxia within seagrass beds is also likely to cause high mortality of 

any subitaneous eggs within the sediment after a certain amount of exposure.  Subitaneous eggs 
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are reported to be more susceptible to the effects of anoxia than true diapause eggs and are not 

likely to survive such conditions much longer than a couple of weeks (Ban & Minoda 1992, 

Marcus & Lutz 1998).   

 

Seasonal It is expected that differences seen in egg concentrations between sandy areas and 

seagrass beds will be less distinct during winter months when the effects of these factors could 

change.  When above-ground seagrass biomass is low, the sediment in the beds is more likely to 

be resuspended (Gacia & Duarte 2001).  This should result not only in a loss of eggs, but also a 

loss of organic matter that would inhibit hatching by promoting low-oxygen conditions.  Low 

temperatures should also reduce microbial activity and further allow oxygen conditions to 

become more similar between seagrass and bare sand.  However, the seagrass rhizome mat will 

still be present, and it may lend enough stability to the sediment to maintain lower resuspension 

rates and different faunal assemblages than those in the unvegetated areas.  Therefore, some 

environmental differences in egg distribution may still be evident despite the absence of the 

seagrass canopy. 

 

Study Location 

To investigate the above predictions and possible influencing factors, it was important to 

select a study site that consisted of areas colonized by seagrass adjacent to bare sediment.  This 

composition would allow for sample pairing between seagrass and bare sand environments, so 

the assumption could be made that each environment was exposed to similar conditions aside 

from effects that could be attributed to the presence of seagrass.  With altered hydrodynamic 

conditions within seagrass canopies being a possible contributing factor to egg retention, an area 

of moderate to high turbulence was also preferable. 

Lanark Reef (N 29°53’, W 84°33’) is a 6.5-km-long shoal running parallel to the coast of 

the Florida panhandle (Fig. I.1).  This site was chosen as the location for this study due to its 

close proximity to the Florida State University Coastal and Marine Laboratory at Turkey Point, 

its composition of large sandy areas spotted with patches of seagrass, and its consistent exposure 

to turbulent water conditions due to its shallow depth (~1 m at high tide).  All field sampling and 

field experiments were conducted at this location. 
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A substantial proportion of the subtidal sediment at Turkey Point, Florida, is 2-3 m deep 

and covered in a mix of Thalassia testudinum (turtle grass) and Syringodium filiforme (manatee 

grass; Iverson & Bittaker, 1986).  However, the patches of seagrass on Lanark Reef are primarily 

composed of the disturbance-resistant species Halodule wrightii (shoal grass) because the reef is 

shallower than the surrounding area and experiences greater wave exposure.  To avoid the 

possible factor of depth-related biases on egg distribution, these patches of H. wrightii were 

chosen as sample and experiment locations rather than the deeper T. testudinum bed. 

The benthic resting eggs of several species of calaniod copepods have been found in the 

sediments of the northern Gulf of Mexico along the Florida panhandle (Marcus 1989, Chen & 

Marcus 1997).  Eggs of the species Acartia tonsa were chosen as the focus in this study because 

preliminary sampling revealed a significantly higher abundance of their eggs in the sediment 

relative to those of other local species.  A. tonsa is also not believed to produce diapause eggs in 

this area (Chen & Marcus 1997), so there was little risk of overlooking viable eggs in a 

refractory phase during sample processing. 

 

Dissertation Overview 

In the following chapters, the series of observational measurements and experiments that 

were carried out to examine the hypothesis put forth above are described, and conclusions that 

can be drawn from the results are proposed.  All field samples and measurements made to 

determine the benthic distribution and abundance of resting copepod eggs between environments 

and over time are described in Chapter 1.  Differences found in egg abundance between 

unvegetated and seagrass environments are reviewed in this chapter along with the possible 

factors contributing to seasonal patterns in overall benthic egg abundance.  The three chapters 

following Chapter 1 are dedicated to the examination of each of the three types of factors that 

could explain differential egg accumulation between unvegetated and seagrass-covered 

sediment:  biological (Chapter 2), physical (Chapter 3), and chemical (Chapter 4).  The summary 

and conclusions section following these chapters includes a review of the results of this entire 

study, the possible ecological significance of the findings, and possible directions for future 

research. 
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Fig. I.1.  Location of Lanark Reef and the Florida State University Coastal and Marine 
Laboratory (FSUCML).   
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CHAPTER 1 

SEASONAL STUDY 

 

Introduction 

Small copepods often dominate marine mesozooplankton assemblages, and therefore 

represent an important energetic link between primary producers and higher trophic levels in 

many pelagic ecosystems (Turner 2004).  Although pelagic copepods have been traditionally 

considered holoplankton that spend their entire lives in the water column, many species have 

been discovered to produce resting eggs that sink to the seafloor where they may remain dormant 

in the sediment anywhere from a few days to several decades (Marcus et al. 1994, Katajisto 

1996).  These eggs can allow some species to maintain their presence in an area by providing a 

temporary refuge from unfavorable conditions in the water column (Grice & Marcus 1981, 

Viitasalo 1992), and over longer periods of time they can form “egg banks” in deeper sediment 

that provide recruits for and maintain genetic diversity in the population (Hairston 1996).  Large 

numbers of benthic copepod eggs in the sediment of some areas indicate they are an important 

part of the life cycles of some species (Marcus & Lutz 1998, Engel & Hirche 2004).  

Understanding the abundance and distribution patterns of these resting eggs in the sediment and 

the factors that promote or discourage their hatch is an important aspect of understanding the 

population dynamics of the species that produce them (Marcus 1996). 

The objective of this study was to determine how the presence of seagrass affects the 

benthic distribution of copepod resting eggs.  Copepod eggs tend to settle on the seafloor in areas 

where other fine particles accumulate, and seagrass beds are known to be environments that 

promote small particle retention by discouraging resuspension.  It was therefore hypothesized 

that more eggs would be present in the sediment within seagrass beds than in unvegetated 

sediment. 

 

Sampling Strategies 

 

Spatial To determine the influences of seagrass presence on the benthic distribution of 

copepod resting eggs, a reference was needed for the determination of relative abundance.  While 

egg abundance in unvegetated sediment would be representative of egg accumulation in the 
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absence of seagrass influence, it must be assumed that certain environmental factors led to the 

colonization of seagrass in some locations and the absence of seagrass at other locations, and that 

those factors may also have impacted egg accumulation.  In an attempt to control for the factors 

that could have compounding effects on seagrass coverage and egg accumulation, patches of 

seagrass were sampled rather than a continuous bed, and samples from each seagrass patch were 

paired with samples taken from the sandy area immediately adjacent to it.  The assumption was 

made that ambient conditions other than those altered by the seagrass itself would not 

significantly vary over these spatial scales. 

 

Temporal In temperate areas, above-ground seagrass biomass varies with seasonal 

fluctuations in water temperature and day length (Lee et al. 2007b).  The hypothesis that seagrass 

presence would enhance benthic egg accumulation was formed around the concept that seagrass 

beds reduce resuspension and retain small particles, but these effects tend to decrease with 

decreasing leaf area (Gacia et al. 1999).  Therefore, the time of year during which samples are 

taken may determine whether the null hypothesis of no environmental effect can be rejected.  To 

determine whether the effects of seagrass on egg accumulation vary seasonally, sampling was 

performed on a regular basis over multiple years.   

A repeated-measures design where the same patches of seagrass and adjacent sand were 

sampled over time was chosen due to expectations of high spatial variability in benthic egg 

abundance.  High heterogeneity was expected on small spatial scales due to the trapping of eggs 

in depositional micro-environments created by sediment surface irregularities such as sand 

ripples, vegetation stems, and shell debris (Nepf et al. 1997, Inglis 2000, Pilditch & Miller 2006).  

If sampling was done randomly, these features could not be purposely avoided and were likely to 

be sources of high variability, even between samples taken centimeters apart.  There was concern 

that the augmentation of this variability with that introduced on larger scales by sampling 

different locations over time could obscure temporal trends in egg distribution and abundance.  It 

was expected that repeated sampling at the same locations would reduce this risk. 

Sampling regularly over time not only enabled the assessment of temporal trends in 

benthic egg distribution and abundance, but allowed for the simultaneous measurement of 

fluctuations in environmental variables that may have affected the trends observed.  Variables 
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measured when egg abundance samples were taken included water temperature and salinity, 

seagrass height and stem density, and copepod abundance and egg production rates. 

  

Methods 

Station Selection 

Five stations along the northeast edge of Lanark Reef (Fig. 1.1) were sampled for benthic 

egg abundance determination on each sampling date.  Each station was considered a replicate 

and consisted of two substations:  a patch of seagrass and a large adjacent sandy area.  Stations 

were selected by marking thirty different grass patches as waypoints on a handheld Garmin 

GPSmap 76S unit and choosing five using a random number table.  The seagrass patch at each 

station was marked with a single stake of one-inch diameter PVC pipe extending approximately 

30 cm above the sediment surface. 

 

Sediment Sampling 

From September 2005 through September 2008, two cores were taken approximately 

monthly from each of the five selected seagrass patches (referred to as “grass” samples) along 

with two from each adjacent sandy area (referred to as “sand” samples).  Each set of two cores 

from the same station and substation (sand or seagrass) were considered a “pair” and ultimately 

treated as one sample for data analysis.  Each core sample was obtained using a 4.8-cm inner 

diameter tube that was inserted by hand to a depth in the seabed of approximately 10-15 cm, 

capped, and removed.  Care was taken to ensure that the top 2 cm of sediment were intact and 

relatively undisturbed within the core.  Sediment cores were transferred to an insulated chest for 

transport to the FSU main campus. 

 

Core Processing & Viable Egg Determination 

Core samples were transported back to the laboratory and stored overnight at room 

temperature (23.5 ± 0.5°C).  The next morning, water was removed from the top of the core 

tubes with a handheld pump and checked for nauplii.  It was observed that the cores became dark 

in color and smelled of sulfide shortly after sampling, and in these supposedly anoxic conditions 

very few nauplii hatched between sampling and processing.  The first and second centimeters of 

sediment were individually sectioned from each core through the use of a core extruder.  Each 
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section was divided in half to yield a total of four halves per depth for each core pair.  Each half 

section was placed in a Petri dish and mixed with seawater that had been passed through a filter 

bag with a 1-μm rating to allow hatching. 

From September 2005 through September 2006, each of the four sediment core halves 

was assigned to one of four treatments designed by varying incubation salinities and 

temperatures to test for variable hatch patterns under different conditions.  However, hatch 

patterns and species compositions were similar between treatments regardless of incubation 

conditions, so as of October 2006, all core segments were assigned to the same treatment to 

increase sample size and decrease variability.   

Each section half was still placed in its own Petri dish to allow the sediment to spread to 

about 2 mm deep to encourage hatch by increasing the probability of eggs being exposed to well-

oxygenated conditions.  The incubation therefore contained a set of 80 dishes:  40 containing 

sediment from the halved first and second centimeters of 10 sand cores and 40 containing 

sediment from the halved first and second centimeters of 10 grass cores.  All dishes were filled to 

1 cm depth with 30 ppt (measured with a Reichert Brix handheld refractometer) 1-μm bag-

filtered seawater and placed into an incubator set at 23.5 0.5°C, 13 hours light:11 hours dark. 

Hatched nauplii were removed from each dish and counted at 24-hour intervals by 

decanting the water above the sediment in a dish through a 50-μm mesh and rinsing the contents 

of the mesh into a well assigned to the dish.  Swimming nauplii in each well were counted under 

a dissecting microscope.  The dishes were monitored daily until the number of hatching nauplii 

neared zero (about 3-5 days), and the total numbers of nauplii were considered as estimates of 

the total numbers of viable eggs present.  Hatch from each set of four dishes representing a 1-cm 

section of a pair of cores were combined and considered one replicate.   

At the beginning of the study, the hatched nauplii were stored in a beaker and fed the 

dinoflagellate Prorocentrum micans to rear them for eventual identification.  This revealed that 

the vast majority of copepods hatched from the sediment were Acartia tonsa.  Other copepods 

identified were benthic harpacticoid species and the summer calanoid species Labidocera 

aestiva.  The nauplii of these copepods were distinct from A.tonsa nauplii, so this analysis was 

deemed unnecessary after the first year of sampling. 

 

 12



Field Condition Measurements 

Environmental characteristics measured in the field included water temperature, salinity, 

and depth and seagrass canopy height and stem density.  Water temperature and salinity were 

measured once during each sampling trip with a thermometer and Reichert Brix handheld 

refractometer, respectively, and approximate water depth and seagrass height were measured 

with a meter stick at each coring site.  Grass density was determined for each station on two 

occasions by counting and averaging the numbers of grass stems in eight sections of a randomly 

placed square meter grid divided into ten-by-ten-cm squares.   

 

Plankton Tows and Counts 

Each sampling trip, a three-minute long plankton tow was done in the deeper water just 

north of the reef with a 0.5-m diameter 153-μm mesh net with a General Oceanics flow meter 

mounted in the opening.  As of October 2006, tows south of the reef were also taken for 

comparison.  Tows were aborted before the three-minute mark if the net was visibly clogged and 

the flow meter had stopped revolving.  The contents of the cod end were preserved in a 5% 

buffered formalin solution to be identified and counted at a later date.   

Each tow was prepared for counting by diluting it to either 500 or 1000 ml, mixing it 

well, and, depending on the density of plankton in the sample, removing either 1- or 2-ml 

subsamples with a blunted 30-ml syringe.  Three subsamples were taken from the diluted 

contents of each tow, and the numbers of Acartia tonsa adult males, adult females, and 

copepodites identified were averaged between the three subsamples.  The field abundance 

estimates of A. tonsa individuals per cubic meter were calculated as 

 
)1000(

/










n

dss

v

vvi
i  

where 1000 is the conversion factor from liters to cubic meters, i represents the number of A. 

tonsa individuals, i s
 represents the mean number of individuals counted in the subsamples, and 

v
s , v d , and v n  represent the subsample volume, the whole sample dilution volume, and the total 

volume of water that passed through the net during the tow, respectively.  The total volume of 

water that passed through the net during a tow (v n ), in liters, was calculated as 

1000

))()(716.2( 2
rc

v
rev

n 
  

 13



where 1000-1 is the conversion factor from cubic centimeters to liters, c rev is the flow meter 

revolution count, and r is the net radius (25 cm).  As determined by a series of calibration tows, 

2.716 is the average horizontal distance covered in centimeters per flow meter revolution.  

 

Egg Production 

Field egg production rates were determined from July 2007 through September 2008.  At 

the end of each sampling trip during this period, a 153-μm mesh, 0.5-m diameter plankton net 

was towed briefly on the north side of Lanark Reef to collect Acartia tonsa females.  The 

contents of the cod end of the net were rinsed into an insulated 8-l chest for transport.  The 

sample was diluted if necessary, and any obvious predators were removed.  Ten liters of raw 

seawater were collected in a carboy from alongside the boat in the tow area. 

Upon returning to the laboratory, the raw seawater was passed through a 50-μm sieve to 

remove zooplankton from the sample while keeping the algal assemblage as close as possible to 

that in the field.  Samples of the tow were viewed with a dissecting microscope and 15 adult 

Acartia tonsa females were removed with a pipette.  Each was placed in a 60-ml clear glass vial 

filled with the filtered seawater from the field.  The vials were placed into an incubator set at the 

temperature measured in the field and left for 24 ± 0.5 hours. 

At the end of this period, the vials were briefly taken from the incubator to remove the 

females and check mortality.  If a female had died, the sample was discarded.  If a female was 

still alive, eggs and any nauplii were rinsed back into the vials and returned to the incubator for 

another 24-28 hours to allow any remaining viable eggs to hatch.  After this time, 3-5 ml of 

Lugol’s solution was added to the vials to preserve the samples for counting, usually at a later 

date.  Counts were done by separating the preserved eggs and nauplii from the sample with a 50-

μm sieve and examining them under a dissecting microscope.  Nauplii were counted as viable 

eggs and any unhatched eggs were considered inviable.  Estimates of adult Acartia tonsa female 

abundance from the quantitative plankton tows were used to estimate total eggs produced per 

cubic meter per day in the field. 

 

Statistics 

For this part of the study, statistical tests were considered appropriate to determine 

whether there were significant differences in hatch or any parameter measured between stations, 
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and whether there was a significant difference between sand and grass hatch overall.  All tests 

were performed with SPSS Statistics 17.0 software. 

The five sampling stations could have differed in average depth, average grass length, 

and average grass density, and each of those factors could have contributed to a difference in 

average overall hatch among stations.  Distinct differences between stations could lead to high 

variability in averaged station data.  A one-way ANOVA was used to test whether stations were 

significantly different for any of these measurements.  

Since the same five stations were sampled repeatedly, the assumption cannot be made 

that samples taken on each date were independent from those taken on other dates.  To determine 

whether there was an overall significant difference in hatch between sand and grass environment 

samples, a repeated-measures ANOVA testing environment as a between-subjects factor was 

used.  For this test, each sampling date represented an individual treatment and each environment 

at each station represented a subject.  A one-way multivariate ANOVA was used to test for a 

significant difference between environments on each individual date. 

 

Results 

Egg Hatch from Core Samples 

Overall, hatch between sampling dates was highly variable and ranged from 89,510 ± 

27,096 to 922 ± 1,263 eggs m-2 (Fig. 1.2).  The most obvious temporal trend was low hatch each 

year during winter months.  There also appeared to be two annual peaks in hatch during warmer 

seasons, although the months during which these peaks occurred seemed were not consistent 

from year to year.  

Hatch from the core sections revealed that there were higher numbers of viable eggs in 

the seagrass beds than in the adjacent sandy areas for all sampling months (Fig. 1.2a).  The 

amount of difference between hatch from each habitat was highly variable by date and ranged 

from nearly zero to over 30,000 eggs m-2.  Despite this high variability, statistics suggest the 

differences are significant overall (repeated-measures ANOVA; p < 0.01) and for several of the 

individual sampling dates (one-way multivariate ANOVA; p < 0.05; see Fig. 1.2a).   

Viewing the data by sediment depth in Fig. 1.2b reveals even greater variability on a finer 

spatial scale.  However, there appear to be some general depth-related hatch trends that are more 

visible in Fig. 1.2c (error bars removed for clarity).  Hatch from the first centimeter layer from 
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each environment tended to be higher than that from the respective second centimeter layers, and 

the first centimeter of seagrass sediment nearly always had highest hatch overall.  However, it is 

also worth noting that there were dates when the second centimeter hatch values were nearly 

equal to or greater than the first centimeter values in either one or both environments.   

 

Field Conditions 

Grass height, water temperature, and water salinity varied between sampling months and 

years (Fig. 1.3).  Salinity varied from month to month between 29 and 36 ppt with no obvious 

seasonal trends, but was notably lower overall in 2005-2006 compared to 2006-2007.  In 

contrast, water temperature and grass height did appear to exhibit seasonal trends with high 

summer values and low winter values.  Seagrass length was more variable from year to year than 

water temperature, but neither of these factors appear to closely correspond with the variability 

or trends observed in egg hatch (Fig. 1.4).  Fluctuations in grass height appeared to be closely 

associated with seasonal changes in water temperature rather than light, with greatest average 

length, 22.1 ± 7.9 cm, occurring in late summer and only very short blades, <5 cm, being present 

during winter months (Fig. 1.5).  The seagrass blades turned brown and sloughed away after 

October or November each year when water temperatures fell below 20°C and began to grow 

again between April and June when the water warmed again. 

The average depth of the five stations measured during sampling was 0.52 m and ranged 

from 1 m to nearly zero, depending on tidal height and wind direction.  Sampling was usually 

done at low tide, so the true average depth at the stations probably approached 0.75 m.  The 

depth between the seagrass patches and the bare sand at each station always differed, with the 

bare sand being an average of 0.1 m deeper than the seagrass patches. 

Average grass stem density among the five sampling stations was determined to be 1,675 

± 343 stems m-2 in August 2006 and 2,113 ± 451 stems m-2 in February 2007.  The difference 

between these two values was not significant (single-factor ANOVA, p > 0.05). 

 

Station Differences 

If any one of the sampling stations was distinctly different from the others, using it as a 

replicate would have complicated data analysis by introducing a large source of variation.  

Measurements of hatch, grass length, stem density, and depth for each of the five sampling 
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stations are summarized in Fig. 1.6.  There were no significant differences between stations for 

any of these measurements (one-way multivariate ANOVA, p > 0.05), so they were considered 

adequate replicates for this study. 

 

Acartia tonsa Abundance 

The overall abundance of Acartia tonsa adults and copepodites in the water column as 

determined by the plankton tows was variable over time.  Generally, copepodites were more 

abundant than adults (Fig. 1.7), and females outnumbered males (Fig. 1.8).  The greatest 

numbers of adult Acartia tonsa recorded occurred north of Lanark Reef in September 2005 at a 

density of 13,350 animals m-3, and the greatest number of copepodites occurred south of the reef 

in late October 2006 at a density of 13,260 animals m-3.   Notable peaks in abundance occurred 

in the fall of 2006, the spring and summer of 2007, and the spring and summer of 2008.  

Minimum abundances of <500 animals m-3 generally occurred during winter months, but there 

were also notable early-summer declines in both 2007 and 2008.  There is a general 

correspondence in abundance estimates between north and south tows, but on some sampling 

dates, such as May 2007 and April 2008, numbers were distinctly different between tows (Fig. 

1.9).  Although these differences could have been caused by local patchiness in A. tonsa 

distribution on each side of the reef, other distinctions between the tows were noted.   

Personal observations and current meter revolution counts indicated that net clogging 

occurred more frequently and quickly during south tows than north tows (Fig. 1.10), and it was 

observed during the sample counts in the laboratory that the contents of south tows were nearly 

always more congested with algae.  While tows were in progress, it was also noted that relatively 

large predators of Acartia tonsa, such as ctenophores and hydrozoans, would sometimes be 

present on one side of the reef but not the other.  These observations indicate that although A. 

tonsa abundance estimates were often similar between north and south tows, it is likely the reef 

itself served as a barrier separating distinct parcels of water on most of the sampling dates.  

Therefore, although the data from both tows are averaged in Fig. 1.7 and 1.8 to more clearly 

demonstrate overall trends in abundance, they should not actually be considered replicate 

samples. 
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Egg Production 

Egg production data were collected monthly from July 2007-September 2008 with the 

exceptions of September and December 2007 and January 2008, when adult abundance was too 

low to acquire an adequate number of females for replicates.  Measured egg production per 

female per day was highest for the November 2007 sampling date (18.3 ± 11.4 viable eggs 

female-1 day-1) and lowest in the preceding month of October (1.8 ± 2.2 viable eggs female-1 day-

1; Fig. 1.11).  Otherwise production rates typically fell between 4-8 viable eggs female-1 day-1.  

Egg viability was persistently high with hatch success ranging from 70 to 100% of total eggs 

produced (Fig. 1.11).   

The number of viable eggs produced per cubic meter in the water column was estimated 

for each sampling date by multiplying the average number of viable eggs produced per female on 

the north side of the reef by the average number of adult females per cubic meter determined 

from the north plankton tow.  There does appear to be a relationship between egg production and 

sediment hatch for the 2008 sampling dates, with the spring and summer peaks seen in egg hatch 

that year mirroring peaks in the number of eggs produced in the water column (Fig. 1.12).  

However, for July, August, and October 2007, these production values do not appear to directly 

relate to the number of eggs hatched from the sediment on the corresponding sampling dates.  It 

is possible egg production on the southern side of the reef influenced benthic egg abundance on 

these dates.  With the exception of the data from November 2007, there did appear to be loose 

relationships between egg production, water temperature, and salinity (Fig. 1.13).  If the 

November 2007 outlier is disregarded, egg production rates appear to have higher potential 

values with increasing water temperature and decreasing salinity.   

 

Discussion 

Acartia tonsa Benthic Egg Abundance by Environment 

The results from field sampling on Lanark Reef support the hypothesis that resting 

copepod eggs are more abundant in the sediment within seagrass beds than in unvegetated bare 

sediment.  Seagrass canopy height, the most apparent difference between environments 

measured during monthly sampling, does not appear to be the only factor contributing to the egg 

distribution patterns observed.   
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Consistent with the theory that temperature is the primary factor controlling seasonal 

seagrass growth (Lee et al. 2007b), the seagrass blade length in this study varied according to 

water temperature.  During winter months and early spring, when all that remained of seagrass 

canopies were stems and short blades, apparent enhanced accumulation of eggs still occurred 

(Fig. 1.2a).  It is unlikely these higher abundance values were an artifact of sampling older eggs 

deposited in the sediment while the seagrass canopy was still high because the subitaneous eggs 

of Acartia tonsa exhibit high mortality rates after only two weeks exposure to the conditions that 

were likely to be present in the sediment (Marcus et al. 1997, Invidia et al. 2004, Sei et al. 2006).  

Also, there were some occasions when notable changes in the magnitude of egg abundance 

difference between sand and seagrass environments occurred without corresponding increases or 

decreases in canopy height.   

A possible factor contributing to the enhancement of egg accumulation in seagrass beds 

despite canopy absence is the maintenance of sediment stability in that environment by the 

rhizome mat.  Some inferences about the sediment stability in each environment can be made by 

examining the egg depth abundance data and are described below.   

 

Acartia tonsa Benthic Egg Abundance by Depth 

The error bars in Fig. 1.2b indicate high spatial variability in the abundance of Acartia 

tonsa eggs in Lanark Reef sediments when the data are divided by both environment type and 

sediment depth.  It is likely the heterogeneous distribution of small benthic features, such as 

ripples, shells, or stems, contributed to this variability on each sampling date (Nepf et al. 1997, 

Pilditch & Miller 2006).  Depending on the nature of the structure and the velocity of water flow, 

these features can create areas of reduced shear stress or flow dead-zones that allow for the 

trapping of small particles.  These features were plentiful along the sediment surface on Lanark 

Reef and were often observed in core tubes after samples were taken.  This type of heterogeneity 

makes the analysis of abundance patterns difficult on smaller scales (Inglis 2000). 

Despite this drawback, some inferences can be drawn by looking at the patterns in the 

depth abundance means in Fig. 1.2c, where the error bars were removed for legibility.  Generally 

higher abundance in the first centimeter sediments can be assumed to be representative of recent 

subitaneous egg deposition, and the generally corresponding pattern in second centimeter 
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abundance is probably representative of a portion of those recently deposited eggs that were 

promptly buried by either bioturbation or physical mixing from waves.   

Occasionally the second centimeter egg abundances became nearly equal to or even 

greater than the abundances in the first centimeter.  It is likely this pattern represents either a 

recent loss of eggs from the first centimeter of sediment (such as in September 2006) or a 

combination of recent loss with a decrease in deposition (such as in December 2005), and a lag 

in these effects in the second centimeter.  Loss of viable eggs from the sediment could have been 

due to hatching at the sediment surface, resuspension, or egg mortality.  The probability of egg 

loss caused by resuspension or hatching is highest near the sediment surface and decreases with 

depth as loss caused by mortality increases (Viitasalo 1992).  Since Lanark Reef is a high energy 

environment, it is likely that resuspension was the greatest cause of egg loss from the top two 

centimeters of sediment, but eggs in the second centimeter may have experienced some loss due 

to mortality during periods of decreased wave turbulence. 

If it is true that these occurrences of second centimeter egg abundance values 

approaching or surpassing first centimeter values represent recent surface sediment egg loss 

through resuspension, some inferences can be made about sediment stability in each environment 

based on the depth abundance data alone.  In Fig. 1.2c, it is evident that this abundance pattern 

tended to occur more frequently in the bare sand environment than in the seagrass environment.  

This trend could be an indicator that bare sand sediments were more susceptible to disturbance 

than sediments within seagrass beds, and therefore the presence of seagrass must have had a 

stabilizing effect that allowed for greater egg accumulation as stated in the hypothesis.  The data 

also suggest that while this abundance trend did occasionally occur in seagrass sediments, it 

occurred more frequently during winter and early spring when canopy height was below 10 cm, 

so the length of the seagrass blades may be one of the factors lending to greater stability in 

seagrass sediment.   

These possible environmental effects on sediment stability are consistent with the 

findings of previous studies in which the inhibition of sediment resuspension within seagrass 

beds and effects of blade length have been observed (Gacia et al. 1999, Gacia & Duarte 2001).  

The properties of seagrass sediments in comparison to bare sand and the physical factors that 

lead to differential egg accumulation between environments are examined further in Chapter 3. 
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Acartia tonsa Benthic Egg Abundance by Season 

Various studies have examined seasonal abundance patterns of calanoid copepod resting 

eggs in the sediment and their possible contributions to pelagic population dynamics (Marcus & 

Boero 1998, Engel & Hirche 2004).  The temporal abundance patterns of resting copepod eggs in 

the seabed relate differently to the pelagic population depending on egg type.  Diapause eggs are 

capable of longer survival in the sediment than subitaneous eggs and can be abundant in the 

sediment despite the absence of adults in the plankton (Marcus 1995, Marcus & Lutz 1998).  

Subitaneous eggs, on the other hand, with their shorter survival times, have benthic abundance 

patterns more closely linked to the abundance and production of adults in the water column 

(Guerrero & Rodríguez 1998, Katajisto et al. 1998, Katajisto 2006). 

The overall abundance of Acartia tonsa subitaneous eggs in the sediment on Lanark Reef 

did appear to exhibit a fairly consistent seasonal pattern (Fig. 1.4a).  The pattern tended to shift 

in timing from year to year, but generally there were two annual peaks in benthic egg abundance:  

one in the spring to early summer and one in the late summer to fall.  These peaks were separated 

by a decline in egg abundance each summer and low abundance during winter months.   

Rather than these seasonal peaks in benthic subitaneous egg abundance following high 

female abundance in the water column (Katajisto et al. 1998), it appears that peaks in egg 

abundance sometimes preceded peaks in female abundance or were not associated with increases 

in female abundance at all (Fig. 1.14a).  This pattern is suggestive of two things:  (1) egg 

production rates of individual females influence benthic egg abundance and fluctuate drastically 

throughout the year, and (2) the population of Acartia tonsa in the Lanark Reef area is influenced 

by factors other than food limitation for at least some parts of the year. 

 

Benthic Egg Abundance in Relation to Egg Production 

Due to the relatively short life of Acartia tonsa subitaneous eggs, it can be assumed that 

the observed patterns of egg abundance in the sediments were related to the supply of eggs from 

the water column within the weeks preceding sampling.  This relationship is suggested by the 

apparent correlation of benthic egg abundance with the number of eggs produced in the water 

column, even without egg production from the southern side of the reef having been included 

(Fig. 1.12).  It is also clear that, while the data were used in the calculation of total eggs 

produced in the water column, it was not necessary for large numbers of adult female A. tonsa to 
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be present for large peaks in benthic egg abundance to occur (Fig. 1.14a).  This means that high 

egg production rates per female must have been responsible for high benthic egg abundance on 

dates when adults were scarce. 

Variable egg production rates per female were observed during the last year of this study 

(Fig. 1.11).  It can be inferred from other studies that the production rates of viable eggs by 

Acartia  tonsa are dependent primarily on quality of diet (Kleppel et al. 1998, Vargas et al. 2006) 

followed by favorable water temperatures (White & Roman 1992) and salinities (Putland & 

Iverson 2007).  Microplankton abundance and assemblage were not analyzed in this study, but, 

with the exception of one outlier, egg production rates did loosely demonstrate positive trends 

related to increases in temperature and decreases in salinity that are consistent with patterns 

observed by Putland and Iverson (2007) in a nearby, river-fed estuary.  They concluded that 

increasing egg production rates with increasing temperature were due to temperature-dependent 

increases in A. tonsa ingestion rates and phytoplankton productivity, and that high egg 

production rates at intermediate salinities were related to phytoplankton dynamics at estuarine 

mixing zones and A. tonsa salinity tolerances. 

However, the relationship of egg production to temperature in this study appears to be an 

artifact of the lowest salinities occurring during summer months (Fig. 1.13), and the cool-

temperature outlier suggests relatively high egg production rates were still possible during winter 

months (Fig. 1.13a).  High egg production rates at lower salinities are likely to be related to 

microplankton assemblage and productivity shifts caused by the influx of nutrient-rich 

freshwater associated with storm runoff (Ringuet & Mackenzie 2005), and lower egg production 

rates overall compared to those measured in estuaries (Putland & Iverson 2007 & references 

therein) are also likely to be the result of salinity-related effects on food quality and quantity.   

It is therefore most probable that, in the Lanark Reef area, egg production rates for 

individual females and corresponding peaks and declines in benthic egg abundance were 

determined directly by the dietary quality of the plankton assemblage and indirectly by the 

influences of salinity and temperature on the plankton assemblage.  Although food quality 

appears to have a strong effect on egg production regardless of temperature, a strong positive 

correlation between Acartia tonsa ingestion rates and temperature has been well-established in 

other studies (White & Roman 1992, Putland & Iverson 2007).  Therefore, although it is not 

 22



apparent from the data set of this study, fluctuations in water temperature may have affected egg 

production to some degree underneath the effects of diet quality. 

 

Benthic Egg Abundance in Relation to the Pelagic Population 

Sampling dates when low benthic egg abundance and low pelagic copepod abundance 

coincided, such as the mid-summer declines each year, may be times where bottom-up control of 

the pelagic population due to poor food quality or quantity occurred during the weeks prior to 

sampling.  However, this theory is not relevant for occasions when the numbers of pelagic adults 

and copepodites were low, but high benthic egg abundances indicated good diet and egg 

production (Fig. 1.14b).  Sudden increases in egg production and hatch due to favorable changes 

in microplankton abundance or composition could have been reflected as elevated numbers of 

copepodites and adults taking advantage of the same food conditions in as little as four or nine 

days, respectively (Kiørboe 1997, Leandro et al. 2006).  The lack of correlation between benthic 

egg abundance and pelagic population size on some dates therefore suggests a factor other than 

food quality or availability must have been limiting to the population. 

Purcell et al. (1994) suggested two possible controls of Acartia tonsa population density 

in Chesapeake Bay when factors such as food or temperature did not appear to be limiting.  One 

suggestion was that anoxic water and sediments near the bottom of the bay inhibited egg hatch 

and thereby controlled the pelagic population size during summer months when benthic anoxia 

was most likely to occur.  During the present study, anoxia did occur in the surface sediments 

during warmer months and is likely to have contributed to hatch inhibition in a portion of the 

eggs produced by the pelagic population (see Chapter 4).  However, Lanark Reef and the 

surrounding area are relatively shallow, and some resuspension due to wave action and 

turbulence in the water column should have promoted some hatch despite anoxic conditions in 

the sediment.  In Fig. 1.14b, high recent hatch success represented by increases in planktonic 

animal abundance was sometimes apparent despite the likely co-occurrence of sediment anoxia 

during summer (e.g. July 2008), and was sometimes absent despite the likely absence of anoxia 

during winter (e.g. February 2008).  These inconsistencies are suggestive of another control 

acting on the local A. tonsa population on dates where benthic egg abundance was high, but the 

number of animals in the water column was low.   
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Predation was the second possible factor suggested by Purcell et al. (1994) as a control on 

food-satiated Acartia tonsa populations.  All stages of A. tonsa are subject to predation by 

numerous planktivores, including benthic filter feeders, gelatinous plankton, arrow worms, and 

fish, and the presence or absence of such predators is believed to affect their population 

dynamics (Purcell et al. 1994, Uye et al. 2000).  All of these predators were observed to be 

present in the Lanark Reef area at different points during the study, and, although they were not 

quantified, were sometimes present in large numbers that may have influenced the survivorship 

of various copepod stages.  Particularly notable was the presence of the hydrozoan Nemopsis 

bachei during every winter, the arrival of larval and juvenile fish in spring, periodic increases in 

ctenophore abundances, and the constant presence of chaetognaths in varying numbers.   

If predation was a significant factor influencing pelagic Acartia tonsa abundance, peaks 

in abundance may have been related to either decreases in predator abundance and associated 

predation pressure, or to predator satiation caused by abrupt influxes of copepod individuals to 

the population.  The dramatic increase in copepod abundance from June to July 2008 (Fig. 1.14b) 

was not concurrent with a notable increase in egg production (Fig. 1.11) or benthic egg 

abundance (Fig. 1.14b).  It was, however, preceded by a crash in copepod abundance in June.  

This crash may have triggered a consequent population collapse of a predator and allowed the 

copepod population to grow unchecked for a short period of time while the predator lagged in 

recovery.  Slower production rates of predators may have also allowed copepod population 

increases during sudden increases copepod egg production and hatch.  Dramatic increases in egg 

production as indicated by benthic egg abundance from August to September 2006 and from 

March to April 2007 appear to have caused such an effect (Fig. 1.14b).  Each of these occasions 

was followed by a peak in population abundance the next month, suggesting many of the nauplii 

hatched from eggs produced during those times were able to survive to adulthood and sustain 

greater numbers until the predator population responded to the increase in prey abundance. 

 

Summary 

Changes in near-shore microplankton composition or predator abundance can occur over 

very short time periods of days to weeks (Hoover et al. 2006), which is well within the survival 

span of Acartia tonsa subitaneous eggs.  Subitaneous resting eggs in the sediment may therefore 

serve as a temporary refuge from these pelagic conditions when they are unfavorable over short 
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time scales.  Large numbers of eggs in the sediment on Lanark Reef suggest they are important 

to the dynamics of the local population. 

Spatial patterns in Acartia tonsa benthic egg distribution suggest accumulation in this 

shallow, high-energy environment is enhanced by the presence of seagrass.  It appears this 

enhanced accumulation is partially attributable to greater sediment stability in this environment, 

but cannot be directly related to seagrass blade length.  Temporal patterns in benthic egg 

abundance appear to be related to the egg production rates of adult females in the water column 

on both the north and south sides of the reef, as suggested by the incomplete correlation of north 

side egg production rates only.   It is most likely seasonal egg production was controlled by diet 

quality followed by temperature as it affected ingestion rates.  High numbers of A. tonsa adults 

and copepodites in the water column were not a prerequisite for high benthic egg abundance, but 

sometimes appear to result from high egg abundance.  It is therefore likely that the size of the 

pelagic population was not controlled by diet quality but by predation.   

It is apparent that environmental variation in benthic egg abundance cannot be adequately 

explained with only the monthly data for environmental fluctuations presented in this chapter.  

The possible factors and combinations of factors that can influence the accumulation of Acartia 

tonsa eggs in each environment were investigated with a variety of independent field samplings 

and experiments described and discussed in the following chapters. 
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Fig. 1.1.  The location of the five Lanark Reef stations randomly selected for the regular 
sampling of benthic egg abundance.  The coordinates of the stations, from west to east, are:  
N29˚52.924’, W84˚33.326’; N29˚52.492’, W84˚33.280’; N29˚52.952’, W84˚33.271’; 
N29˚52.981’, W84˚33.140’; N29˚53.122’, W84˚32.820’. 
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Fig. 1.2.  Benthic abundance of Acartia tonsa resting eggs on Lanark Reef as determined by 
nauplii hatch from samples.  Error bars represent one standard deviation.  (a)  Total average 
abundance of eggs in top 2 cm of sediment by environment; * and ** represent p < 0.05 and p < 
0.01 for individual dates, respectively.  (b)  Average abundance of eggs by environment and 
sediment depth.  (c)  Average abundance of eggs by environment and sediment depth; error bars 
removed. 
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Fig. 1.3.  Field conditions measured during benthic core sampling.  (a)  Grass height.  Error bars 
represent one standard deviation.  (b)  Water temperature.  (c)  Water salinity. 
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Fig. 1.4.  Seasonal trends by year in:  (a)  egg abundance  (b)  grass height  (c)  water 
temperature. 
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Fig. 1.5.  Comparison of day length, grass height, and water temperature monthly averages. 
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Fig. 1.6.  Ranges of individual values measured over time at each coring station.  Error bars 
represent one standard deviation.  (a)  Total average hatch values by station.  (b)  Water depth 
values by station.  (c)  Grass height values by station.  (d)  Grass stem density values by station. 
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Fig. 1.7.  Numbers of Acartia tonsa adults and copepodites present in Lanark Reef area plankton 
tows on each sampling date averaged between north and south tows. 
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Fig. 1.8.  Numbers of Acartia tonsa adult females and adult males present in Lanark Reef area 
plankton tows on each sampling date averaged between north and south tows. 
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Fig. 1.9.  Numbers of Acartia tonsa adults and copepodites present in tows taken north of Lanark 
Reef and south of Lanark Reef on each sampling date. 
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Fig. 1.10.  Flow meter revolution rates during tows taken north of Lanark Reef and south of 
Lanark Reef on each sampling date. 
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Fig. 1.11.  Egg production rates and hatch success of eggs produced by Acartia tonsa females on 
the north side of Lanark Reef. 
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Fig. 1.12.  Acartia tonsa eggs produced in the water column on the north side of Lanark Reef per 
day and average eggs hatched from the sediment on each sampling date. 
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Fig. 1.13.  Acartia tonsa egg production rates in relation to (a) water temperature (b) water 
salinity.  November 2007 outlier is unfilled. 
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Fig. 1.14.  Acartia tonsa benthic egg abundance compared to (a) female abundance (b) total 
animal abundance. 
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CHAPTER 2 

ENVIRONMENTAL EFFECTS:  BIOLOGICAL 

 

Introduction 

The activity and behavior of marine animal life can have dramatic effects on many ocean 

processes.  Within the context of this study, it was important to understand what animal activities 

could influence the differences observed in Acartia tonsa resting egg abundance between sand 

and seagrass environments.  It was decided that uneven egg flux between environments caused 

by preferential habitat use by A. tonsa was a possible factor that could lead to the differences 

seen.  Bioturbation and foraging activity by benthic infauna have also been considered as factors 

influencing benthic egg distributions in previous studies (Marcus & Schmidt-Gengenbach 1986, 

Karlson & Viitasalo-Frӧsen 2009), and observations that benthic fauna tend to vary between 

seagrass and bare sand environments make this aspect worthy of further investigation (Lee et al. 

2001). 

 

Egg Flux 

In deep-water ecosystems, diel vertical migration is a common behavior performed by 

many species of zooplankton, including calanoid copepods, as an escape response to predation.  

Such migrations are believed to influence the flux of material to deeper water as fecal pellets and 

eggs are released at depth (Al-Mutairi & Landry 2001, Schnetzer & Steinberg 2002).  In the 

shallow area sampled in this study, however, such a deep water refuge did not exist.  Of interest 

here is that horizontal migration by zooplankton in and out of aquatic vegetation has been 

observed in some shallow, freshwater habitats (Burks et al. 2002).  If female Acartia tonsa 

exhibit a similar behavior in the utilization of seagrass canopies to avoid visual predation, it may 

allow a disproportionate number of eggs to be released within the seagrass canopy and 

subsequently deposited in seagrass sediments.   

Alternatively, even if females are unevenly distributed through active horizontal 

migration, their eggs may be redistributed more evenly in the water column by turbulent mixing, 

in which case female distribution would have no effect on egg deposition.  Therefore the factor 

of interest was not whether females demonstrate preferential use of seagrass canopy habitat over 

bare habitat, but whether egg deposition was even or disproportionate between the two habitats.   
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Previous studies measuring the downward flux of small particles in the water column in 

seagrass environments have used particle trap arrays set in depth profile configurations.  Tube 

traps have a simple design and have previously been used to study particle flux in seagrass 

environments (Gacia et al. 1999).  Although convenient to use, tube traps are known to be 

vulnerable to vortex formation at their opening depending on their diameter and the speed of the 

ambient currents.  This propensity can bias the traps towards entraining disproportionately high 

amounts of small, light, organic particles (Blomquist & Kofoed 1981).  Another important 

consideration is that tube traps must have an appropriate aspect ratio to prevent particle washout 

by turbulence generated within the tubes.  The appropriate ratio can depend on the size of the 

opening and the strength of ambient currents, but generally a length to inner diameter ratio of 

three is considered the minimum to prevent washout in traps 10-103 mm wide (Blomquist & 

Kofoed 1981, Buesseler et al. 2007).   

Despite these complications, a particle trapping experiment using tube traps was devised 

to examine the possible influence of differential egg flux on spatial benthic egg abundance.  Bias 

towards small organic particles means the data collected with the traps cannot be used to 

estimate true flux values, but they can still serve to compare relative flux between sand and 

seagrass habitats. 

 

Benthic Fauna Distribution 

Bioturbation is considered to be an important influence on the depth distribution of 

resting eggs in the sediment (Marcus & Schmidt-Gengenbach 1986).  Infaunal activity has the 

potential to move eggs to sediment depths that are not affected by physical mixing from waves, 

and activities such as conveyor-belt deposit feeding can return eggs buried deep within the 

sediment to the surface, where they have greater opportunity to hatch (Viitasalo 1992).  In areas 

that are too deep or protected to be influenced by wave activity, bioturbation may be the most 

important factor influencing the depth distribution of resting eggs in the sediment (Marcus 1984). 

Lanark Reef is a shallow environment heavily influenced by wave activity, but it is also 

located in a very productive area where high sediment organic content could support an 

abundance of benthic fauna.  Intense bioturbation by benthic fauna could therefore still be a 

contributing factor to egg burial within the top two centimeters of sediment analyzed in this 

study, and differential activity between seagrass and unvegetated sediments as indicated by fauna 
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distribution patterns could potentially aid in explaining egg accumulation differences between 

the two habitats. 

In addition to bioturbation effects, several species of benthic macrofauna have been 

observed to incidentally or selectively consume copepod resting eggs, which can lead to 

increased egg mortality in the sediment and decreased emergence (Viitasalo et al. 2007, Karlson 

& Viitasalo-Frӧsen 2009).  The resting eggs focused on in this study may have been particularly 

vulnerable to these effects.  Marcus (1984) found that copepod diapause eggs can survive gut 

passage when consumed by polycheates, but subitaneous eggs do not have as strong an outer 

covering and exhibited higher mortality rates when consumed.  Deposit feeding and selective 

browsing by various species of macrofauna could therefore reduce Acartia tonsa subitaneous egg 

abundance in the sediments and cause differences in abundance between sand and seagrass 

habitats if the animals are not evenly distributed. 

Benthic meiofauna are generally thought to be too small to ingest whole copepod eggs, 

but some species possess piercing mouthparts that could allow them to destroy and consume 

eggs in the sediment (Marcus & Boero 1998).  Meiofauna individuals greatly outnumber 

macrofauna in the sediment on Lanark Reef (present study, see below) and may therefore have 

similar or greater potential to affect the survivorship of benthic copepod eggs.  However, the 

possible effects of these animals on copepod egg mortality have not yet been investigated.  For 

this study, it was important to determine whether the benthic meiofauna present on Lanark Reef 

could significantly affect the abundance and viability of Acartia tonsa eggs in the sediment 

through predation and how their distribution varied between sand and seagrass habitats. 

 

Methods 

Sediment Trap Deployment 

To measure whether the flux of copepod eggs into sand and seagrass environments was 

the same or different and to account for seasonal differences in canopy height, tube-type 

sediment traps were deployed in each environment for 24 hours in April 2008 and in September 

2008.  Seagrass length, water temperature, and salinity were measured during deployment.  Each 

trap consisted of a 50-ml centrifuge tube fixed to the top of a PVC pipe anchored in the 

sediment.  The centrifuge tubes had a height:diameter (11.6 cm deep, 2.8 cm inner diameter) 
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ratio of 4.14, which was considered adequate to prevent resuspension of settled material from the 

bottoms of the tubes (Blomquist & Kofoed 1981).   

A test conducted in June 2007 revealed that a large amount of organic particles collected 

in the traps within a 24-hour period.  During this test, material falling into the tubes was 

preserved by a high salinity solution containing formalin (150 ppt, 50% formalin) injected into 

the bottom of the tubes at the time of deployment.   Examination of the collected material proved 

it was very difficult to distinguish eggs from the other particulate matter.  Keeping the eggs alive 

to use nauplii hatch as a proxy for egg number was therefore essential, but created the need to 

inhibit egg hatch within the traps during the 24-hour deployment.   

The eggs of Acartia tonsa are inhibited from hatching at low oxygen concentrations (Uye 

& Fleminger 1976), so to keep the eggs from hatching, a high salinity sucrose solution was 

deoxygenated with N2 gas for injection into the bottoms of the traps.  High salinity NaCl solution 

kills Acartia tonsa eggs through osmotic stress, but a 175 ppt solution made with sucrose has 

approximately the same osmolality as a 30 ppt NaCl solution, which is within the salinity range 

measured in the field.  Another test conducted in August 2007 with this deoxygenated 175 ppt 

sucrose solution injected into the centrifuge tube traps yielded high and consistent egg hatch 

from each of 32 tubes.  The solution had been dyed red with food coloring and was still visible in 

the bottom of the tubes after they had been in the field for 24 hours, which indicated minimal 

washout. 

During the trapping experiments in April and September 2008, traps were deployed at 

three stations along Lanark Reef, each consisting of a patch of seagrass adjacent to a large sandy 

area (Fig. 2.1).  Twelve traps were set at each station:  six traps within the seagrass patch and six 

in the adjacent sandy area.  Three of each set of six were set near the sediment surface at 10 cm 

height (referred to as low traps) and three were set 30 cm above the sediment surface (referred to 

as high traps).  Traps in each environment were placed at least 1 m from the seagrass edge.  In 

April the seagrass blades were very short, and the openings of the low traps were above them.  In 

September, the low traps were within the seagrass canopy, but the high traps were above it.   

During deployment, the tubes were filled with 50-μm mesh filtered ambient seawater and 

15 ml of the dyed, deoxygenated sucrose solution was injected into the bottom of each with a 50-

ml syringe.  Tubes were then capped and remained capped until all were placed into their PVC 

stands, which consisted of single pipes with an inner diameter just large enough to insert the 
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tubes.  After 24 hours, the tubes were recapped, removed from their stands, and transported to 

the laboratory in an insulated chest for processing.   

 

Sediment Trap Processing 

Immediately upon returning to the laboratory, the contents of each trap tube were passed 

through nested 250- and 53-μm sieves to separate out large debris and animals and remove the 

sucrose solution.  The contents of the 53-μm sieve were then rinsed into Petri dishes with 30 ppt, 

1-μm bag-filtered seawater and incubated at room temperature (23 ± 1°C) for 48 hours.  After 

that time period, all water in the dishes was decanted off, and any nauplii retained in a 50-μm 

sieve were preserved with Lugol’s solution and counted.  The particulate matter remaining in the 

dishes was dried in a 60°C oven for 72 hours and weighed with a Mettler analytical balance. 

 

Benthic Fauna Sampling 

Differences between winter and summer and sand and grass fauna were determined by 

sampling each environment once in February 2007 and once in May 2008.  The same five 

stations used for egg hatch sample collection were used for sampling benthic fauna.  Two 4.8-cm 

inner diameter cores were taken from each sandy area and grass patch at each station and 

immediately sectioned with a core extruder to minimize the opportunity for animal migration 

within the cores.  For each core, the top two centimeters were sectioned at 1-cm intervals, and 

the remaining sediment was divided into 3-5 cm and 6-10 cm sections.  Corresponding sediment 

sections from paired cores were combined.  Each sample was treated with 1 ml of 100 % 

Formalin for every 50 cc of sediment and vortexed to ensure rapid and complete preservation 

upon Formalin addition.  Grass height, water temperature, and salinity were measured during 

collection. 

 

Benthic Fauna Abundance Determination 

Any animals retained on a 500-μm sieve were classified as macrofauna, and animals that 

passed through a 500-μm sieve but were retained on a 105-μm sieve were classified as 

meiofauna.  Macrofauna abundance was determined for all sediment samples collected, but 

meiofauna abundance was only determined for the first and second centimeter samples.  This 

processing strategy was chosen because while small animals tend to be epibenthic or live 
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interstitially in the top few centimeters, larger animals may live in deeper burrows but still 

interact with the top centimeters of sediment.   

To extract meiofauna, the two 1-cm sections from the top layers of each core pair were 

passed through nested 500- and 105-μm sieves.  Material retained on the 500-μm sieve was 

reserved for macrofauna analysis.  Most of the sediment in the samples consisted of sand grains 

<500 µm and >105 µm, and was therefore retained on the 105-μm sieve along with any 

preserved meiofauna.  To extract animals from the sand, the samples were rinsed into a 50-ml 

centrifuge vial with Ludox® HS-40 colloidal silica solution, shaken thoroughly by hand, and 

vortexed for two minutes.  Sand grains in the samples quickly settled, and the overlying solution 

was decanted off and passed through a 100-μm sieve to retain suspended contents.  The 100-μm 

sieve was then placed in a solution containing Rose Bengal dye to stain any extracted animals.  

Sieve contents were rinsed into a crystallizing dish, and animals were identified to taxonomic 

group and enumerated under a dissecting microscope.   

Macrofauna present in samples were retained on a 500-μm sieve with very little 

associated sediment, so the samples did not need to undergo further extraction processes.  

Material retained on the sieve was treated with Rose Bengal dye and rinsed into a dish for 

identification to taxonomic group and enumeration under a dissecting microscope.   

 

Meiofauna Effects on Egg Survival 

Whether meiofauna affect the survivorship of Acartia tonsa eggs in the sediment was 

tested in the laboratory by exposing eggs produced in culture to benthic fauna extracted from 

Lanark Reef area sediment samples.  A. tonsa cultures were established from animals collected in 

the study area and were maintained on the dinoflagellate Prorocentrum micans.  Eggs less than 

two hours old were collected for use in this experiment to maximize potential exposure time to 

meiofauna before hatching occurred.   

Nematodes and harpacticoid copepods were the most abundant meiobenthic groups 

present in samples, so the effects of each were tested.  Material that passed through a 500-μm 

sieve but was retained on a 250-μm sieve was rinsed into a 500-ml beaker with 30 ppt, 1-μm 

bag-filtered seawater.  Contents of the beaker were agitated to suspend animals while portions of 

the overlying water were poured into crystallizing dishes for animal selection and removal with a 

pipette.   
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Animals and eggs were added to 15-ml centrifuge vials that were prepared with 1 cc 

previously desiccated and rinsed sand (500-105 µm size fraction) in the bottom and 8 ml 

overlying 30 ppt, 1-μm bag-filtered seawater.  The sand in each tube settled to a depth of 1 cm, 

which was thought to be appropriate for the promotion of normal infaunal movements and 

behavior. 

Originally, three treatments with four replicates each were to be included in the 

experiment:  (1) a control with no animals added to the vials, C, (2) a harpacticoid treatment with 

20 animals added to each vial, H, and (3) a nematode treatment with 40 animals added to each 

vial, N.  After the animals had been added to the vials, 20 of the newly spawned Acartia tonsa 

eggs were added.  These animal and egg numbers were chosen based on maximum values 

measured in the field in an attempt to maximize potential encounter rates.  All treatments were 

incubated at 25°C for 24 hours to allow hatching to occur.  The water from each vial was then 

poured through a 50-μm sieve, and any nauplii retained were stained with Lugol’s solution and 

counted under a dissecting microscope.  Sediment from the animal treatment vials was also 

examined to confirm animal survivorship. 

It was noticed in preliminary tests that small amounts of organic debris were present in 

the animal treatments but not in controls.  This was the result of the animals being associated 

with and difficult to separate from the debris.  In these tests, it was suspected that the debris had 

a detrimental effect on egg hatch independent from the effects of the animals, so three more 

treatments were added to the experiment:  (4) a control with debris but no animals added, CD, 

(5) a harpacticoid treatment with debris added, HD, and (6) a nematode treatment with debris 

added, ND.  Animal numbers, egg numbers, incubation conditions, and processing methods were 

the same as those used for the first three treatments, so the only difference was the presence of 

deliberately added organic debris. 

The addition of animals and eggs to the vials was time consuming and four replicates for 

each treatment were desired, so a series of five experiments were carried out with different 

treatment combinations tested each time.  The treatments used in each of the five experiments are 

shown in Table 2.1.  The debris-free control was included in each experiment as an indicator of 

total possible hatch, and hatch data from the treatments in each experiment were normalized as 

percentages of the average control hatch. 
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Statistics 

For the sediment trap experiment, single-factor and multiple-factor ANOVAs were used 

to determine if environment, trap height, and grass height significantly influenced or interacted 

to influence egg accumulation in the traps.  Regression analyses were also done to determine if 

there were correlations between the amount of sediment in the traps and the number of eggs in 

the traps.  Such correlation would suggest that some of the eggs in the traps originated from the 

seabed and were deposited in the traps with other resuspended material. 

Benthic fauna abundance data from the preserved cores were analyzed with single-factor 

ANOVAs to identify significant differences between sand and grass abundances and between 

winter and summer samples for each size class.  Depth distribution data was pooled for these 

tests.  The influences of meiofauna and debris presence on egg hatch success were analyzed with 

single-factor ANOVAs. 

 

Results 

Sediment Traps 

During April 2008, considered a winter deployment, the temperature of the water was 

21°C, and the salinity was 32 ppt.  The average grass height of the three sampling stations was 

8.67 ± 3.2 cm, and the average water depth was 0.94 ± 0.08 m at the time of deployment (low 

tide).  In September 2008, considered summer, the temperature of the water was 24°C, and the 

salinity was 31 ppt.  The average grass height was 25.33 ± 8.33 cm, and the average water depth 

was 0.58 ± 0.11 m at the time of deployment (low tide).   

Sucrose solution washout from the trap tubes was not apparent in winter, but in summer 

three of the low grass traps from two of the sampling stations contained no sucrose solution and 

relatively little sediment in comparison to the other traps after the 24-hour deployment.  A mysid 

shrimp was present in one of these traps, so it is suspected these losses were a consequence of 

biological activity within the seagrass canopy.  Data from the three affected samples are not 

included in these results. 

More nauplii hatched from traps deployed in winter than traps deployed in summer, 

which indicates fewer viable eggs were present in the water column during the September 

deployment (Fig. 2.2a,b).   In winter, a two-factor ANOVA indicated there were no significant 

differences in hatch between low and high traps or sand and grass traps (p > 0.05), but more 
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nauplii tended to hatch from the low grass traps, and there was a significant interaction of 

environment and trap height on hatch for this sampling date (p < 0.05).  In summer, effects of 

this factor interaction or of trap height alone were not significant (two-factor ANOVA, p > 0.05), 

but sand traps had significantly greater hatch than grass traps (p < 0.05). 

The weights of the 250-53 µm size fraction particles captured in the traps on each date 

varied by both height and environment (Fig. 2.2a,b).  High traps and those set in seagrass 

captured less material than low traps and those set in bare sand, respectively (two-factor 

ANOVA, p < 0.01).  The average weights of material captured were similar between sampling 

dates with the exception of the low sand traps, which accumulated twice as much material in 

winter than in summer. 

In winter, hatch from the low grass traps was significantly positively correlated with the 

weights of the 250-53 µm particles in the traps (Fig. 2.3a; linear regression, R2 = 0.62, p < 0.05).  

This positive correlation between hatch and sediment weight was also apparent in summer for 

the high traps in both environments (Fig. 2.3b; linear regression, sand high:  R2 = 0.43, p = 

0.054; grass high:  R2 = 0.91, p < 0.01), but was not evident for the low traps. 

 

Benthic Macrofauna Abundance 

In February 2007 (considered winter), the temperature of the water was 13°C and the 

salinity was 31 ppt.  The average grass height of the five sampling stations was 4.6 ± 1.1 cm and 

the average water depth was 0.03 ± 0.01 m due to an extreme wind-influenced low tide.  In May 

2008 (considered summer), the water temperature was 24°C and the salinity was 32 ppt.  The 

average grass height was 12.2 ± 2.9 cm, and the average water depth was 0.60 ± 0.09 m.   

All benthic macrofauna abundance data are summarized in Fig. 2.4.  The most abundant 

taxonomic groups identified in the preserved samples were nematodes, ostrocods, kinorhynchs, 

harpacticoid copepods, and annelids.  Of these, nematodes and annelids were the dominant 

groups within the macrofauna size class, with nematodes usually accounting for about 80% of 

the total abundance at all depths, and annelids accounting for the other 20%.   

Macrofauna were significantly more abundant in seagrass than in sand in summer (single-

factor ANOVA, p < 0.05), and although this trend existed in winter as well, it was not 

statistically significant (single-factor ANOVA, p = 0.247).  In the summer, the average 

abundance of macrofauna in seagrass was 39.8 ± 20.3 animals 10 cm-2, and the average 
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abundance in sand was 11.3 ± 6.5 animals 10 cm-2.  In the winter, the average abundance of 

macrofauna in seagrass was 38.1 ± 23.2 animals 10 cm-2, and the average abundance in sand was 

23.6 ± 11.5 animals 10 cm-2.  The abundance of animals in seagrass was similar between 

seasons, but in sand the numbers of animals were notably lower in summer than in winter, 

although this difference was not significant due to high between station variability (single-factor 

ANOVA, p = 0.069). 

Although the number of macrofauna individuals in the seagrass was similar between 

sampling dates, there was a distinct change in their depth distribution, with animals becoming 

more abundant in the surface layers in the summer.  This depth trend between seasons was not 

apparent in the sand environment samples.   

 

Benthic Meiofauna Abundance 

Benthic meiofauna abundance data are summarized in Fig. 2.5.  Of the five most 

abundant groups mentioned above in the macrofauna results, nematodes and harpacticoid 

copepods were the ones that dominated the meiofauna size class.   

Overall, meiofauna were significantly more abundant in winter than in summer in both 

environments (single-factor ANOVA, p < 0.01).  They were also more abundant in the seagrass 

than the sand, although this relationship was only significant in the summer (single-factor 

ANOVA, p < 0.05).  In the summer, the average abundance of meiofauna in seagrass was 340 ± 

59.5 animals 10 cm-2, and the average abundance in sand was 224.2 ± 53.4 animals 10 cm-2.  In 

the winter, the average abundance of meiofauna in seagrass was 643.4 ± 234.7 animals 10 cm-2, 

and the average abundance in sand was 419.4 ± 73.3 animals 10 cm-2. 

Depth distributions were nearly equal between the first and second centimeters with the 

exception of the winter seagrass samples.  In these samples, meiofauna were more than twice as 

abundant in the first centimeter than the second.  Harpacticoid copepods were always more 

abundant in the first centimeter than the second, especially in the seagrass where they were rarely 

found in the second centimeter in either season.  They also tended to be more abundant in winter 

samples and sand samples than in summer and seagrass samples, respectively.  Nematodes, on 

the other hand, did not exhibit clear abundance patterns with regards to depth, but appeared to be 

less abundant within the first centimeter when large numbers of harpacticoid copepods were 

present. 
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Meiofauna Affects on Egg Mortality 

As mentioned in the methods section, hatch data from the treatments in each of the five 

mortality experiments were normalized to their respective control hatch data to allow the 

combination of all data for analysis.  The average control hatch for each of the five experiments 

was assumed to be dependent on the viability of the eggs produced in culture, and ranged from 

85-48% hatch of the 20 eggs added to each replicate.  These values were considered to be 100% 

of the possible hatch that could have occurred in the treatments, and hatch from the treatments 

never exceeded the control values. 

The adjusted data from all five experiments are summarized in Fig. 2.6.  The addition of 

harpacticoid copepods and nematodes to the sediment reduced hatch to 82 ± 15% and 78 ± 12% 

of total possible hatch, respectively, but these decreases are not statistically significant (single-

factor ANOVA, p = 0.79).  The addition of debris to these treatments further reduced hatch to 37 

± 19% and 50 ± 26%, and debris alone reduced hatch to 61 ± 25% of total possible hatch.  These 

reductions in hatch in treatments with debris added are statistically significant (single-factor 

ANOVA, p < 0.01). 

 

Discussion 

Egg Flux 

The eggs of Acartia tonsa are often significantly more abundant in seagrass sediments 

than in bare sand (this study).  Horizontal migration of zooplankton into aquatic vegetation has 

been observed in some freshwater environments (Burks et al. 2002), so there was the possibility 

that differences in egg abundance between sand and seagrass sediments were due to preferential 

use of seagrass habitat by adult A. tonsa.  If A. tonsa females were more abundant in seagrass 

than over bare sand, higher flux of their eggs to the seagrass sediment could have been a factor 

leading to the greater benthic egg abundance observed in this environment. 

However, the results of the sediment trap experiment revealed no significant 

enhancement of egg flux within seagrass canopies.  It was expected that such an effect would be 

characterized by higher egg hatch from the low seagrass traps when the seagrass canopy was 

high without an apparent correlation between hatch and sediment weight.  However, higher hatch 

from low seagrass traps only occurred in winter when seagrass height was low, and a regression 
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analysis revealed a significant positive correlation between hatch and sediment weight for 

individual traps, which suggests settlement of resuspended eggs was accountable for the 

difference.  In summer, when seagrass was high, hatch from the low sand traps was greater than 

hatch from the low grass traps with no apparent correlation to sediment weights.  These data 

actually indicate more eggs may have been falling over the bare sand environment and do not 

account for greater egg accumulation in seagrass sediments. 

The lack of difference in egg flux may be because the seagrass is not an advantageous 

habitat for the copepods, because it is a preferable habitat but local currents and turbulence are 

too strong for the copepods to stay within the canopy, or because currents and turbulence mix the 

eggs evenly through the water column despite the adults being more abundant within the 

seagrass.  In any of these cases, a difference in egg flux between environments due to the uneven 

distribution of adult females is not a likely contributing factor to the egg abundance differences 

observed between sand and seagrass sediments in this study. 

Trends in the sediment capture data suggest greater resuspension took place over bare 

sand than over seagrass.  Lower sediment weights in traps over seagrass beds than those at the 

same height over bare sand are characteristic of other sediment trap experiments comparing these 

two types of environment (Gacia & Duarte 2001).  These data allude to the ability of seagrass to 

significantly inhibit the resuspension of particles, which is discussed further in Chapter 3. 

 

Benthic Macrofauna Abundance 

On Lanark Reef, benthic macrofauna abundance as determined by core samples was 

greater in seagrass than bare sand.  Limited seasonal sampling revealed abundance in the sand to 

be lower in the summer than the winter and abundance in the seagrass to be equal between 

seasons, but with a deeper distribution in the winter (Fig. 2.4). 

Other studies on benthic fauna abundance have considered the structure provided by 

seagrass to be an important factor determining their distribution in an environment (Bostrӧm & 

Bonsdorff 1997).  Seagrass can provide shelter from currents, sediment stability, substrate for 

attachment, shelter from predators, abundant microhabitats, and abundant food resources, and 

therefore often supports higher diversity and abundance of species than unvegetated areas (Lee et 

al. 2001). 
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In the present study, predation appears to be the most likely factor influencing the 

distribution of macrofauna on Lanark Reef.  A dramatic decrease in the abundance of 

macrofauna in the sand habitat between winter and summer may have been caused by the 

predatory effects of small fish, which were observed to be more abundant during warm months 

and tended to react quickly with foraging behavior to any sediment disturbance.  The increase in 

macrofauna abundance in the first centimeter of seagrass sediment from winter to summer is also 

suggestive of predatory effects on distribution.  It is probable that the increase in height of the 

seagrass canopy from winter to summer offered increased protection from predation and allowed 

animals to become more abundant near the sediment surface. 

The higher abundance of macrofauna in seagrass suggests that greater bioturbation 

activity by this size class could have occurred in seagrass sediment.  Bioturbation could be an 

important factor contributing to the burial and subsequent retention of copepod eggs in the 

sediment (Marcus & Schmidt-Gengenbach 1986), so greater macrofauna bioturbation in seagrass 

may have been a contributing factor to egg retention in this habitat in comparison to bare 

sediment.  Although the possibility for egg mortality through macrofauna consumption was also 

potentially greater in the seagrass due to higher animal abundance, it is apparent that any 

enhanced egg mortality within the seagrass sediment was not sufficient to negate the effects of 

factors encouraging higher egg accumulation in that environment. 

It should be noted that bioturbation from megafaunal or larger macrofaunal activity was 

not accounted for in this study, but it was likely to have had great effects on sediment reworking 

in the bare sand areas of Lanark Reef.  High numbers of sand dollars, acorn worm (Ptychodera 

bahamensis) fecal mounds, and stingray pits were observed in the sand on Lanark Reef, but they 

were absent or less abundant in the seagrass patches.  Intense bioturbation by these larger 

animals is likely to have had a negative effect on egg retention in the upper centimeters of 

sediment by either directly resuspending sediment or by destabilizing the sediment and making it 

more susceptible to resuspension through wave activity (Marcus & Schmidt-Gengenbach 1986). 

Between enhanced burial in seagrass through macrofaunal bioturbation and enhanced 

resuspension in bare sand through megafaunal bioturbation, the effects of these animals on the 

distribution of Acartia tonsa eggs in the sediment could have been significant and contributed to 

the abundance differences observed between seagrass and bare sand habitats. 
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Benthic Meiofauna Abundance 

The abundance of meiofauna on Lanark Reef tended to be greater in winter than summer 

and in seagrass than bare sand (Fig. 2.5).  The depth distribution data indicated taxonomic shifts 

in community assemblage with depth and a winter abundance peak in the first centimeter of 

seagrass sediment.  Due to their short life cycles and high turnover rates, benthic meiofauna are 

considered to be closely linked to changes in the environment and food availability (Gambi et al. 

2008).  It appears that these seasonal, environmental, and depth distribution patterns can best be 

explained by differences in oxygen conditions and food quality in the sediment.   

Meiofauna abundance was greater in the winter samples from both environments than in 

summer samples.  All sediments on Lanark Reef should have been better oxygenated in winter 

than summer due to lower temperatures and possibly lower organic content decreasing benthic 

microbial respiration (Thamdrup et al. 1998, Pringault et al. 2008), and samples taken in the 

current study confirm that they were (see Chapter 4).  Higher oxygen availability in the sediment 

could account for the overall higher abundances of meiofauna in both environments in the winter 

samples (Murrell & Fleeger 1989).   

More evidence for oxygen availability influencing the benthic meiofauna on Lanark Reef 

comes from the varying abundance of harpacticoid copepods in the sediment with changes in 

season, environment, and sediment depth.  Sand sediments should have been better oxygenated 

than seagrass sediments during both seasons due to better exposure to water flow (Granata et al. 

2001) and greater resuspension reducing its organic content (Papadimitriou et al. 2005).  

Therefore if both seasonal and environmental influences are taken into account, oxygen 

availability should have been greatest in sand sediment in the winter, intermediate in winter 

seagrass and the summer sand sediments, and lowest in the summer seagrass sediment.  Notably, 

the abundance of harpacticoid copepods in the sediment follows these predicted oxygen patterns, 

with greatest abundance occurring in the sand during the winter and lowest abundance occurring 

in the seagrass during the summer.  These data therefore indicate harpacticoid distribution in the 

sediment may have been limited by oxygen availability and/or sulfide concentrations more than 

food availability.  Nematode abundance seemed less influenced by low oxygen, as suggested by 

their dominance in the seagrass and all second centimeter sediment samples. 

These hypothesized low-oxygen effects on benthic meiofauna abundance and taxonomic 

group composition are supported by the observations of Gambi et al. (2008).  They tested the 
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effects of hypoxia/anoxia on meiofauna community assemblages within a Posidonia oceanica 

seagrass bed by enriching plots with sucrose solution to enhance oxygen consumption.  

Decreases in meiofauna abundance as a response to lower oxygen and increased sulfide were 

suspected but masked by high spatial and temporal variability in the samples taken.  Benthic 

copepods and nematodes were the most abundant meiofaunal taxonomic groups in their study, 

and copepods were found to be less resistant to low oxygen than nematodes, which increased in 

dominance where copepod abundance decreased.  These observations are very similar to those of 

the present study. 

Oxygen conditions do not explain the winter peak in meiofauna abundance in the first 

centimeter of seagrass sediment, but a shift in food quality can.  Seasonal changes in the 

abundance and community assemblage of the most abundant meiofaunal taxonomic group, 

nematodes, have been linked to changes in food quality in seagrass environments (Danovaro & 

Gambi 2002, Fisher 2003).  These studies have found that the absence of the seagrass canopy in 

the winter permits microphytobenthic algae blooms to form on the sediment surface, and that 

these blooms represent a better quality food source for meiofauna epistrate grazers than the 

organic matter found within the canopy during summer.  Such blooms were observed on the 

seagrass patches on Lanark Reef during the winter, so this explanation seems appropriate to 

account for the peak in meiofauna abundance seen in the first centimeter of seagrass sediment in 

winter samples. 

 

Meiofauna Effects on Acartia tonsa Egg Survivorship 

The experiments exposing newly spawned Acartia tonsa eggs to benthic nematodes and 

harpacticoid copepods did not reveal significant effects of these groups on egg survivorship.  The 

eggs and animals were present in sufficient densities to have allowed the highest encounter rates 

that may have occurred in the field, and because the sediment in the treatments had been 

desiccated and rinsed, it was unlikely that a more abundant or better-quality food source was 

present.  It therefore appears the animals in the treatments were incapable of utilizing the 

copepod eggs as a food source and that the small decrease in egg hatch in the animal treatments 

probably resulted from egg burial through bioturbation. 

Meiofauna were at least five times more abundant than macrofauna on Lanark Reef, and 

nematodes and harpacticoid copepods were the most abundant taxonomic groups present.  More 
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detailed identification was not performed in this study, but others examining meiofauna more 

closely have quantified the abundances of several feeding classes of nematodes.  Benthic 

nematodes may be selective deposit feeders, non-selective deposit feeders, epistrate feeders, or 

predators/omnivores (Wieser 1953), and of these types the predators/omnivores are most rare 

(Ólafsson & Elmgren 1997, Danovaro & Gambi 2002).   

It is therefore likely that most meiofauna on the reef and subsequently those used in the 

experiments were deposit feeders or epistrate grazers that would not have fed on the relatively 

large copepod eggs.  It is possible that predatory meiofauna are capable of destroying eggs but 

were so scarce that they were not selected in the experiments.  The meiofauna present on Lanark 

Reef were therefore unlikely to negatively affect egg abundance in the sediment but may have 

enhanced it slightly through egg burial. 

The debris added to the treatments did significantly negatively affect egg hatch.  Acartia 

tonsa eggs tend to be sticky (personal observation) and of relatively low density (Marcus & 

Fuller 1986), so it is likely they quickly became associated with this material.  Depending on 

how labile the material was, microbial activity degrading it could have created micro-hypoxic 

pockets within the vials (Hebert et al. 2007) that inhibited egg hatch.  These data suggest the 

enhanced accumulation of organic seston often seen in seagrass beds is a potential factor 

contributing to egg accumulation through hatch inhibition.  These effects are discussed further in 

Chapter 4. 

 

Summary 

Regardless of whether adult Acartia tonsa on Lanark Reef are distributed evenly between 

open water and seagrass canopies, enhanced egg flux within seagrass canopies does not occur 

and cannot explain greater egg abundance in seagrass sediments.  Benthic fauna, on the other 

hand, are distributed unevenly between the two environments, with individuals being more 

abundant in the seagrass sediments.  The abundance of macrofauna appears to be controlled by 

the effects of predation, while the abundance of meiofauna is most likely influenced by food 

quality and oxygen/sulfide concentrations in the sediment.   

Macrofauna, and also possibly meiofauna, had the potential to enhance egg retention in 

the sediment through bioturbation and burial, so greater abundance of these animals in seagrass 

sediment is a viable factor that could have contributed to egg retention in this environment.  
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Macrofauna may consume benthic copepod eggs, but any mortality effects in the field were not 

great enough to offset enhanced egg retention in seagrass.  Meiofauna were five times more 

abundant in the sediment than macrofauna and so had the potential to greatly affect benthic egg 

survival if they could prey on them, but no significant effects of meiofauna presence on egg 

survivorship were detected in laboratory experiments. 
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Table 2.1.  Treatments applied in each of the five meiofauna effects on benthic egg survival 
experiments.  C = control, H = harpacticoid, N = nematode, D = debris 
 
Experiment C CD H HD N ND 

1       
2       
3       
4       
5       

Total 
Replicates 

20 12 8 12 8 12 
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Fig. 2.1.  Locations of the three sediment trap deployment stations on Lanark Reef.  Coordinates 
of these stations from west to east are:  N29˚52.755’, W84˚33.710’; N29˚52.988’, W84˚33.197’; 
N29˚53.081’, W84˚32.945’. 
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Fig. 2.2.  (a & b)  The average number of nauplii hatched from the contents of each tube trap 
during the winter and summer deployments, respectively.  (c & d)  The average weights of 
particles trapped within each tube trap during the winter and summer deployments, respectively.  
Error bars represent one standard deviation. 
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Fig. 2.3.  Sediment weights versus nauplii hatch for individual tube traps from (a) winter trap 
deployment (b) summer trap deployment.  Winter plot includes a linear regression line for the 
Grass Low data set. 
 

 60



 

SummerWinter

0 5 10 15 20

cm1

cm2

cm3-5

cm6-10

D
e

p
th

Animals 10cm-3

0 5 10 15 20

cm1

cm2

cm3-5

cm6-10

D
e

p
th

Animals 10cm-3

0 5 10 15 20

cm1

cm2

cm3-5

cm6-10

D
e

p
th

Animals 10cm-3

Nematodes

Ostracods

Kinorhynchs

Harpacticoids

Annelids

0 5 10 15 20

cm1

cm2

cm3-5

cm6-10

D
e

p
th

Animals 10cm-3

G
ra

s
s

S
a

n
d

Macrofauna Abundance

 
 
Fig. 2.4.  Average benthic macrofaunal abundances determined from preserved sediment 
samples from the five seasonal coring stations.  Data are boxed by environment type (sand or 
grass) and season (winter or summer). 
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Fig. 2.5.  Average benthic meiofaunal abundances determined from preserved sediment samples 
from the five seasonal coring stations.  Data are boxed by environment type (sand or grass) and 
season (winter or summer). 
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Fig. 2.6.  Average percentages of total added eggs successfully hatched from treatments.  “D” 
indicates the presence of organic debris in a treatment.  The number of replicates for each 
treatment is specified on its respective bar.  Error bars represent one standard deviation. 
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CHAPTER 3 

ENVIRONMENTAL EFFECTS:  PHYSICAL 

 

Introduction 

The ability of seagrass beds to affect currents along the seafloor has been well studied 

(e.g. Fonseca et al. 1982, Gambi et al. 1990, Verduin & Backhaus 2000).  Seagrass beds reduce 

flow and dissipate turbulence along the sediment surface, thereby greatly inhibiting resuspension 

and promoting particle accumulation.  These effects seagrass can have on particle retention and 

accumulation have led them to be dubbed “ecosystem engineers,” that is, they are biological 

features that actively and significantly alter their surrounding environment by creating, 

modifying, and maintaining unique habitats (Jones et al. 1997).  To determine whether the 

Halodule wrightii patches on Lanark Reef were capable of affecting sediment resuspension and 

subsequent particle accumulation in this way, the grain size composition of the sediment in the 

bare sand and adjacent seagrass patches was compared.  To further examine whether copepod 

eggs were among the particles affected by seagrass presence, regression analyses to determine 

relationships between recent hydrodynamic conditions and hatch in sand and seagrass 

environments on each sampling date were performed. 

 

Seagrass Effects on Particle Accumulation 

Many studies examining the ability of seagrass canopies to enhance particle accumulation 

through the prevention of resuspension have made use of sediment traps to measure the 

downward flux of recently resuspended particles (Duarte et al. 1999), and the results of the 

present study’s sediment-trap experiments, discussed in Chapter 2, are consistent with the results 

of those previous studies.  The 0.1 m average depth decrease from the bare sandy areas to the 

adjacent seagrass patches at the seasonal sampling stations mentioned in Chapter 1 is also 

suggestive of either a stabilizing effect of seagrass presence that prevents erosion, particle 

accretion within the seagrass patches, or both. 

However, because Lanark Reef is a shallow area subjected to high wave activity and the 

blades of Halodule wrightii are relatively narrow, the patches of seagrass sampled in this study 

probably have less ability to retain particles and prevent erosion than other species at different 

depths or locations.  Through sedimentary analysis, van Keulen & Borowitzka (2003) 
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demonstrated that the ability of Posidonia sinuosa seagrass to retain particles and prevent 

erosion is reduced in unsheltered areas subjected to high wave activity in comparison to more 

protected areas.  Furthermore, the wide, flat blades of the seagrass species examined in their 

study were likely to be more efficient at altering currents and preventing erosion than the 

narrow-bladed Halodule wrightii examined in the present study (Fonseca & Fisher 1986).   

Therefore, to evaluate the physical effect of seagrass presence as a potential influence on 

the observed variability in egg distribution between environments, it was necessary to 

conclusively demonstrate that the patches of Halodule wrightii on Lanark Reef were capable of 

physically altering currents to the point of preventing resuspension and allowing the 

accumulation of smaller particles in comparison to bare sediment.  An analysis and comparison 

of sediment grain size composition between seagrass patches and bare sediment was considered 

a simple method to confirm these effects.  To demonstrate that these effects were present in the 

specific seagrass patches sampled for egg abundance and to examine whether there were changes 

in sediment size composition over time, the sediment from the monthly egg abundance samples 

(Chapter 1) was used for this analysis after the egg hatch analysis was completed. 

 

Direct Effects of Seagrass on Egg Retention 

Beyond a general confirmation of the ability of seagrass patches on Lanark Reef to retain 

small particles, it was necessary to demonstrate a direct connection between current reduction 

and egg retention within the seagrass.  Although the sediment trap data, the station depth data, 

and the grain size analysis data discussed below are all suggestive of positive effects of seagrass 

patches on sediment stability and resuspension inhibition, Acartia tonsa eggs have a density and 

settling velocity similar to fine particles such as mud (Marcus & Taulbee 1992), which was only 

present on the reef in very small amounts (personal observation).  This observation suggests that 

light particles such as eggs were susceptible to resuspension and removal by currents on the reef 

regardless of the environment they settled into and that enhanced burial through greater 

bioturbation activities in seagrass (see Chapter 2) may have been a more important factor 

contributing to egg retention in seagrass sediments. 

Lanark Reef is exposed to both tidal currents and wave activity.  The intensity of each of 

these disturbance types prior to each monthly sampling date may have directly influenced the 

number of eggs sampled on the reef and the magnitude of the egg abundance difference between 
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sand and seagrass environments.  To determine whether tidal flow had an effect on these 

measurements, the greatest tidal amplitude within the 24-hour period prior to each monthly 

sampling date was used as a proxy for potential tidal current velocity over the reef and compared 

to egg abundance data collected on the corresponding date.   

Determining whether wave activity affected egg abundance measurements was more 

difficult.  The five sampling stations at which sediment cores were collected were located along 

the northern side of Lanark Reef, and wave activity and intensity on that side of the reef is 

dependent on wind speed, wind direction, and water depth (personal observation).  For example, 

a northern wind would push waves directly onto the sampling sites, but waves produced by a 

southern wind could either be dampened by the southern edge of the reef if the tide was low or 

wash over the reef and still affect the stations at high tide.   

Furthermore, due to the possible life expectancy of Acartia tonsa resting eggs, a wind 

event up to two weeks prior to sampling could have influenced the egg abundance data collected 

on any given sampling date.  Such an extended effect was especially possible during summer 

months, when low-oxygen conditions and sulfide buildup in the sediment could have contributed 

to extending the life of the eggs (Invidia et al. 2004). 

In an attempt to simplify the analysis of wave effects on egg abundance and distribution, 

the wind direction and water depth factors were not included.  These factors complicated the 

analysis because great variation (wind direction reversals, high vs. low tides) over short time 

periods (within a day) made the data difficult to quantify, and water depth was sometimes 

strongly associated with wind speed and direction in addition to the tidal cycle (personal 

observation), making it difficult to determine without direct measurement.  The exclusion of 

these factors may not have significantly affected the analysis, since high velocity winds were 

likely to generate some degree of increased turbulence in the area regardless of their direction 

and the depth of the water.   

Wind velocity was therefore assumed to be the factor of greatest influence on wave 

activity at the sampling stations, but it was still difficult to quantify.  As mentioned above, wind 

events up to two weeks before sampling had to be considered, but may not have been relevant if 

the residency time of eggs in the sediment, which may have varied by season, was shorter.  Also, 

it was not known whether multiple wind events within a time period could have had 

compounding effects on egg abundance measurements.   
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While taking a two week average of wind velocity accounts for all events within that time 

period, it could also conceal the presence of an intense but brief wind event amidst otherwise 

calm weather.  In an attempt to compensate for this effect and for the unknown residency times 

of the resting eggs in the sediment, multiple single-factor regression analyses were performed 

with incremental sets of wind velocity averages from one day up to two weeks prior to each 

sampling date.  The set of velocity averages that best predicted the overall hatch and hatch 

differences between environments on the reef for the three-year data set was used for further 

analysis of hatch by environment and the effects of grass length on seagrass hatch. 

 

Methods 

Grain Size Analysis 

From December 2007 to September 2008, the grain size composition of the sediment was 

determined for each sand and seagrass patch at the five egg abundance sampling stations.  The 

same sediment collected during each monthly sampling trip to measure benthic egg abundance 

was used for this analysis after hatch monitoring was completed.  Samples were combined so the 

sediment from both the first and second centimeter core sections of duplicate cores was 

measured together.  Samples were rinsed through a 500-μm sieve to remove large shells and 

organic material, then through nested 250-μm, 125-μm, and 63-μm sieves.  Although this method 

excluded particles >500 µm and <63 µm, these size fractions represented a relatively small 

proportion of the sediment.  Size fractions retained in each of the nested sieves were rinsed into 

pre-weighed Petri dishes, dried for 72 hours at 60°C, and weighed to determine the proportion of 

each grain size present.   

 

Tidal Current Effects on Egg Abundance 

The first centimeter of sediment should have been most vulnerable to resuspension, so 

egg abundance data from only the first centimeter was used to determine the effects of currents 

on benthic egg abundance.  As discussed above, the greatest tidal amplitude during the 24-hour 

period prior to sampling was used as an indicator of the strongest recent tidal current the stations 

had been exposed to.  Tidal data used in this analysis was retrieved from 

http://tbone.biol.sc.edu/tide, and tidal amplitude was calculated as one half the difference 

between consecutive highest high and lowest low tides.   
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A linear regression was performed with the tidal amplitude data paired to the average 

total hatch data from the five sampling stations taken the following day.  Average total hatch was 

the sum of the average first centimeter grass hatch from the five stations and the average first 

centimeter sand hatch from the five stations.  A second regression was performed with the tidal 

amplitude data paired to the average difference in hatch between sand and seagrass environments 

on the corresponding sampling day.  The average difference in hatch between environments for a 

given sampling day was calculated as the difference between the average first centimeter grass 

hatch from the five stations and the average first centimeter sand hatch from the five stations.   

The extent of tidal current effects on the egg abundance data was determined by 

examining the R2 values and the significance of the p-values in the regression outputs. 

 

Wave Turbulence Effects on Egg Abundance 

As in the tidal current analysis, only the first centimeter egg abundance data was used to 

determine the effects of wave turbulence on benthic egg abundance.  Wind velocity was selected 

as the proxy for wave turbulence on the reef.  Although a weather station (MC4103; 29.916N, -

84.511W) is located at the Florida State University Coastal and Marine Laboratory (FSUCML) 

near Lanark Reef, this station was non-functional for most of the three-year study period.  

According to Weather Underground (http://www.wunderground.com), other nearby weather 

stations capable of recording continuous wind data were located in Carrabelle (MCARF1; 

29.843N, -84.695W), in Lanark Village (MC8302; 29.911N, -84.566W), at Alligator Point 

(KFLALLIG1; 29.897N, -84.361W), and at Bald Point (KFLALLIG2; 29.921N; -84.335W).  

Available daily wind velocity averages from the FSUCML station and all other mentioned 

stations were downloaded from 

http://www.wunderground.com/weatherstation/WXDailyHistory.asp.   

All wind data sets were compared to determine the best way to piece together a 

continuous set for the entire study period that would best describe conditions on Lanark Reef.  

None of the weather stations provided data for the entire sampling period, but the data sets from 

Alligator Point and Bald Point were the most complete.  Where data from the FSUCML station 

were available, they usually corresponded with values from those two stations.  The Carrabelle 

and Lanark Village stations were both located inland, but while the Carrabelle weather station 

data corresponded well with the FSUCML, Alligator Point, and Bald Point data, values from 
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Lanark Village were more erratic and usually notably lower than those in the other sets.  By 

averaging the daily wind velocity values from all stations, excluding Lanark Village, an average 

wind velocity value was acquired for every Julian day during the study period and two weeks 

prior to the first sampling date. 

From this continuous data set of average daily wind velocities, subsets corresponding to 

the monthly sampling dates were composed by averaging wind velocities on days preceding each 

sampling date.  Starting with the average from one day prior to sampling and working backwards 

in inclusive one-day increments, twelve sets of wind velocity averages were calculated, ranging 

from the average of the previous day only to the average of the previous two weeks.  One series 

of linear regressions was run to test correlation between each set of averages and total hatch on 

the reef, and another series was run to test correlation between each set of averages and the 

differences between sand and seagrass hatch on the reef.  Of the velocity average data sets, the 

one yielding the highest R2 values and the lowest p-values from those regressions was used for 

further analysis of the egg abundance data. 

Previous linear regression analyses suggested that water temperature was a significant 

predictor of total hatch (R2 = 0.29, p < 0.01), so this factor was added as an independent variable 

in the best wind velocity regressions to determine how well the abundance data could be 

predicted by both wind and temperature.  The best average wind velocity set and water 

temperature were also used as the independent variables in regressions with first centimeter sand 

hatch and first centimeter grass hatch as dependent variables to examine whether effects varied 

by environment type. 

The seagrass leaf area is thought to be a significant factor contributing to the baffling of 

currents and the inhibition of sediment resuspension in seagrass beds (Gacia et al. 1999), and 

Halodule wrightii leaf area increases with blade length.  It was important to determine whether 

blade length had a significant effect on egg retention within seagrass beds with increasing wind 

speed to confirm a physical effect of seagrass blade presence on egg abundance.  However, 

because water temperature was a significant predictor of egg abundance and seagrass length was 

highly correlated with temperature (R2 = 0.60, p < 0.01; see Fig. 1.5), the effects of these two 

factors had to be separated to avoid cross-correlation of predictor variables in the regression 

analysis.   
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At water temperatures above 25°C, the relationships between temperature and total egg 

hatch (R2 = 0.04, p = 0.47) and between temperature and grass length (R2 = 0.003, p = 0.84) do 

not exist, but eliminating data for temperatures below 25°C leaves only 15 of 33 cases for the 

regression analysis.  To solve this problem, egg abundance and grass length data from each of 

the five sampling stations on each date were considered as cases rather than their averages to 

yield 75 cases for use in the grass length regression analysis. 

 

Statistics 

Single-factor ANOVAs were used to test for overall differences in grain size composition 

between sand and grass environments.  Two-factor ANOVAs were used to test for statistically 

significant differences in grain size proportions over time and between environments.  The 

significance of environmental differences in sediment composition were confirmed for each 

station individually using single-factor ANOVAs, and differences between stations for each 

environment and size fraction were tested with single-factor ANOVAs.  Specifically different 

stations were identified with a Tukey’s HSD test. 

The statistical values from the tidal amplitude and wind velocity regressions are 

presented below as the results of those analyses.  Factors used in regressions that yielded higher 

R2 values and lower p-values were interpreted as better predictors of benthic egg abundance. 

 

Results 

Grain Size Analysis 

Table 3.1 and Fig. 3.1 summarize the sediment size fraction proportion data by 

environment.  The three size fractions made up significantly different proportions of the bulk 

sediment between sand and seagrass environments (single-factor ANOVAs, p < 0.001 for each 

size fraction).  The small and medium size fractions made up significantly greater proportions of 

the seagrass sediment compared to sand, and the large size fraction made up a significantly 

greater proportion of the sand sediment compared to seagrass.  These data are separated by date 

in Fig. 3.2.  A two-factor ANOVA including environment and date as variables revealed that 

although environment was a significant factor determining proportion for all size fractions (p < 

0.001), only the small size fraction varied significantly by date (p < 0.05; Fig. 3.3), and there was 

no significant interaction between environment and time for any of the size fractions (p > 0.05). 
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The size fraction data are divided by environment and station in Fig. 3.4a,b.  Every size 

fraction at every station significantly differed between sand and grass environments (single-

factor ANOVAs, p < 0.01) with the exception of the small size fraction at station 1 (p = 0.08).  It 

is apparent in Fig. 3.4 that stations one and four have greater proportions of the medium size 

fraction and smaller proportions of the large size fraction, particularly in the sand environment.  

A single-factor ANOVA revealed that the stations were significantly different from one another 

(p < 0.01 for all size fractions in each environment), and a Tukey’s HSD test confirmed that 

there were higher proportions of smaller size fractions in the sand environment at sites one and 

four (p < 0.01 for large and medium fractions). 

 

Tidal Current Effects on Egg Abundance 

Estimates of tidal amplitude ranged from 0.37 to 0.62 m with an average of 0.47 ± 0.06 

m.  The regression with total average hatch as the dependent variable and tidal amplitude as the 

independent variable suggested there were no significant effects of tidal currents on benthic egg 

abundance (R2 = 0.01, p = 0.57; Fig. 3.5a).  Separating the total hatch data by environment did 

not reveal any environmentally dependent effects of tidal currents on egg abundance in seagrass 

(R2 = 0.03, p = 0.38) or sand (R2 < 0.001, p = 0.93).  Accordingly, there were no significant 

effects of tidal amplitude on the difference between seagrass and sand benthic egg abundance (R2 

= 0.06, p = 0.17; Fig. 3.5b). 

 

Wave Turbulence Effects on Egg Abundance 

Average wind velocity data sets (12 total) were used as independent variables in 

regressions including total egg hatch (sum of average first centimeter grass hatch and average 

first centimeter sand hatch) and environmental difference in hatch (difference between average 

first centimeter grass hatch and average first centimeter sand hatch) as dependent variables.  The 

data set of averaged winds occurring from one to six days prior to sampling was the best 

predictor of both total hatch (R2 = 0.15, p = 0.03; Fig. 3.6a) and environmental difference in 

hatch (R2 = 0.30, p = 0.001; Fig. 3.6b), yielding the highest R2 and lowest p-values of all the 

wind data sets tested.  This six-day wind speed average data set was the only one used for further 

analysis and is hereon referred to as the average “wind speed” data.  Wind speed averages within 

this data set ranged from 3.42 to 13.42 mph with an average speed of 7.37 ± 2.08 mph. 
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The wind speed versus total hatch regression had a positive coefficient, indicating a 

positive effect of wind on total hatch, and a plot of the two variables against each other illustrates 

this relationship (Fig. 3.7a).  Along the same lines, increasing wind speed tended to increase the 

amount of difference in hatch between sand and seagrass environments (Fig. 3.7b).  Adding 

temperature as a dependent variable to each of those regressions improved them, with wind and 

temperature explaining 36% of total hatch variability (R2 = 0.36, p < 0.01) and 39% of 

environmental hatch difference variability (R2 = 0.39, p < 0.01). 

The regressions considering sand abundance data and grass abundance data separately as 

dependent variables and water temperature and average wind speed as independent variables 

revealed that although both of them are good predictors of total egg abundance, their effects on 

egg abundance are not consistent between environments.  In seagrass, both wind and temperature 

data were significant predictors of average egg abundance (R2 = 0.41, p < 0.001; wind p < 0.05; 

temperature p < 0.01; Fig. 3.8a,b).  In sand, however, only temperature was a significant 

predictor of egg abundance (R2 = 0.23, p < 0.05; wind p = 0.63; temperature p < 0.01; Fig. 

3.8c,d). 

The regression including grass length and wind speed as predictor variables for grass 

hatch was significant (R2 = 0.27, p < 0.001), and revealed significant effects of both wind speed 

(p < 0.001; Fig. 3.9a) and grass length (p < 0.01; Fig. 3.9b) on the abundance of eggs in the 

seagrass patches.  Increasing wind speed and grass length each had positive effects on egg 

abundance in seagrass. 

 

Discussion 

Seagrass Effects on Sediment Grain Size Composition 

The bulk of seagrass sediment was composed of sand particles <250 µm in size, with 

larger particles making up only 30% of the total sediment weight.  In the adjacent bare sand 

environments, the proportion of large particles to those smaller than 250 µm was almost exactly 

50:50 (Fig. 3.1).  The smallest size fraction (125-63 µm) composed only a small amount of the 

total sediment in both environment types, but its relative proportion in seagrass was over twice 

that in bare sand (Fig. 3.3).  These differences in sediment grain size composition between 

environments, with smaller particles composing larger fractions of sediment within the seagrass 

patches, suggests the presence of seagrass allows for the accretion of sediment through flow 
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reduction and resuspension inhibition despite frequent exposure to wave activity (van Keulen & 

Borowitzka 2003, Bos et al. 2007).   

Over time, the proportion of the smallest size fraction in the sediment varied significantly 

(Fig. 3.3).  It was lowest during the winter in both the seagrass (January) and bare sand (March), 

and gradually increased to reach its highest values during the summer months in both 

environments.  This overall trend could be due to changes in storm activity between seasons (van 

Keulen & Borowitzka 2003), but in the seagrass environment, it is also possible that seasonal 

changes in seagrass canopy height affected small particle retention (Gacia & Duarte 2001, Bos et 

al. 2007).   

The seagrass patches maintained higher proportions of the medium and small size 

fractions than the sandy areas, even when the seagrass canopy was absent during winter months.  

It appeared that although the seagrass blades were absent or very short in winter, the rhizome 

mat remained intact and stabilized the sediment.  During winter sampling, personal observations 

of benthic algae growth over the seagrass sediments as well as the occasional formation of 

ripples in the bare sand without concurrent formation in the seagrass patches further suggest 

seagrass sediments remained more stable than unvegetated sediments despite the absence of the 

canopy.  Greater sediment stability in the seagrass patches during winter combined with the 

burial of particles through bioturbation could account for instances where enhanced egg retention 

appeared to occur in the seagrass patches despite short grass blade length (see Chapter 1). 

Differences in grain size composition between sampling stations suggest that although no 

significant differences were found between station depth, grass length, grass density, or hatch 

(see Chapter 1), the stations did experience different hydrodynamic conditions.  Specifically, 

sediment at stations 1 and 4 contained larger proportions of the medium size fraction and smaller 

proportions of the large size fraction than the other stations, particularly in the bare sand (Fig. 

3.4b), which suggests they may have been more sheltered.  An active 2008 Atlantic storm season 

permitted a more detailed analysis of how intense wave activity affected the sediment 

composition at each station.  

Between the last two sampling dates (August and September 2008) two hurricanes 

(Gustav & Ike) made landfall along the northwestern Gulf of Mexico coastline and caused high 

winds in the sampling area, and one tropical storm (Fay) passed directly over Lanark Reef and 

made landfall nearby.  The scouring effects of these storm events on the sediment can be seen in 
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Fig. 3.2, where the large size fraction proportion in both environments substantially increased 

from August to September.  Examining the large size fraction data from these two dates by site 

in Fig. 3.10 confirms that the sand environments at stations 2, 3, and 5 were less sheltered and 

more susceptible to scouring than stations 1 and 4, as suggested by positive increases in the 

percentage of large particles composing the total sediment weight at those three stations.  

Scouring also occurred in the seagrass patches at those stations, with the exception of station 2, 

where a negative value in Fig. 3.10 indicates an accumulation of smaller particles.  This 

accumulation in the seagrass at station 2, as well as at station 1, is likely due to burial by 

shoreward sediment movement from large sandy areas south of those patches and did not occur 

at stations 3, 4, or 5 because seagrass patches immediately to their south deterred shoreward 

sediment migration.  

It should be noted that while the storms did cause scouring at some of the seagrass 

patches, the average proportion of the small size fraction in seagrass sediment remained 

significantly greater than that in sand after those events (see Fig. 3.3, single-factor ANOVA, p < 

0.05).  It appears, therefore, that even in extreme events, seagrass patches on the reef can retain 

smaller particles that would be resuspended and removed in unvegetated areas.  This ability is 

likely attributable to a combination of the seagrass blades preventing resuspension of surface 

sediments by dampening currents (Granata et al. 2001) and the rhizome mat preventing the 

migration and erosion of deeper sediment.  

Between the results of this grain size analysis and the results of the sediment trap 

experiment (see Chapter 2), it appears the patches of Halodule wrightii on Lanark Reef exhibit 

the same effects on local hydrodynamic conditions and accordingly the same effects on sediment 

resuspension inhibition and accumulation that are characteristic of seagrass habitats in other 

regions and less energetic environments (Green & Short 2003).  It is therefore possible that the 

enhanced accumulation of resting copepod eggs in seagrass-colonized sediments described in 

this study occurs globally in patchy seagrass environments. 

 

Tidal Current Influences on Benthic Egg Abundance 

Although the unidirectional currents produced by tides have been observed to increase 

particle resuspension within seagrass beds by intruding into the part of the canopy occupied by 

the stems (Koch 1999), no effect of estimated tidal current was seen on the benthic abundance of 
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eggs in either seagrass or sand.  It is possible that shear stress generated by the tidal flow was not 

great enough to influence particle resuspension at the benthic boundary layer, but it is more 

likely that the effects of turbulence generated by persistent wave activity on the reef obscured the 

effects tidal currents may have had.  Also, tidal currents were probably much stronger over the 

shallow reef than over the deeper seagrass bed surrounding it, and, as discussed below, egg 

abundance on the reef appeared to be related to resuspension of eggs from deeper water. 

 

Wave Turbulence Influences on Benthic Egg Abundance 

The average wind velocity for the six days preceding sampling was the best predictor of 

overall benthic egg abundance on the reef and the best predictor of the amount of difference 

observed between seagrass and sand environments.  This result is interesting because the 

development time of Acartia tonsa subitaneous eggs under normoxic conditions is generally on 

the order of one day with some variability depending on temperature (Landry 1983).  The fact 

that benthic egg distribution patterns could be tied to wind events that occurred almost a week 

prior to sampling suggests hatch was suppressed within the sediments.  Because A. tonsa 

subitaneous eggs can usually develop and hatch immediately under a wide range of temperature 

and salinity conditions (Holste & Peck 2006), the most likely cause of this suppression was low 

oxygen (Marcus et al. 1997, Invidia et al. 2004, Nielsen et al. 2006).  Therefore, these data 

suggest hypoxia or anoxia in the sediment influenced egg retention in Lanark Reef sediments. 

Although the number of eggs present on the reef overall would have determined how 

large the potential difference could be, the R2 value of the abundance difference versus wind 

speed regression was twice that of the total abundance regression.  This result indicates that wind 

velocity and associated wave turbulence is a better predictor of hatch difference than total hatch, 

and that therefore there were environmentally specific effects of wave activity on benthic egg 

abundance. 

Greater wave turbulence as predicted by higher wind velocity was significantly positively 

correlated with increasing hatch difference between seagrass and sand environments (Fig. 3.7b).  

However, this effect was not due to the resuspension and removal of eggs from bare sand and 

their retention in seagrass patches as might be expected.  The results of the wind speed versus 

total egg abundance regression analysis indicate overall egg abundance on Lanark Reef 

significantly increased rather than decreased with increasing wave activity (Fig. 3.7a), and the 
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wind speed versus egg abundance by environment regressions indicate this increase in 

abundance occurred in the seagrass environment but not in the bare sand (Fig. 3.8a,c).   

The overall increase in benthic egg abundance on Lanark Reef associated with wind 

events was probably due to the resuspension of resting eggs from the sediments of the deeper 

surrounding seagrass bed.  In particular, the Thalassia testudinum bed extending north of the reef 

towards shore was observed to collect large amounts of fine particles that were resuspended and 

increased water turbidity during periods of high wave activity.  Eggs associated with this 

material would have been distributed throughout the water column by turbulence and provided a 

pulse of eggs to the sediment on the reef as they resettled.   

The lack of association between egg abundance in the bare sand environment and wind 

speed suggests that resettling eggs associated with deep water resuspension events were either 

promptly resuspended by turbulence or hatched soon after settling.   The positive relationship 

between egg abundance in sand and water temperature implies that egg abundance in this 

environment was either representative of recent egg production in the water column or that 

sediment hypoxia associated with high temperatures encouraged egg retention through hatch 

inhibition.  Higher water column egg production and hypoxia-induced hatch inhibition are also 

relevant possible explanations for the corresponding relationship between water temperature and 

egg abundance in the seagrass environment. 

Resuspended eggs from wind events that settled into seagrass patches apparently had a 

tendency to be retained, so a relationship between wind speed and egg abundance in this 

environment was discernible.  In seagrass beds, the presence of the canopy affects small particle 

retention, and as the length of the seagrass blades increases, so does the trapping effect (Gacia et 

al. 1999).  The length of the blades in the seagrass patches on Lanark Reef did vary between 

sampling stations and between sampling dates, and the regression done to examine the effects of 

seagrass length on egg abundance revealed that more eggs tended to be present in patches with 

longer grass blades after wind events.  The seagrass canopy did, therefore, have a direct physical 

effect on copepod egg trapping and retention. 

 

Summary 

The analysis of the grain size composition of bare sand versus seagrass sediments and the 

regressions of wind speed versus benthic egg abundance demonstrate that the patches of 
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Halodule wrightii on Lanark Reef enhance small particle accumulation in comparison to bare 

sand and that the small particles retained include the resting eggs of Acartia tonsa.  Adding water 

temperature as a predictor variable in the wind speed versus hatch regressions improved the R2 

values, but they were generally low overall, with the highest value being only 0.41.  These low 

R2 values suggest factors other than those considered in this chapter interact to influence benthic 

egg abundance.  The six-day wind speed average being the best predictor of egg abundance 

suggests hatch inhibition by low-oxygen conditions in the sediment may be another significant 

influencing factor, and is examined in the next chapter. 
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Table 3.1  Statistics for each size fraction in each environment, including minimum, maximum, 
mean, and standard deviations of percent total composition data, the number of total samples, n, 
and the p-values indicating difference between environments for each fraction. 
 

Size Fraction Env n Min Max Mean StDev p-value

Grass 50 11.6% 81.8% 30.1% 11.8% Large 
(500-250 µm) 

Sand 50 19.9% 93.8% 51.5% 17.4% 

<0.001 

Grass 50 16.7% 83.5% 62.6% 11.0% Medium 
(250-125 µm) 

Sand 50 5.5% 75.7% 45.8% 16.4% 

<0.001 

Grass 50 1.4% 15.9% 7.4% 3.3% Small 
(125-63 µm) 

Sand 50 0.4% 5.3% 2.7% 1.3% 

<0.001 
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Fig. 3.1.  Average grain size proportions making up total sediment weight from each 
environment.  Error bars represent one standard deviation. 
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Fig. 3.2.  Average grain size proportions making up total sediment weight from each 
environment over time.  Error bars represent one standard deviation. 
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Fig. 3.3.  Change in small (125-63 µm) size fraction in each environment over time.  Error bars 
represent one standard deviation. 
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Fig. 3.4.  Average grain size proportions making up total sediment weight from each station by 
environment.  Error bars represent one standard deviation. 
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Fig. 3.5.  Linear regression plots of (a) tidal amplitude vs. total average cm 1 egg abundance (b) 
tidal amplitude vs. average difference in egg abundance between seagrass and sand. 
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Fig. 3.6.  R squared and p-value output values from linear regressions of different wind speed 
averages versus (a) total average cm 1 hatch (b) hatch difference between seagrass and sand 
environments. 
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Fig. 3.7.  Linear regression plots of (a) wind speed average vs. total average cm 1 egg abundance 
(b) wind speed average vs. average difference in egg abundance between seagrass and sand. 
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Fig. 3.8.  Linear regression plots of (a) wind speed vs. seagrass egg abundance (b) water 
temperature vs. seagrass egg abundance (c) wind speed vs. sand egg abundance (d) water 
temperature vs. sand egg abundance. 
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Fig. 3.9.  Linear regression plots of (a) wind speed vs. seagrass egg abundance (b) seagrass 
height vs. seagrass egg abundance. 
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Fig. 3.10.  Storm-related changes in large size fraction proportions by environment and station 
number.  Positive values indicate increases in the relative proportions of large sediment grains 
and negative values indicate decreases.  Darkly shaded bars highlight values for stations 1 and 4, 
which were believed to be more sheltered. 
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CHAPTER 4 

ENVIRONMENTAL EFFECTS:  CHEMICAL 

 

Introduction 

The subitaneous eggs of Acartia tonsa in the sediment are subjected to the ambient 

benthic chemical conditions.  Oxygen conditions, in particular, are an important determinant of 

whether the eggs will hatch immediately or be inhibited from hatching for a period of time (Uye 

& Fleminger 1976).  There is also evidence that sulfide presence in the sediment concurrent with 

anoxia can extend the time the eggs remain viable when their hatch is inhibited (Invidia et al. 

2004, Nielsen et al. 2007).  The ability of the seagrass patches on Lanark Reef to trap and retain 

fine material in comparison to bare sand, as discussed in the preceding chapter, may lead to a 

buildup of organic seston in the sediment within that environment that would promote lower 

oxygen conditions and higher sulfide concentrations than in the bare sand (Agawin & Duarte 

2002, Hebert et al. 2007).  Organic material produced autochthonously within the seagrass 

patches, such as plant blades, stems, roots, rhizomes, and epiphytic material, could also 

contribute to low-oxygen conditions within the sediment of this environment as they die and 

decompose (Papadimitriou et al. 2005).  If the sediment chemistry varies between the 

environments in this way, eggs retained within the seagrass patches could be inhibited from 

hatching more readily than those that settle on bare sand, thereby promoting retention and higher 

egg abundances within the seagrass environment. 

Evidence for such effects of sediment chemistry on egg hatch was seen in the egg 

exposure to meiofauna experiment (see Chapter 2) and in the wind and egg abundance 

regressions (see Chapter 3).  The addition of debris to the treatments in the meiofauna 

experiment suggested that even a small amount of organic material in the sediment could have 

detrimental effects on short-term egg hatch, and wind conditions up to six days prior to sampling 

significantly affected benthic egg abundance patterns, suggesting eggs commonly survived 

within the sediment well beyond what their development and hatching time would have been 

under normoxic conditions.  It was therefore important to determine whether oxygen and sulfide 

conditions within the sediment varied between sand and seagrass environments and whether such 

differences could have affected the distribution of benthic resting eggs. 
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Evidence from Abundance Analysis Hatch Times 

When the sediment at the five stations was sampled for the determination of benthic egg 

abundance in sand and seagrass each month, the sediment samples were incubated and hatch was 

monitored on a daily basis until it neared zero.  It was noticed that, particularly during the 

summer months, nauplii hatch from the seagrass samples seemed to lag behind hatch from the 

sand samples, with the sand samples yielding a higher proportion of their eventual total hatch 

within the first 24 hours of incubation.  It was observed that this trend could be expected on dates 

when a strong sulfide odor was present in the seagrass core samples and therefore seemed 

suggestive of a connection between the chemical conditions within the sediment and the 

temporal hatch lag observed.  Suspicion of resting stage hatch lag caused by low-oxygen 

conditions in whole sediment sample incubations has previously been reported (Vandekerkhove 

et al. 2004).  A more detailed analysis of the hatch patterns from the monthly egg abundance 

samples was done in an attempt to verify such a relationship. 

 

Measurement of Field Conditions 

Oxygen conditions within the sediment can be influenced by a wide variety of factors and 

can therefore vary over small and large spatial and temporal scales.  On very small spatial scales 

(centimeters), burrowing and irrigation activities of benthic fauna and small pockets of organic 

material buried within the sediment can cause a high degree of heterogeneity in sediment 

chemistry (Hebert et al. 2007).  On larger spatial scales (meters to kilometers), sediment 

permeability, organic matter content, exposure to light, and exposure to water flow could vary 

and have effects (Kristensen 2000).  Temporally, sediment chemistry can follow a diel cycle 

determined by patterns of benthic photosynthesis and respiration (Hebert et al. 2007), change 

based on overlying water flow conditions, and vary seasonally with changes in sediment organic 

matter content and water temperature (Kristensen 2000, Pomeroy & Wiebe 2001).  The goal of 

this part of the study was to define differences in sediment chemistry between seagrass and bare 

sand environments and account for possible seasonal and diel temporal variability. 

Based on the results of previous studies, decreased hatching and longer survival times of 

benthic eggs would be expected in anoxic sediment where sulfide has accumulated (Invidia et al. 

2004, Nielsen et al. 2007).  Because sulfide accumulates in sediments devoid of oxygen, sulfide 

measurements can be used to approximate maximum oxygen penetration depth.  A simple way to 
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detect the presence of sulfide is to insert silver wire vertically into the sediment and note the 

depth at which black silver sulfide forms on the wire surface after a certain period of exposure.  

This method integrates temporal variability in sulfide presence during the length of the exposure 

period, and allows for many replicate samples to be obtained simultaneously to assess spatial 

variability.  This method was chosen to examine seasonal and diel differences in sulfide presence 

and associated anoxia between seagrass and bare sand environments. 

 

Direct Effects on Egg Accumulation 

If relatively low-oxygen and high-sulfide conditions in seagrass sediments contributed to 

the higher egg abundances observed in the seagrass patches compared to bare sand, it was 

important to demonstrate that such chemical conditions could directly influence egg retention in 

the field in the absence of biological and physical factors.  To accomplish this, sediment in the 

field was replaced with sediment treated in the laboratory to encourage either high or low rates of 

microbial respiration to represent the conditions expected in seagrass or sand sediments, 

respectively.  Replacing the sediment in the field with treated sediment also allowed for the 

control of physical and biological factors such as the presence of the seagrass canopy, benthic 

fauna, and previously settled eggs.  Greater egg abundances within the replacement sediment 

treated to encourage oxygen depletion could therefore be considered evidence of enhanced egg 

retention due to chemical factors. 

 

Methods 

Hatch Pattern Analysis 

As described in Chapter 1, hatch from the monthly sediment samples taken at the five 

marked stations on Lanark Reef was monitored daily until it significantly diminished.  This 

monitoring period lasted up to five days but was often shorter for winter samples from both 

environments and for sand samples overall.  To quantify these observed differences, the 

percentages of the total eventual hatch that occurred on each monitoring day for each 

environment were determined.  These daily hatch percentages were averaged between all 

sampling dates to examine overall differences between environments, and separate averages 

were calculated for winter (November-April) and summer (May-October) sampling dates to 

assess seasonal variability. 
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Silver Wire Sulfide Measurements 

Sulfide reacts with silver to form silver sulfide, which is black in color.  Therefore silver 

wires placed vertically into the sediment can be used as indicators of sulfide presence and likely 

anoxia.  To estimate the depth at which sulfide buildup occurred in the sediment at the five 

monthly sampling stations, three silver wires were inserted to a depth of 15 cm in the sediment of 

each sand and seagrass environment at each of the five stations.  Replicate wires were placed 30 

cm apart approximately one meter from the seagrass patch border in each environment.  So the 

wires could be easily relocated and identified, each was cut to extend four centimeters above the 

sediment surface and marked with a short length of labeled surveyor’s tape. 

Wires were placed at the stations for 24 hours once during March 2007 and once during 

September 2007 to determine whether there were differences between winter and summer, 

respectively.  In August 2008, wires were placed at the stations overnight (~18 hours) and during 

the following day (~6 hours) to determine whether there was any diel variability in sulfide 

accumulation depth.  Water temperature and seagrass height were measured each occasion the 

wires were deployed. 

 

Sediment Replacement Experiment 

For this experiment, sediment in the field had to be replaced with treated sediment from 

the laboratory to control not only for the chemical conditions being tested, but for the effects of 

benthic fauna and previously settled eggs.  The sediment treated in the laboratory was removed 

from Lanark Reef and cleaned by rinsing it through 500- and 150-μm nested sieves with 

deionized (DI) water to remove large and small animals and organic particles.  The sediment was 

then dried at 60°C for 72 hours to ensure any remaining animals or eggs were destroyed.  The 

dried sediment was then divided for the preparation of two treatments designed to yield either 

high or low pore water oxygen conditions. 

To prepare the treatment designed to allow normoxia to persist in the sediment, the 

cleaned and dried sediment was again thoroughly rinsed with DI water to remove any remaining 

loose organic particles and was then dried again.  The treatment designed to promote hypoxic or 

anoxic conditions in the sediment was prepared by adding shredded seagrass material and 

seawater to the cleaned and dried sediment and incubating it at 26°C for a week prior to 
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deployment.  During this incubation period the sediment became black in color and developed a 

strong sulfidic odor, indicating all oxygen in the sediment had been consumed. 

Three plots were selected along Lanark Reef for the field experiments (Fig. 4.1).  Each 

plot consisted of a two-by-two-meter section of a Halodule wrightii seagrass patch and an 

adjacent two-by-two-meter section of bare sediment marked by one-inch diameter PVC piping.  

During the experiment, one location for each of the two treatments was selected for sediment 

replacement in each environment type in each plot.  Each plot therefore contained one high- and 

one low-oxygen treatment in the seagrass and one high- and one low-oxygen treatment in the 

bare sand for a total of four sediment replacement locations per plot.  Although an attempt was 

made to choose replacement locations randomly within the plots, if an obvious benthic 

disturbance, such as a fecal mound or stingray pit, intruded into a selected location, a new one 

was designated.  Selected locations were marked with a single stake of one inch PVC pipe 

extending 20 cm above the sediment surface. 

Sediment replacement was done 30 cm to the southwest of the marked locations to 

minimize any effects the PVC stakes may have had on local currents.  To remove sediment, a 

transparent 9.5-cm inner diameter core was inserted into the sediment to at least five centimeters 

depth.  A hose connected to a bilge pump driven water aspirator was used to remove the top two 

centimeters of sediment contained within the transparent core.  This method of sediment removal 

left the blades, stems, and rhizomes within the seagrass locations intact and minimized the 

presence of disturbance-related resuspended particles in the immediate area.  Treatment sediment 

prepared in the laboratory was placed into 250 cm3 plastic bags for underwater transport to the 

replacement locations and carefully poured from small openings in the bags into the core until it 

reached the surface level of the surrounding sediment.  A two millimeter diameter plastic coated 

wire was inserted vertically into the center of the replaced sediment within the core, and the core 

tube was removed. 

After roughly five hours, the plots were revisited, and one 4.8-cm diameter core was 

taken at each sediment replacement location using the plastic coated wire to center the core 

sample within the treatment area.  Since seagrass patches often contain significantly higher 

abundances of eggs than bare sediment, there was some concern that contamination from 

sediment immediately adjacent to the treatments could falsely indicate a significant 

environmental effect on egg accumulation.  For the assessment of whether contamination needed 

 93



to be taken into account in the event of environmental differences in the treatment data, a second 

core was taken adjacent to each sediment replacement location to obtain a record of background 

benthic egg abundance.  Cores were stored in an insulated chest for transport.  Upon returning to 

the laboratory, the top 0.5 cm section of each core was extruded, placed into a Petri dish, and 

covered with 1-μm filtered, 30 ppt seawater.  Samples were incubated at 23.5 0.5°C, 13 hours 

light:11 hours dark and hatch was monitored daily. 



This experiment was done once on October 17, 2008 and once on November 6, 2008.  

During both experiments, the water temperature was measured with a thermometer and the grass 

height at each of the three plots was measured with a meter stick.  The salinity was measured 

with a Reichert Brix handheld refractometer. 

 

Statistics 

Single-factor and two-factor ANOVAs were performed on the hatch data from the 

monthly sediment samplings to determine whether there was a significant overall difference in 

the daily hatch proportions between seagrass and bare sand environments and whether those 

differences varied by season.  Similarly, single-factor and two-factor ANOVAs were used to 

determine environmental and temporal differences in sediment sulfide accumulation depths 

based on the data gathered in the silver wire experiments. 

For the sediment replacement experiment background core hatch data, single-factor 

ANOVAs were performed to test for possible environmental differences in egg abundance.  For 

the treatment core hatch data, multiple-factor ANOVAs including the factors environment, 

experiment date, and sediment treatment were performed to determine which of those factors 

significantly influenced egg accumulation as indicated by the total hatch from those samples. 

 

Results 

Hatch Pattern Analysis 

Overall, approximately 19% more of the total eventual hatch occurred on the first day of 

incubation in the bare sand samples than in the seagrass samples, and that fraction of the seagrass 

hatch tended to be distributed over the second and third incubation days (Fig. 4.2).  Because of 

this lag in hatch from seagrass samples, the proportions of total hatch that occurred on incubation 

days one, two, and three were significantly different between the seagrass and sand samples, 
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with sand samples yielding a greater proportion of their total hatch on the first day and grass 

samples yielding greater proportions on the second and third days (single-factor ANOVAs, p < 

0.05 for each day).   

When divided by season, this trend of immediate hatch in sand samples and hatch lag in 

seagrass samples was only weakly present in winter (Fig. 4.3a), and only the third day of hatch 

was significantly different between the two environments for those months (single-factor 

ANOVA, p < 0.01).  For the summer data, however, the lag in seagrass sample hatch seen in the 

overall monthly averages was more pronounced (Fig. 4.3b), and the difference between seagrass 

and sand hatch proportions was significant for the first three incubation days as in the overall 

monthly data (single-factor ANOVAs, p < 0.001 for each day).  The seasonal change in daily 

hatch proportions was significant for the seagrass environment samples but not for the bare sand 

samples (two-factor seagrass ANOVA, p < 0.001; two-factor bare sand ANOVA, p = 0.75). 

 

Silver Wire Sulfide Measurements 

The sulfide accumulation depths in the sediment at the sampling sites were determined by 

averaging the depths at which silver wires inserted vertically into the sediment turned black due 

to silver sulfide formation.  The wires were placed in the field for 24 hours once during March 

2007 and once during September 2007 to determine seasonal differences in accumulation depths 

between winter and summer.  In March the water temperature was 20°C, and the average grass 

height was 5.9 ± 2.1 cm.  In September the water temperature was 28°C, and the average grass 

height was 23.4 ± 7.2 cm. 

The data from these two deployments are summarized in Fig. 4.4.  There were no 

significant differences in the 24-hour sulfide accumulation depths between environments in 

either season (two-factor ANOVA, p > 0.05), but depths in both environments were 

approximately 1.5 cm below the sediment surface during the winter and at the surface during the 

summer, which was a significant overall change between seasons (two-factor ANOVA, p < 

0.001). 

When the depths were measured during daylight and dark during August 2008, the water 

temperature was 29°C and the average grass height was 28.8 ± 3.8 cm.  Sulfide extended to the 

surface in both environments, similar to the 24-hour summer 2007 measurements, with the 
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exception of a few deeper measurements obtained during the day in the sand environment (Fig. 

4.5).  This difference was not significant (single-factor ANOVA, p = 0.079).   

 

Sediment Replacement Experiment 

The sediment replacement field experiment was performed on October 17, 2008 and on 

November 6, 2008.  In October, the water temperature was 23°C, and the salinity was 33 ppt.  

Between the three plots the average grass length was 14.6 ± 3.1 cm, and the average depth was 

0.9 ± 0.1 m at high tide.  In November, the water temperature was 23°C, and the salinity was 34 

ppt.  Between the three plots, the average grass length was 10.7 ± 3.1 cm, and the average depth 

was 0.4 ± 0.1 m at low tide.   Both days were calm. 

The cores taken adjacent to the treatment locations to assess background egg abundance 

during the experiment in October, here referred to as the first experiment, revealed there were 

relatively few eggs in the surrounding surface sediments compared to some values obtained 

during the monthly samplings (see Chapter 1), and even fewer nauplii emerged from the 

background samples taken during the second experiment in November (Fig. 4.6).  Although 

fewer eggs tended to hatch from the sand samples relative to the seagrass samples in the second 

experiment, there were no significant differences in egg abundance between the environments in 

either experiment (single-factor ANOVAs, p = 0.80, p = 0.18, respectively). 

The total numbers of nauplii that hatched from the treatment core samples for both 

experiments are summarized in Fig. 4.7.  The treatments enriched with seagrass material to 

encourage low-oxygen conditions are referred to as “enriched” treatments, and the treatments 

rinsed to remove as much organic material as possible to encourage normoxic conditions are 

referred to as “clean” treatments.  Although treatment hatch was generally lower from the second 

experiment samples, overall hatch trends were similar between the two experiments and the data 

were analyzed together.  Therefore, each treatment had six replicates with each experiment 

contributing three. 

In Fig. 4.7, it is apparent that hatch tended to be greater from the enriched treatments than 

from the clean treatments, but there were no obvious differences between seagrass and sand 

environments.  A two-factor ANOVA confirms treatment had a significant affect on hatch (p < 

0.05), but there was no significant effect of environment type (p = 0.69) and no interaction 

between treatment and environment type (p = 0.69).  When experiment date is included as a 
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factor, the test indicates hatch was significantly different between the two experiments (p < 

0.05), but this difference did not significantly influence the effects of the other factors (p > 0.05 

for all interactions). 

 

Discussion 

Observational Evidence of Sediment Chemistry Effects on Egg Accumulation 

Assuming that the silver sulfide formation on the wires deployed at the five monthly 

sampling stations was an accurate indicator of sulfide presence in the sediment and that oxygen 

profiles closely inversely followed sulfide profiles, these data allow for several conjectures to be 

made about oxygen conditions in the seagrass and bare sediments at the sampling stations.   

During the winter, the surface sediment in both environments may have been oxygenated 

down to approximately 1.5 cm depth, as suggested by the accumulation of sulfide past that depth.  

In the summer, however, it appears sediments in both environments were poorly oxygenated up 

to the surface (Fig. 4.4).  This seasonal decrease in oxygen penetration depth is consistent with 

the increase in microbial activity that would be expected to occur with high summer water 

temperatures and increases in sediment organic matter content (Pomeroy & Wiebe 2001, 

Pringault et al. 2008). 

This seasonal variability in oxygen and sulfide profiles is likely to have had effects on 

Acartia tonsa eggs within the sediment.  As mentioned previously, A. tonsa eggs will develop 

and hatch in roughly one day under a wide range of ambient conditions (Landry 1983, Holste & 

Peck 2006), but the presence of oxygen is of particular importance to promote hatching.  

Hypoxic or anoxic conditions are known to cause hatch inhibition (Marcus et al. 1997, Nielsen et 

al. 2006), and therefore exposure to those conditions in the sediment or at the sediment surface 

during the summer could have caused a delay in hatch and promoted egg accumulation. 

The variability in sulfide presence may also be important to subitaneous Acartia tonsa 

eggs within the sediment.  A.tonsa eggs appear to have a mechanism that allows them to resist 

the toxic affects of sulfide, so exposure to sulfide under anoxic conditions, at least for periods of 

time on the order of weeks, does not increase egg mortality (Marcus et al. 1997, Invidia et al. 

2004, Nielsen et al. 2006).  Eggs exposed to low-oxygen conditions, on the other hand, 

demonstrate lower survival rates than eggs subjected to anoxia, possibly because the complete 

absence of oxygen triggers a metabolic shutdown or switch to anaerobic metabolism (Lutz et al. 
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1994).  Therefore, despite its toxicity, the presence of sulfide in the sediment may actually have a 

beneficial impact on egg survivorship in near anoxic conditions by removing traces of oxygen 

and encouraging an immediate switch to or maintenance of anaerobic metabolism (Nielsen et al. 

2006).  Due to these effects, egg accumulation may have been enhanced within the sulfide 

accumulation zones in the sediment due to protection from oxygen intrusion. 

Evidence of such effects of oxygen and sulfide presence on hatch inhibition in field 

samples is apparent when the seasonal sulfide accumulation depth data are compared to the 

seasonal hatch data from the monthly egg abundance samples.  Where the daily hatch proportion 

data are split by season in Fig. 4.3, it is apparent that hatch occurred more quickly from samples 

taken during the winter months than from those taken during the summer months.  This summer 

lag in hatch was particularly pronounced in the seagrass samples, although slight hatch delay in 

the summer sand samples is suggested by the third day hatch proportions.  These hatch lags 

coincided with the summer occurrence of near-surface sulfide accumulation depths in the 

sediment and, correspondingly, were less pronounced in the winter, when the silver wire data 

indicated oxygen may have penetrated as deep as 1.5 cm below the sediment surface.  These 

patterns suggest that hatch from the incubated field samples taken in summer was delayed by 

low-oxygen conditions in the sediment during those months, while better sediment oxygenation 

in winter allowed more immediate hatch from those samples.   

However, when comparing the data from the field sample hatch times and the silver wire 

sulfide profiles by environment, some inconsistencies emerge.  The silver wire data indicate 

there were no significant differences in sulfide accumulation depths between environments in 

either winter or summer.  The hatch data, on the other hand, demonstrate there were significant 

differences in hatch times between the environments during the summer.  These seemingly 

contradictory results can be explained by environmental differences in sulfide concentrations, 

which the silver wire deployment method did not account for but seemed to be present based on 

certain observations. 

Consistent with the sulfide accumulation measurements, personal observations confirmed 

that in the summer the surface of the sediment in the egg abundance core samples from both 

environments was often dark in color and smelled of sulfide when cores were sectioned.   These 

properties were temporarily retained in the sediment sections after transfer to the incubation 

dishes, but tended to fade more rapidly in the bare sand samples.  While the observations of these 
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properties in the surface sediments of cores from both environments is consistent with the sulfide 

accumulation depths being equal between them, the observations of longer retention of these 

properties in the seagrass samples suggest sulfide may have been present in greater 

concentrations in seagrass sediments.   

A greater amount of sulfide in the seagrass sections during the summer would have been 

caused by higher rates of microbial activity stimulated by the organic material trapped by the 

seagrass canopy and would have taken longer to oxidize within the incubated sections.  

Therefore, although sediment from both environments was anoxic and contained sulfide, the 

eggs within the seagrass sections would have been protected from oxygen intrusion longer than 

the eggs within the sand sections, and these circumstances would have caused the more 

pronounced hatch lag in the seagrass samples indicated by the data.  In the winter, cool 

temperatures and the absence of seagrass canopy trapping effects would have depressed 

microbial activity in both environments, leading to the deeper sulfide accumulation 

measurements and more similar hatching patterns observed between environments during this 

season. 

The diel measurements of summer sulfide accumulation depths present further evidence 

that, even though the 24-hour measurements indicated sulfide presence at the sediment surface in 

both environments, eggs within the bare sediment in the field were more susceptible to oxygen 

exposure than eggs within the seagrass patches.  Although sulfide was apparently present at the 

sediment surface in both environments at night, benthic photosynthetic activity appears to have 

allowed for the oxidation of sulfides within the top millimeter of the bare sediment during the 

day (Fig. 4.5).  A thin, lightly colored, oxic layer observed over the surface of bare sediment 

during the day and measured with the silver wires suggests that eggs which settled on or were 

contained within the sediment surface during this time could have maintained aerobic 

metabolism and may have even been able to hatch.  Such conditions would have been conducive 

to egg loss rather than accumulation, either through increased mortality or hatching. 

It appears, therefore, that the chemical conditions within the sediment during summer 

months are a possible contributing factor to enhanced egg accumulation in the seagrass patches 

over bare sand.  The physical ability of the seagrass canopy to enhance fine particle 

accumulation (Chapter 3) allows a greater amount of organic material to accumulate than in 

unvegetated areas, and thereby promotes the constant maintenance of microbially induced anoxia 
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and sulfide presence throughout the surface sediments.  Complete and constant anoxia at the 

sediment surface in the seagrass patches is likely to promote egg accumulation through hatch 

inhibition and increased longevity, and less consistent maintenance of these conditions in the 

bare sand may promote egg loss. 

 

Experimental Evidence of Sediment Chemistry Effects on Egg Accumulation 

The diel silver wire sulfide depth measurements indicated the chemical conditions at the 

sediment surface differed between sand and seagrass environments during summer.  In 

particular, it appeared that the surface of the sediment in the bare sand may have had better 

exposure to oxygenated conditions, which may have promoted egg loss rather than egg retention 

in that environment.  The sediment replacement experiment was designed to confirm such an 

effect was present in the field, with the enriched treatment intended to represent anoxic 

conditions present at the seagrass patch sediment surface and the clean treatment intended to 

represent oxygenated conditions present at the bare sediment surface.   

To control for the physical effects of seagrass blades on egg accumulation, these 

treatments were placed in both environments.  However, because the experiments were 

conducted on calm days to minimize the risk of treatment sediment washout and egg 

contamination from adjacent sediment, no effects of environment type were apparent in the data 

(Fig. 4.7).  This result is consistent with the results of the wind speed versus egg abundance 

regressions discussed in Chapter 3, which indicated environmental differences in egg abundance 

were positively related to the turbulence and resuspension caused by wind events. 

Treatment type, however, did have a significant effect on egg accumulation.  As indicated 

by the number of nauplii hatched from the top layers of the treatment sediment core samples, the 

enriched treatments promoted greater accumulation of viable Acartia tonsa eggs than the clean 

treatments did (Fig. 4.7).  Since the incubation time of the treatment sediment in the field was 

only approximately five hours, and because other environmental effects were controlled for, the 

most reasonable explanation for the accumulation differences between treatments is the 

occurrence of hatching in the clean treatment due to suitable oxygen exposure and hatch 

inhibition in the enriched treatment due to exposure to hypoxia or anoxia.  This experiment, 

therefore, provides evidence that the chemical differences between seagrass and bare sediment 

suggested by the diel sulfide accumulation depth data and the hatch lag in summer seagrass 
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samples are capable of directly affecting the accumulation and subsequent benthic abundance of 

subitaneous Acartia tonsa eggs. 

 

Summary 

A distinct summer lag in egg hatch from the monthly seagrass samples taken to determine 

seasonal benthic egg abundance implied that temporally and spatially variable chemical 

conditions within the sediment were affecting benthic egg hatch.  Measurements of sulfide 

accumulation depths in the field along with personal observations confirmed that sediment 

chemistry did differ both seasonally and between sand and seagrass environments.  Sulfide was 

present at the sediment surface during summer but was deeper during the winter.  During the 

summer, sulfide presence at the sediment surface in the bare sand receded slightly during 

daylight hours but was continuous in the seagrass environment where it also appeared to be 

present in higher concentrations.   

Hatch inhibition and longer egg survival caused by constant anoxic conditions at the 

seagrass sediment surface therefore seem to be likely factors contributing to higher egg 

abundances in that environment.  Enhanced egg accumulation in poorly oxygenated sediment 

due to hatch inhibition was demonstrated in the field by replacing areas of natural sediment with 

sediment treated in the laboratory to be either rich in organic content and low in oxygen or poor 

in organic content and oxygen rich.  Based on the results of this experiment and the other 

observations discussed in this chapter, it appears that the higher benthic egg abundances 

observed in seagrass patches in comparison to bare sediment during warmer months is likely to 

be partly attributable to differences in sediment chemistry between the environments.  
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Fig. 4.1.  Location of the three sediment replacement experiment plots on Lanark Reef.  Plot 
coordinates from west to east are:  N29˚52.941’, W84˚33.272’; N29˚52.988’, W84˚33.148’; 
N29˚53.149’, W84˚32.767’. 
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Fig. 4.2.  Percent of total hatch from seagrass and sand sediment samples counted on each 
incubation day. 
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Fig. 4.3.  Percent of total hatch from seagrass and sand sediment samples counted on each 
incubation day during (a) winter (Nov.-Apr.) (b) summer (May-Oct.). 
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Fig. 4.4.  Average depths silver sulfide formed on wires during winter and summer deployments 
in seagrass and sand sediment.  Error bars represent one standard deviation. 
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Fig. 4.5.  Average depths silver sulfide formed on wires during day and night deployments in 
seagrass and sand sediment.  Error bars represent one standard deviation. 
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Fig. 4.6.  Acartia tonsa average background egg abundance in sediment in seagrass and sand 
environments within treatment plots.  Error bars represent one standard deviation. 
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Fig. 4.7.  Average hatch from each treatment in each environment.  Dark bars denote data from 
treatments set in seagrass.  Horizontal lines on each bar divide total hatch into proportions 
contributed by each of the two experiments.  Error bars represent one standard deviation. 
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SUMMARY & CONCLUSIONS 

 

Seagrass Effects on Copepod Resting Egg Abundance 

Regular benthic sampling of a shallow, high energy area along the Florida panhandle 

revealed that significantly higher abundances of subitaneous resting eggs produced by the 

copepod Acartia tonsa were present in patches of the seagrass Halodule wrightii than in adjacent 

unvegetated sediments.  Although egg abundance was consistently greater in the seagrass 

sediments, the amount of difference between environments varied over time and tended to be 

most dramatic during summer months.  The primary biological, physical, and chemical factors 

that may have contributed to these benthic egg distribution patterns were investigated through 

various observational and experimental studies. 

It can be hypothesized that the factors examined in this study interacted to cause the 

observed benthic egg abundance patterns as follows: 

The most distinct differences in benthic egg abundance between seagrass and bare sand 

environments were likely to occur during summer months.  Since the sampling site was a 

shallow reef surrounded by deeper water, the copepod eggs present on the reef were probably 

subjected to a constant cycle of settlement and resuspension caused by turbulence until they 

hatched or were transported to the deeper surrounding area.  During the summer months, 

however, the seagrass canopies of the Halodule wrightii patches on the reef were present and 

offered some protection to settled eggs and other fine organic particles from disturbance-related 

resuspension.  Within the relatively calm conditions provided by the canopy, this newly settled 

material would have been subject to prompt burial through the bioturbative activities of abundant 

benthic macrofauna.  This removal from the sediment surface further protected the eggs and fine 

particles from possible resuspension caused by the intrusion of stronger flows into the seagrass 

canopy. 

The accumulated organic material along with material produced within the seagrass bed 

and high summer temperatures promoted high rates of microbial respiration within the seagrass 

sediments, leading to anoxic conditions and the buildup of sulfides extending to the sediment 

surface.  These conditions within the seagrass patches would have promoted egg retention by 

preventing the hatch of newly settled eggs and those returned to the surface through bioturbation.  

Within the sediment, the buildup of sulfide would have promoted complete and constant anoxia 
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by preventing the intrusion of any trace oxygen, thereby promoting anaerobic respiration in 

buried eggs and associated greater longevity.  Longer egg survival within the anoxic sediment 

under otherwise constant conditions would have allowed a greater number of eggs to accumulate 

before accumulation rates and mortality rates reached equilibrium. 

During the summer, eggs and fine particles settling on the bare sand were susceptible to 

immediate resuspension and removal by ambient currents.  Egg retention would have occurred to 

a small degree under turbulent conditions due to accumulation in micro-depositional zones 

provided by large debris and wave-generated ripples, and burial through ripple migration and the 

covering of eggs sticking to heavier particles.  These same processes, however, were likely to 

quickly return most of the buried eggs to the sediment surface, where they would have again 

been subject to resuspension. 

Even under occasional calm conditions, summer egg accumulation in the seagrass could 

have exceeded that in the bare sediment.  Egg burial through the bioturbative activities of 

macrofauna would have occurred in the bare sand as well, but resuspension caused by the 

activities of megafauna in this environment could have negated some of this effect.  Also, the 

thin layer of sediment lacking sulfide that developed over the bare sediment surface during the 

day may have allowed newly settled eggs to hatch before they were buried by animal activity, 

decreasing the total number of eggs available in that environment for burial and retention. 

Dramatic differences in egg abundance between seagrass and bare sand environments 

were less likely to occur during winter months.  During the winter, the absence of the seagrass 

canopy would have reduced the physical trapping ability of the seagrass patches, and cooler 

temperatures along with less trapped organic material within the seagrass patches promoted 

lower microbial activity and more similar chemical conditions between the sediment in both 

environments.  However, some degree of enhanced egg accumulation in seagrass patches still 

occurred. 

Despite the dying back of the seagrass blades during cooler months, the stems and 

rhizome mats of the seagrass patches remained intact.  The presence of these structures 

maintained greater sediment stability in the seagrass patches than in the bare sand.  This 

enhanced stability combined with egg burial through macrofaunal bioturbation could sufficiently 

account for the winter abundance differences observed between environments.  Even if 

bioturbation between environments was equal despite generally higher abundances of benthic 
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fauna in the seagrass patches during winter, eggs buried within the more stable seagrass patches 

would have been less susceptible to loss through physical resuspension than those buried in the 

bare sediment.  Micro-depositional zones created by water flow around the seagrass stems and 

sticky biofilms generated by algal mat growth on seagrass sediments may have also contributed 

to the enhancement of egg accumulation in this environment during winter months. 

 

Significance of Egg Accumulation in Seagrass Beds for Copepods 

Copepod resting eggs have relatively slow sinking velocities and tend to settle with fine 

particles in calm areas.  These accumulation locations are usually sheltered or deep enough to be 

protected from physical disturbances that could resuspend them (Marcus & Boero 1998), and 

resting eggs that become buried in these locations are therefore reliant on relatively rare physical 

resuspension events or bioturbative activity for their return to the sediment surface where they 

may hatch (Marcus 1984).  Seagrass beds, however, are shallow-water features exposed to 

current flow and relatively frequent storm disturbance.  Seagrass beds therefore represent a 

unique egg accumulation environment, and eggs that settle within them may play different roles 

in the dynamics of the pelagic population than resting eggs that settle in the more traditionally 

considered protected locations. 

The resting eggs of copepods have been described as serving several functions that 

ultimately contribute to the sustainability of the pelagic population.  The long-lived diapause 

eggs of copepods have been associated with the seasonal recruitment of nauplii and with the 

formation of “egg banks,” but the possible roles of short-lived subitaneous resting eggs in the 

population dynamics of planktonic copepods are less clear (Marcus 1996).  It is at least apparent 

that the abundance of subitaneous eggs in the sediment is closely related to the condition of the 

existing pelagic population, as evidenced by correlations between their abundance and the 

number of adult females present (Uye 1985, Katajisto et al. 1998) and between their abundance 

and pelagic egg production (Guerrero & Rodríguez 1998, present study), and that the benthic 

presence of these eggs could only offer possible advantages to the existing pelagic population 

due to their short term viability.  It has been suggested that large numbers of subitaneous eggs in 

the sediment may result in a more constant pelagic population by providing time-released 

recruitment into the plankton (Uye 1985).  Such time-released recruitment may also allow a 

“sampling” of different conditions in a variable environment (De Stasio 1990, Chen & Marcus 

 111



1997).  In the present study, consideration of the local Acartia tonsa population constraints along 

with the characteristics of the sampling area offers new ideas on more specific roles subitaneous 

resting eggs may play in copepod population dynamics.   

In Chapter 1, possible controls on Acartia tonsa population numbers were discussed, and 

evidence was presented that predation was the most dominant factor influencing A. tonsa 

abundance in the study area.  The data also suggested that sudden increases in adult female 

fecundity could result in predator satiation and a temporary increase in population size during a 

lag in predator response.  When considered with the characteristics of the surrounding 

environment, the production of subitaneous eggs capable of temporary quiescence may give rise 

to a second mechanism for allowing the population to temporarily overcome predation pressure. 

The area surrounding the sampling stations is a 2-3 m deep seagrass bed that this study 

suggests is capable of retaining large numbers of Acartia tonsa subitaneous eggs during the 

summer.  The shallow benthic habitat in this area is likely to experience constant exposure to 

wave turbulence and tidal currents, but only particularly strong winds associated with fronts or 

storms would be likely to cause significant sediment resuspension because of the presence of the 

seagrass canopy (see Chapter 3).   

Therefore, during periods of calm to moderate wave activity, eggs would gradually 

accumulate within the seagrass sediments up to the point of a wind event.  Waves produced by 

strong winds would then promote large-scale resuspension of the resting eggs and other fine 

particles accumulated within the seagrass bed.  Although some of the eggs would resettle before 

hatching, turbulence associated with the wind event could be expected to maintain the 

suspension of the majority of the eggs long enough for significant hatch to occur.  This hatch 

would cause a sudden influx of individuals to the pelagic population similar to that caused by a 

sudden increase in female egg production, and similar effects of predator satiation and copepod 

population growth could be expected.   

This concept of subitaneous egg production benefiting copepod populations subject to 

heavy predation is outlined in Fig. C.1.  As an example, the scenario depicted is specific to a 

shallow ecosystem in which the copepod population experiences stage-specific mortality due to 

predation on nauplii.  Pulses of hatch like the one depicted could occur regularly in shallow 

seagrass ecosystems such as the area examined in this study.  However, in areas without seagrass 

cover or some other protection from mild or moderate turbulence, the surface sediment could be 
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resuspended too frequently or be too well-oxygenated for a sufficient number of resting eggs to 

accumulate.  In deeper environments, events that cause resuspension may be infrequent enough 

to allow subitaneous egg accumulation and subsequent pulses of nauplii to the water column, but 

the occurrence of subitaneous eggs in the sediment is limited to depths where their development 

and hatching time can exceed their settling time.  Therefore, seagrass ecosystems in particular 

seem to be conducive to promoting the conditions necessary to provide copepod populations 

with this possible benefit of producing quiescent subitaneous eggs. 

 

Significance of Egg Accumulation in Seagrass Beds for Seagrass Ecosystems 

As in other shallow coastal areas, close benthic-pelagic coupling is a major factor 

dictating local conditions in seagrass ecosystems.  This situation arises because, unlike in deep, 

river-fed estuaries, the photic zone extends to most of the seafloor and allows benthic primary 

production to dominate and mediate nutrient cycling in the ecosystem (McGlathery et al. 2007).  

The presence of seagrass tends to slow nutrient cycling within such ecosystems because they 

retain nutrients in their biomass longer than phytoplankton (McGlathery et al. 2007) and retain 

nutrients in the sediment by inhibiting resuspension (Asmus & Asmus 2000).  Therefore, the 

presence of seagrass tends to maintain low nutrients and phytoplankton biomass in the water 

column above them.  These conditions, in turn, are beneficial to seagrass growth as they promote 

and maintain light penetration to the seafloor. 

In such low-nutrient areas, phytoplankton bloom proliferation is often promoted by storm 

events that create an influx of nutrients into the water column through freshwater runoff (Hoover 

et al. 2006) or a resuspension of organic material and remineralized nutrients from the sediments 

(Asmus & Asmus 2000, Lawrence et al. 2004).  Because the photic zone extends to the bottom in 

seagrass ecosystems, the response of pelagic primary production to increased nutrient 

concentrations would not be dependent on system stratification and could occur rapidly 

(Lawrence et al. 2004, Hoover et al. 2006).  These blooms can decrease water clarity and light 

penetration to the seagrass canopy, and the decreases in photosynthesis and increases in sediment 

sulfide associated with shading have the potential to be devastating to seagrass beds, depending 

on their duration (Calleja et al. 2006, Lee et al. 2007a).  It is therefore important to consider the 

factors that might contribute to the control and termination of storm or wind-generated 

phytoplankton blooms in seagrass ecosystems. 
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Increases in phytoplankton production associated with nutrient enrichment stimulate the 

pelagic food web and result in a series of trophic successions.  A response sequence from 

phytoplankton to herbivorous and omnivorous grazers to predators would be expected, with 

response lags between each stage (Roman et al. 1995).  However, the dynamics of such cascades 

are dependent on the potential growth and reproduction rates of the ambient plankton and local 

hydrodynamic conditions, so variability of these factors can influence the fate of a bloom by 

promoting or discouraging the removal of algal biomass from the water column.  In seagrass 

ecosystems, the amount of grazing pressure exerted on a phytoplankton bloom could be of 

particular importance. 

Although all size classes of phytoplankton have been observed to exhibit a rapid growth 

response upon nutrient enrichment, it is believed that larger phytoplankton such as diatoms often 

come to dominate these blooms because the reproductive responses of their potential 

mesozooplankton grazers, such as copepods, are much slower than those of the 

microzooplankton that graze on the smaller size fractions (Roman et al. 1995, Gismervik et al. 

2002, Hoover et al. 2006, Marchetti et al. 2006).  The trophic cascade progression typically 

associated with a diatom bloom is illustrated in Fig. C.2a.  In this case, by the time copepod 

populations exhibit a numerical response to the change in food conditions, the bloom is already 

at its peak or in decline, so their grazing activity is considered to have minimal impacts on the 

progression of the bloom (Gismervik et al. 2002, Tsuda et al. 2006).  However, unique 

circumstances in a few field studies have provided evidence that copepod grazing can control 

microphytoplankton blooms if the animals are present in sufficient numbers during the initial 

stages of the bloom (Yin et al. 1996, Tsuda et al. 2007).   

As discussed in the previous section, it is likely that wind events trigger pulses of Acartia 

tonsa population recruitment through the resuspension and hatching of subitaneous eggs 

accumulated in seagrass sediments.  Therefore, the same conditions that promote bloom 

proliferation in seagrass systems discussed here may simultaneously promote an increase in 

pelagic grazer abundance.  In this case, a trophic cascade more similar to that depicted in Fig. 

C.2b could progress.  Here, by the time phytoplankton primary production begins to respond to 

an influx of nutrients, an increase in the number of grazers in the water column has already 

occurred.  Such a reduction in the reproductive lag of copepods could decrease the impacts of a 
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bloom on seagrass by limiting phytoplankton standing stock and subsequently reducing the 

effects of shading. 

 

Applicability:  Other Seagrass Ecosystems 

This study has revealed that certain conditions within the patches of Halodule wrightii on 

Lanark Reef promote the accumulation of subitaneous eggs of the copepod species Acartia 

tonsa, and the possible implications of these findings for both A. tonsa population dynamics and 

the local seagrass ecosystem dynamics have been discussed.  Although specific to this area and 

these species, it is reasonable to believe that the results and concepts discussed here may be 

widely applicable to other seagrass ecosystems. 

All of the biological, physical, and chemical factors that were found to contribute to the 

enhancement of copepod egg accumulation in seagrass here were in some way related to the 

ability of the seagrass canopy to reduce water motion at the sediment surface.  The efficiency of 

such flow reduction can depend on seagrass species, canopy height, seagrass density, and 

hydrodynamic regime.  However, the patches of seagrass that were the focus of this study are 

likely to have represented close to the minimal possible effects of seagrass on egg accumulation 

with significant results. 

Halodule wrightii is a seagrass species that often occurs in highly disturbed areas were 

small particle accumulation is less likely to occur due to frequent flow penetration into the 

canopy (Granata et al. 2001, van Keulen & Borowitzka 2003, Di Carlo & Kenworthy 2008), 

which was the case in the present study.  It may have been the stress of frequent disturbance that 

limited the seagrass to somewhat low stem densities, which also would have discouraged particle 

accumulation (Gambi et al. 1990, Peterson et al. 2004).  The stem densities measured in this 

study are within the range observed for other H. wrightii beds along the Florida panhandle and 

northern Gulf of Mexico coastline (Steward et al. 2006, Kowalski et al. 2009), but H. wrightii 

stem densities as high as 14,872 stems m-2 have been measured in other areas (Gallegos et al. 

1994).   While H. wrightii does exhibit the flat, tape-like blade shape thought to promote drag 

and the slowing of currents (Fonseca & Fisher 1986), they are much narrower than the blades of 

other common species such as Zostera spp., Posidonia spp., and Thalassia spp.  In some areas, 

these wider-bladed species can reach well over twice the 30 cm maximum length measured for 

H. wrightii in this study (Green & Short 2003).  Leaf area is thought to be an important factor 
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contributing to the particle trapping ability of seagrass (Gacia et al. 1999), and between the low 

stem density, short blade length, and narrow blade width of the H. wrightii in the present study, it 

probably had a relatively low leaf area measurement compared to these other species. 

 

Applicability:  Diapause Eggs 

Aside from being applicable to seagrass ecosystems in other areas, the results of this 

study may have implications for different resting stage types.  The resting stages examined in 

this study were subitaneous eggs of a copepod species that is not believed to produce longer-

lived diapause eggs in the study region (Chen & Marcus 1997).  Therefore, the implications of 

their accumulation in seagrass beds were only discussed in regards to small-scale temporal 

processes.  For those species that produce diapause eggs, the promotion of egg accumulation by 

seagrass presence could influence their long-term population dynamics. 

Diapause eggs are considered to be important for species that disappear from the water 

column during certain seasons because they provide a source of recruits when favorable 

conditions return.  These eggs are often reliant on external cues to hatch, but, because they 

cannot hatch while buried, their return to the sediment surface is also a necessary occurrence to 

promote hatch.  In this study, the importance of resuspension events over short time scales to the 

hatching of subitaneous eggs trapped in seagrass sediments was discussed, but long-term 

resuspension patterns of seagrass sediments also occur.   

In areas that experience seasonal change, the decreases in water temperature and day 

length associated with the onset of winter cause a dieback of seagrass canopies (Lee et al. 

2007b).  When the canopies die back, resuspension of sediment within the beds is increased 

(Gacia & Duarte 2001), and materials within the sediment previously protected from 

resuspension by the canopy during warm months may be released.  This sort of seasonally 

regulated resuspension pattern may be advantageous to copepod species that survive 

disappearance from the water column during summer by producing diapause eggs that are cued 

to hatch by the same low temperatures that cause seagrass dieback. 

Over time scales of multiple years or decades, diapause eggs at depth in the sediment can 

become egg banks that may serve to maintain genetic diversity in the population over time or aid 

in its recovery after dramatic environmental change (Hairston 1996, Hairston & Kearns 2002).  It 

is likely that bioturbation within seagrass beds would lead to the formation of a layer of diapause 
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eggs below the depth of frequent or seasonal sediment resuspension, which could be considered 

an egg bank (Viitasalo 1992).  In most environments, eggs within deep sediment layers would 

primarily be dependent on bioturbation for return to the surface, but in seagrass beds various 

processes aside from bioturbation could return deeply buried eggs to the surface. 

Although generally considered depositional environments, seagrass beds are also sites of 

resuspension and erosion (Koch 1999).  Storm events such as hurricanes can cause extensive 

sediment resuspension and movement within seagrass beds, and where the seagrass rhizosphere 

itself becomes eroded, the eggs contained within deeper sediment layers could be subject to 

resuspension and possible hatch (Hammerstrom et al. 2006, Bell et al. 2008).  Particularly strong 

storm events would therefore promote abrupt pulses of recruitment from seagrass egg banks, but 

there are other erosive processes within seagrass beds that could promote more gradual and 

continuous population recruitment from deeply buried diapause eggs. 

Vegetation gaps regularly form inside seagrass beds due to sedimentation events, 

propeller scarring, the grazing and foraging activities of animals, and possibly other types of 

disturbance (Bell et al. 1999).  These gaps could be sites of enhanced resuspension and erosion 

until they are recolonized by the surrounding seagrass and may therefore allow portions of an 

underlying egg bank to be “tapped.”  Assuming no loss from mortality, the age of the eggs 

present at depth at any particular point in the seagrass bed would be dependent on when the last 

gap formed at that location, and the average age of eggs within the whole seagrass bed egg bank 

would be dependent on the rate of gap formation and recolonization.  If a gap cycle is steady 

within a seagrass bed over time, this process could allow for a regular release of recruits from an 

egg bank in much the same way bioturbation does. 

The migration of bedforms or subaqueous dunes in areas colonized by quick-growing 

seagrass can also lead to consistent patterns of seagrass bed growth and erosion (Marbà & Duarte 

1995).  As the dunes migrate in one direction, seagrass can colonize their leading edges.  As 

dune migration progresses, the seagrass compensates for burial as the dune crest approaches by 

rhizome extension and stem elongation.  After the crest passes, decreasing sediment depth with 

the approach of the trough erodes the rhizome mat of the seagrass patch.  Diapause eggs buried 

in the seagrass at the leading edges of the dunes would therefore become more deeply buried 

during the passage of the dune and be released at the approach of the next trough.  The age of 

these eggs would be determined by the time interval between consecutive dune passages, which 
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can be several years (Marbà & Duarte 1995, Frederiksen et al. 2004).  Eggs that become buried 

higher on the dune would be released sooner, and therefore the age of the eggs retained within 

such a bedform would be greater with depth and with distance from the leading edge (Fig. C.3).  

The erosion of seagrass and sediment on the trailing edge of the dune would therefore promote a 

constant release of diapause eggs of various ages.   

 

Applicability:  Resting Stages of Other Organisms 

The unique conditions and processes within seagrass beds that allow for the 

accumulation, retention, and both abrupt and gradual release of longer-lived copepod resting 

eggs may also affect the resting stages produced by other organisms.  The formation of seed 

banks within seagrass beds due to the retention of seeds produced by the plants themselves has 

been recognized as an important feature of some seagrass species which allows them to recover 

after disturbances and mass mortality events (Hammerstrom et al. 2006, Lee et al. 2007a).  In 

addition to copepods, other taxonomic groups of zooplankton such as rotifers, tintinnids, 

cnidarians, and cladocerans have been reported to produce benthic resting stages that may be 

important parts of their life cycles (Marcus & Boero 1998).  The resting stages of these animals 

may vary in density and have different settling velocities, but due to their small size it is still 

likely they would tend to accumulate along with fine sediment fractions in sheltered areas, 

including within seagrass canopies.  The implications of such resting stage accumulation in 

seagrass beds for the population dynamics of these groups may be similar to those discussed here 

for copepods. 

The accumulation of resting stages in seagrass sediments and subsequent influences on 

pelagic populations also extends to primary producers.  For example, diatoms are capable of 

producing resting cells and cysts (McQuoid & Hobson 1996, Ishikawa & Furuya 2004), and 

some species of dinoflagellate produce cysts that have been observed to accumulate with fine 

material on the seafloor in much the same way copepod eggs do (Joyce 2004, Kawamura 2004).  

These phytoplanktonic resting stages may, therefore, also experience enhanced accumulation and 

retention within seagrass beds.  Release from seagrass sediments through gradual erosion and 

abrupt disturbance-related resuspension may ensure these species are present in the water column 

when favorable bloom conditions arise. 
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Conclusion 

Seagrass beds are known to influence coastal benthic-pelagic processes such as nutrient 

cycling and the larval settlement of various benthic organisms, but benthic-pelagic coupling is 

also important in the life cycles of some species traditionally considered to be holoplanktonic.  

The results of the present study have revealed that seagrass presence has a significant influence 

on the abundance and retention of the benthic resting stages of plankton, so the disappearance of 

near-shore seagrass beds could alter the population dynamics of local coastal zooplankton or lead 

to the complete disappearance of planktonic species that rely on benthic recruitment to remain in 

an area.  Such changes at the base of coastal food webs could have significant impacts on both 

higher and lower trophic levels, so it is important to further assess what roles seagrass beds play 

in the population dynamics of local planktonic organisms. 
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Subitaneous Egg Involvement in Population Survival under Predation 
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Fig. C.1.  Diagram depicting an Acartia tonsa population under stage-specific predation pressure 
by chaetognaths and the possible role of benthic subitaneous eggs in promoting population 
survival. 
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Storm Event without Subitaneous Resting Egg Resuspension and Hatch 
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Storm Event with Subitaneous Resting Egg Resuspension and Hatch 
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Fig. C.2.  Wind event stimulation of a phytoplankton bloom and copepod population response 
(a) without subitaneous egg hatch (b) with subitaneous egg hatch. 
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Egg Burial and Aging of a Seed Bank in a Migrating Dune 
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Fig. C.3.  Theoretical involvement of subaqueous bedform migration in the formation and 
gradual release of a diapause egg bank. 
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