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Parental care increases offspring fitness and can increase attractiveness to mates.  These 

two selection pressures should covary across environments if the benefit of choosing a mate is to 

select a good care-giver.  However, the influence of such covariance on care has not been 

demonstrated, even though it may accelerate the evolution of parental care. 

I examined how offspring fitness benefits and mating preferences influence paternal care 

across salinities in flagfish (Jordanella floridae).  Using mathematical modeling, I demonstrated 

that care’s benefits for offspring should be greater in fresh water (FW), where previous shows 

offspring do worse without care, than in brackish water (BW).  Therefore, if females select mates 

based on the care they provide, then preferences should be stronger in FW.  Further, levels of 

care should be higher in FW than in BW. 

I tested these predictions in three laboratory experiments.  I quantified spawning success as 

a function of parental care activity and found that female preferences for care varied with 

salinity, but were not always stronger where offspring benefits were predicted to be greater.  I 

then quantified the effects of care on hatching success and hatchling mass and found that some 

care activities were more beneficial in FW, as predicted by my model, but others were equally 
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beneficial in FW and BW, possibly explaining why female preferences were not always stronger 

in FW. 

Because the offspring and mate choice benefits of care varied with salinity, I expected 

male behavior to vary.  However, a comparison of behavior in FW and BW showed that it did 

not.  I then measured metabolic costs of osmoregulation across salinities to determine whether 

variable costs might balance the benefits of care, but I found no effect of salinity on metabolic.   

These data indicate that 1) the benefits of care for offspring can be predicted by how well 

offspring do without care, 2) mating preferences sometimes covary with the benefits of care for 

offspring, and suggest that 3) male behavior may remain constant across environments despite 

variation in selection on care if the costs of providing care are moderate compared to the 

magnitude of benefits. 
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CHAPTER 1 
INTRODUCTION 

The investment of resources into offspring through parental care allows parents to 

increase their immediate reproductive success at the expense of their future reproduction 

(Clutton-Brock 1991; Williams 1966).  In this context, offspring risk (e.g., Hale et al. 2003; 

Listøen et al. 2000), parental costs (e.g., Kaitala et al. 2000; Weimerskirch et al. 2000), and 

mating preferences based on parental care (e.g., Jones and Reynolds 1999; Petersen et al. 2005) 

can each influence parental care, but the relationship among these factors and how they together 

influence the evolution of parental care has not been thoroughly examined.  In this work, I 

evaluate how natural selection and sexual selection together influence parental care in the 

euryhaline fish Jordanella floridae (flagfish).  In particular, I describe variation in selection 

across a salinity gradient in order to explain observed behavioral plasticity. 

Species distributed across a broad ecological range often experience different selection 

pressures in different parts of their range and variation in local selection may give rise to distinct 

patterns of reproductive investment.  I argue that local ecological conditions can influence the 

risks offspring face and the costs of investing into young, and thereby influence natural and 

sexual selection on parental care.  Specifically, variation in the risks facing offspring will 

influence both natural and sexual selection because the direct benefits of providing care and of 

choosing to mate with good parents are determined by the extent to which care increases 

offspring fitness, which itself may be a function of the offspring risk.  By examining variation in 

behavior across an ecological range expected to influence offspring mortality risk, I explore the 

processes that connect ecology with behavior. 

Jordanella floridae belongs to the family Cyprinodontidae and is distributed across 

peninsular Florida and regions of the Florida panhandle (Figure 1-1).  J. floridae is found 
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predominantly in inland, freshwater ditches and ponds but its persistence in coastal, brackish 

habitats has been noted in South Florida, particularly in Everglades National Park and Big 

Cypress Swamp (Gunter and Hall 1965; Kilby 1955; Loftus and Kushlan 1987).  Of J. floridae’s 

closer relatives (Echelle and Echelle 1993), Garmanella pulchra also exhibits a freshwater 

distribution, but most other Cyprinodontids are found in higher salinities, including the coastal 

salt marsh species Cyprinodon variegatus and Floridichthys carpio (Nordlie 1987; Nordlie and 

Walsh 1989) found in Florida, and the desert pupfishes (Cyprinodon spp.) found in salt springs 

of the desert southwest (Soltz and Naiman 1978). 

Of the Cyprinodontids, only J. floridae is known to provide care for its offspring.  J. 

floridae males establish a nesting territory before attracting mates.  Spawning occurs on a small 

area of substrate within this territory as eggs are individually released by the female and 

fertilized.  An individual spawning bout typically involves the release of 5 to 20 eggs and, in the 

laboratory, the number of eggs spawned in the same nest over the course of a day can reach 80 

eggs (Chapters 3 and 4).  Males defend and clean the nest area until young have hatched, 

whereas females provide no care for offspring.   

St. Mary et al. (2004) found that salinity increases the survival of J. floridae embryos 

reared without care.  This suggested that selection on paternal care may depend on salinity.  

However, how parental care should vary with salinity is not entirely clear.  Indeed, predictions in 

the literature for how care should vary as a function of offspring mortality risk, or vulnerability, 

are contradictory, with some models predicting greater care and some less care for more 

vulnerable young.  The difference among these models lies in the assumed relationship between 

offspring vulnerability and care’s benefits.  In Chapter 2, I use mathematical modeling to resolve 

these conflicting models.  I argue that the prediction that care will decrease with increasing 
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offspring vulnerability is faulty because it is based on the inappropriate argument that care 

should increase with increasing reproductive value of the brood.  I show that if one separates a 

brood’s reproductive value into its components, parental investment should increase with some 

of these components and decrease with others.  I then demonstrate under what circumstances one 

should expect care to increase and to decrease with increasing offspring vulnerability. 

I then use the model as a guide in experimental studies of natural and sexual selection on 

parental care in J. floridae.  If salinity influences both natural and sexual selection on parental 

care, then behavior within populations may be plastic in response to salinity and populations 

from different native salinity environments may exhibit different patterns of plasticity.  I focus 

my experimental work on four J. floridae populations (Figure 1-1), two of which are coastal (St. 

Marks and Merritt Island) and two of which are inland (Otter Creek and Miccosukee).  These 

four sites are distributed across the state and are paired in northern and southern replicates to 

prevent confounding of coastal/inland with latitude-associated factors such as temperature.  St. 

Marks and Otter Creek are north and west of Merritt Island and Miccosukee.  Data from a two 

year survey of water chemistry and species composition at these sites are presented in the 

appendix. 

In Chapter 3, I examine the effect of salinity on male parental behavior and female 

preferences for male behavior in a laboratory study of behavioral plasticity.  I found that female 

mating preferences, measured by a pair’s reproductive success, differed between salinities.  For 

example, males enjoyed higher reproductive success if they performed certain nest-tending 

activities when their nests were empty (prior to spawning), but only when in fresh water.  

Although the sexual selection benefit of performing these activities was large, males did not 

adjust their activity level with salinity as one might predict.  Instead, male behavior was constant 
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across salinities.  This raised two questions.  First, is the benefit that females gain from 

preferring tending males greater in fresh than in brackish water?  Second, why do males not tend 

their nests more in fresh water? 

I address the first question in Chapter 4.  I measure hatching success of embryos fathered 

by tending and non-tending males in a single coastal population, Merritt Island.  If tending males 

have higher offspring survival than non-tending males in fresh water, then it would appear that 

females exhibit preferences for these males because of the direct benefits of male behavior for 

their offspring.  I also measured the effect of artificial egg fanning on survivorship in fresh and 

brackish water as a means of measuring the benefit of this component of parental care for 

offspring.  In Chapter 5, I address the second question by evaluating whether the costs of care are 

too high in fresh water for males to exhibit more tending there.  A comparison of metabolic rates 

across salinities for each of the four populations indicated that the costs are similar across 

salinities.   

In the final chapter, I relate the results of Chapters 4 and 5 to the patterns of male 

behavior and female mating preferences described in Chapter 3.  In addition, I draw conclusions 

about how natural and sexual selection simultaneously influence the evolution of parental care in 

light of my theoretical and experimental work.   
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Figure 1-1.  Location of Jordanella floridae study sites.  The species’ range extends from 
southern, mainland Florida north and west to St. Marks National Wildlife Refuge in 
Wakulla County.
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CHAPTER 2 
A RE-EXAMINATION OF THE INFLUENCE OF OFFSPRING REPRODUCTIVE VALUE 

ON PARENTAL EFFORT 

Introduction 

Parents should care for young if the benefit of care to current reproductive success 

outweighs the cost of reduced future reproduction (e.g., Andersson et al. 1980; Trivers 1972; 

Williams 1966).  The amount of care parents provide depends, in part, on the amount by which 

care will increase the fitness of their young.  Despite their importance to parental investment 

decisions, these marginal fitness gains are often overlooked in theoretical and empirical studies.   

Overlooking marginal fitness gains is particularly problematic when examining how 

parental effort should differ between broods of different reproductive value.  Fisher (1930) 

defined reproductive value as the number of offspring an individual is expected to produce from 

now until its death, scaled for population growth and relative to that of a newborn.  The 

reproductive value of a brood can then be defined as the sum of the reproductive values of all 

individuals in the brood and is proportional to the brood’s survival to maturity.  Many authors 

have argued that parental effort should increase with a brood’s reproductive value (e.g., Amat 

1996; Carlisle 1985; Koskela et al. 2000; Rytkonen 2002).  In this argument, the reproductive 

value of interest is presumably the brood’s reproductive value prior to the parent’s investment 

decision, which I will refer to as current reproductive value.  For care to increase with a brood’s 

current reproductive value, broods of high current value must offer a greater return on the 

parent’s investment than broods of low current value.  However, not all broods of relatively high 

current value will offer greater returns – whether such a brood will offer greater returns may 

depend on why it has high reproductive value. 

A brood’s reproductive value is influenced by its size and its expected survival to 

maturity, which, in turn, may be a function of its age and vulnerability.  Therefore, if parental 
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effort should increase with a brood’s reproductive value, it must vary with brood size, 

vulnerability, and age similarly.  However, theoretical studies of optimal parental effort differ in 

how they predict parental care to increase with each of these factors.  For example, larger broods 

have higher current reproductive value than smaller broods because the number of individuals 

expected to reach maturity is greater for the larger broods, assuming the same survivorship 

schedule for individuals in both sizes of broods.  But optimality models examining the effect of 

brood size on parental effort do not always predict effort to increase with size.  Sargent and 

Gross (1993) created a model to describe parental care patterns in teleost fishes and predicted 

parental care would increase with brood size.  In contrast, Tammaru and Hõrak (1999) predicted 

that, in birds, larger clutches may actually receive less care if the care must be divided among 

offspring.  In large broods, the amount of care going to individual offspring may be so small that 

it is not enough for them to survive. 

A similar conflict among models was illustrated by Dale et al. (1996), but involves 

predictions for how effort should change with a brood’s vulnerability.  Dale and colleagues 

argued that offspring that are more vulnerable, either because they are in higher risk habitats or 

because they are in poorer condition, should receive more care.  Their prediction was consistent 

with earlier verbal models that considered vulnerability to indicate the need of offspring for 

parental care (Andersson et al. 1980; Montgomerie and Weatherhead 1988; and subsequently 

Webb et al. 2002).  Supporting this prediction, Listøen et al. (2000) found that pied flycatchers 

(Ficedula hypoleuca) returned to the nest sooner to feed young when young were in poorer 

condition.  Similarly, Tveraa et al. (1998) found that Antarctic petrels (Thalassoica antarctica) 

delivered more food when rearing a small chick than when rearing a large one of the same age.  

However, Dale et al. (1996) pointed out that their prediction was contrary to predictions based on 
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a brood’s reproductive value because broods with greater vulnerability are, by definition, of 

lower reproductive value and, thus, are predicted to receive less parental care by reproductive 

value-based hypotheses. 

These alternative predictions highlight an apparent paradox between whether care should 

increase with brood reproductive value or with the young’s need for care.  I suggest that this 

paradox is artificial because both predictions are based on characteristics of the brood before the 

parent’s investment decision is made and not on the fitness gain that results from this decision.  

Indeed, different factors influencing a brood’s current reproductive value – including brood size, 

age, and vulnerability – may influence the benefits of care differently.  This is because the 

change in offspring reproductive value that results from care, not current reproductive value, 

determines parental benefits.   

The idea that the change in fitness resulting from investment decisions determines 

selective advantage is not new and has been emphasized in the context of parental investment 

(Lessells 2002; Maynard Smith 1980; Winkler and Wallin 1987), kin selection (Charlesworth 

and Charnov 1981; Hamilton 1964), optimal foraging (Charnov 1976), and seed size (Temme 

1986).  I suggest that its emphasis in the parental investment literature has been limited because 

the mechanisms by which offspring fitness is influenced by care are not well defined.  Here, I 

develop a set of similar optimality models to evaluate how the change in a brood’s reproductive 

value resulting from care is influenced by different components of a brood’s current reproductive 

value and, in turn, how this change in value influences parental effort.  I focus on allocation of 

care among broods, though my conclusions easily apply to the allocation of care among 

broodmates.   
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Using these models, I will examine how brood size, vulnerability, and age influence 

optimal levels of parental care and will demonstrate that the apparent paradox regarding the 

effects of brood reproductive value on care can be resolved.  In doing so, I will make three main 

points.  First, I will show that variation in these three factors does not have similar effects on 

optimal parental effort and, as a result, that a brood’s current reproductive value is a poor 

predictor of parental effort.  Second, I will demonstrate that the effect of offspring vulnerability 

depends on the assumptions regarding how vulnerable offspring benefit from parental care.  

Third, I will return to Fisher’s (1930) mathematical formulation of reproductive value to evaluate 

how a brood’s reproductive value changes with age. 

The Models 

The models evaluate how much care a parent should currently provide young.  They 

examine a single investment decision and assume that the amount that the parent is able to 

currently invest is independent of how much it has invested in the past.  For example, when 

evaluating the investment decision of the mother, the amount of resources available for her to 

currently invest into hatchlings is not traded off against the amount she invested into the same 

young as eggs. 

Let the parent’s present reproductive success, P, be the fitness benefit the parent gains 

from investing in the current brood.  P is a function of brood size (n) and the mean fitness gain 

from each individual offspring (S), where S is a function of the amount of care, C: 

 P = n ⋅ S(C). (2-1) 

I assume that parental effort is non-depreciable (Clutton-Brock 1991), such that S(C) does not 

decrease with brood size, and that all offspring benefit equally from care.  

Let the parent’s future reproductive success, F, be considered across its lifetime, 

including the remainder of the current reproductive season and all future seasons.   Investing 
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resources into current young reduces the potential investment into future reproductive efforts.  

This tradeoff is incorporated by defining future reproductive success as a declining function of 

the amount of care provided to current young: 

 ),(CfF =  (2-2) 

where f(C) is independent of brood size. 

To determine optimal care effort, C*, I solve for the amount of care that maximizes the 

sum of present and future reproductive success (R = P + F), e.g., by setting dR/dC = dP/dC + 

dF/dC = 0.   This optimum arises when  

 dP/dC = -dF/dC , (2-3)  

that is, when the two components of reproductive success have slopes of the same magnitude but 

opposite sign.  I assume that P increases at a decelerating rate with increasing C and that F 

decreases at an accelerating rate with C (Figure 2-1).  Therefore, d2R/dC2 will be negative and 

the value of C that satisfies equation 2-3 will indicate the value at which R is maximal. 

Using Fisher’s (1930) definition of reproductive value, the vulnerability of the brood is 

characterized by the survivorship schedule of young.  In equation (2-1), vulnerability is captured 

in the expected fitness of young if the parent decides not to provide care, P(C=0).  Broods or 

individuals of greater vulnerability have lower P(C=0).  Vulnerability is deliberately defined 

independently of an individual’s response to parental effort because they are separate variables 

that may be positively correlated, negatively correlated, or not correlated at all (discussed in Hale 

et al. 2003). 

I consider three models that differ in the shape of the relationship between care and 

offspring fitness, defined by S(C), and thus the shape of P.  In Model 1, S(C) = l0 + g(C), where 

l0 denotes the fitness of offspring in the absence of care and g(C) denotes the increase in fitness 
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resulting from care and is a positive, diminishing function of C.  In Model 2, S(C) = l0 + 

g(C)·(1 – l0), reflecting that the benefits of care are negatively proportional to the fitness of 

offspring in the absence of care.  This structure represents the underlying assumption of Dale et 

al. (1996) and similar models.  In Model 3, S(C) = l0 + (l0 · g(C)).  This model structure follows 

that of Sargent and Gross (1993) and reflects that the benefits of care are positively proportional 

to the fitness of offspring in the absence of care.  This represents the underlying assumption of 

the reproductive value-based models of optimal parental care.   

I will evaluate how C* varies as a function of brood size, offspring fitness in the absence 

of care, and brood age in the context of these models.  I will show that whether or not parental 

care should increase as a function of a brood’s reproductive value depends on which component 

of reproductive value is variable (brood size, fitness in the absence of care, or brood age) and on 

the assumptions regarding how fitness in the absence of care influences care’s benefits for 

offspring (i.e., Model 1, 2, or 3).  As a result, a brood’s reproductive value is not a general 

indicator of the benefits to be received from care.  Instead, whether care should increase with 

reproductive value will depend on which assumptions are appropriate to the parental care system 

under examination.  

Results 

Brood Size 

The effects of brood size are similar in the three models; therefore, I will illustrate its 

effect in the simplest model.  When S(C) = l0 + g(C), care is optimized when 

 n · g’(C*) = - f(C*), (2-4) 

substituting S(C) in equation 2-3, above.  As n increases, the slope of both S(C) and f(C) at C* 

become steeper, which corresponds to a higher value of C* (Figure 2-2A,B).  Therefore, as 

brood size increases, optimal parental care increases (Figure 2-2C). 
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Offspring Vulnerability 

Vulnerability is negatively correlated with l0 and may influence P in a number of ways if 

variation in l0 results in variation in the response of individual young to parental effort, S’(C).  In 

Model 1, S’(C) is independent of l0 (equation 2-4).  Therefore, changes in offspring vulnerability 

have no influence on optimal care.  Such independence applies when, for example, a fixed 

amount of provisioning has the same effect on broods in habitats of high and low predator 

density.  The broods in the high-density habitat are more vulnerable, but this vulnerability does 

not influence the effect of provisioning on the fitness of individual offspring. 

In Model 2, S(C) = l0 + g(C)·(1 - l0) and P approaches n as C  approaches 1.0.  Parental 

effort is optimal when 

 (n · g’(C*)) + (n · -l0 · g’(C*)) = - f’(C*). (2-5) 

Increasing l0 decreases the steepness of S(C) and f(C) at C*, causing a shift in C* toward lower 

levels of care (Figure 2-3).  Broods with higher fitness in the absence of care should receive less 

care.   

A model structure like that of Model 2 is assumed by the models of Dale et al. (1996), 

Andersson (1980), and Montgomerie and Weatherhead (1988) that argue parental effort should 

increase with a brood’s vulnerability.  Model 2 may describe systems in which parental care 

primarily affects offspring survival to independence and not fecundity or survival after maturity.  

Under such circumstances, the effect of care on a brood’s collective fitness is expected to 

saturate as survival approaches 100%.  Therefore, broods that have relatively high expected 

survival in the absence of care have relatively little to gain from receiving care and should 

receive less. 

In Model 3, S(C) = l0 + (l0 · g(C)) and care is optimized when 

 n · l0 · g’(C*) = - f’(C*). (2-6) 
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Here, the effect of l0 is the opposite from its effect in Model 2.  Just as increasing brood size 

increased optimal care, so does increasing the fitness of offspring when they are not provided 

care.  Increasing l0 increases the steepness of S(C) and f(C) at C*, resulting in an increase in C*.  

Therefore, under this model, care should decrease with increasing brood vulnerability (Figure  

2-4) because vulnerability negatively correlates with the benefit of care for offspring. 

The structure of this third model is often assumed in models predicting that parental care 

should increase with the reproductive value of a brood.  For example, Sargent and Gross (1993) 

evaluated a model with similar assumptions with the specific goal to evaluate the effect of clutch 

age on parental care in brood-cycling fish such as the three-spine stickleback (Gasterosteus 

aculeatus).  They assumed that embryos would not survive without parental care, but if parental 

care were provided, older embryos would have higher expected fitness than younger embryos 

because they will reach maturity sooner.  Indeed, older embryos do have higher reproductive 

value.  Because all embryos have zero fitness in the absence of care, providing care results in 

greater fitness benefits for the older embryos than the younger ones.  This argument makes a 

number of assumptions regarding the state of the clutch as it ages and these assumptions may not 

be valid in most systems.  In the final section of the Results, I explore the effect of age on a 

brood’s reproductive value. 

Examining the effect of offspring vulnerability on optimal care in each model 

demonstrates that offspring vulnerability will only influence optimal effort if differences in 

vulnerability are associated with differences in the slope of P.  When the slope varies with 

vulnerability, more vulnerable young are predicted to receive either more or less care, depending 

on the assumed relationship between vulnerability and the benefits individual offspring receive 
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from care.  This illustrates the limited generality of the prediction that care should increase with 

a brood’s current reproductive value. 

Brood Age 

Although the models do not explicitly incorporate brood age, one can explore how P 

might change with age.  As defined in equation 2-1, P is influenced by brood size, n, and the 

relationship between care and offspring fitness, S(C).  Both may change with offspring age.  

First, factors such as predation, disease, and filial cannibalism, will cause broods to be smaller on 

average as they approach independence than they were at fertilization (Ackerman and Eadie 

2003; Klug and St Mary 2005; St. Mary et al. 2004).  As the broods decline in size, the benefit of 

caring declines, as illustrated in Figure 2-2. 

Second, the shape of S(C) may change as the brood ages as the result of three processes.  

In the first process, g’(C) changes with age because the ability to survive without care changes – 

i.e, their vulnerability changes.  Consider a system in which parental care increases the 

probability that offspring survive to the next day.  The benefit of care would decline with age if, 

for example, care increases daily survivorship by 20% at hatching, but only by 10% once the 

young approach fledging.  Parental effort would decline with brood age under this circumstance, 

consistent with dynamic optimization models in which age is explicitly incorporated (Sargent 

1990; Webb et al. 2002).  However, daily survivorship could also decline with age, causing 

optimal effort to increase.  For example, older offspring may be more mobile and more likely to 

be detected by predators. 

In the second process, g’(C) changes with age because young and old offspring respond 

differently to care, possibly as the result of physiological differences.  For example, the 

efficiency with which food is converted into body mass may change with age.  In the third 

process, older offspring have higher expected survival to maturity solely by virtue of their having 
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to survive less time until maturity.  This increase in the expected survival to maturity as 

individuals age could cause g’(C) to increase (e.g., Sargent and Gross 1993), which would cause 

the benefit of care to increase as offspring age. 

The relative influences of declining brood size and changing g’(C) can be examined in 

the context of Fisher’s (1930) mathematical formulation of reproductive value (J.  Nichols, 

personal communication).  In a population with non-overlapping generations, the reproductive 

value of an individual in stage a (Va) is 

 Va =
1
la

lxmx
x= a

death

∑  (2-7) 

where lx is the probability of survival from birth to age class x and mx is the expected fecundity of 

an individual of age class x (Fisher 1930).  This equation can be simplified for individuals that 

have not yet matured because the fecundity before maturity = 0.   Therefore, 

 Va =
1
la

lxmx
x=maturity

death

∑ =
Rm

la

 (2-8) 

where Rm is the expected reproductive success from maturity to death.  The probability of 

surviving from birth to a given age decreases with age.  Therefore, la decreases with age.  

However, equation 7 defines the reproductive value of only one individual in the brood.  

Reproductive value of the brood is the number of individuals in the brood at time a, na, 

multiplied by their average reproductive value: Vbrood = naVa.  As the brood ages, the number of 

offspring in the brood declines due to mortality.  The proportion of the brood that survives from 

birth to stage a is la, so the equation for the value of the brood becomes 

 Vbrood ,a = n0la ⋅
Rm

la

 (2-9) 
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where n0 is the initial number of offspring.  The la values cancel one another such that the 

reproductive value of the brood is independent of a; thus, reproductive value does not change as 

the brood ages. 

Equation 2-9 suggests that neither changes in brood size nor in the time to maturity (the 

third process, above) as a brood ages influence how much care should be provided to broods of 

different ages and, instead, that any changes in care with offspring age are due to changes in 

vulnerability (the first process) or in offspring response (e.g., physiological) to care (the second 

process). 

Discussion 

Although numerous models have explicitly discussed how optimal parental effort is 

determined by the changes in fitness that result from parental effort (e.g., Lessells 2002; Lloyd 

1987; Temme 1986), empirical studies are frequently motivated by predictions for how a brood’s 

reproductive value at a single time should influence parental investment decisions (e.g., Amat 

1996; Dale et al. 1996; Koskela et al. 2000).  By focusing on the brood’s current reproductive 

value, a paradox has arisen regarding the influence of reproductive value on optimal care.  I 

aimed to resolve this paradox by emphasizing that the optimal amount of care for a parent to 

provide depends on the change in brood reproductive value that results from care rather than the 

brood’s current value.  Specifically, I demonstrated that different components of a brood’s 

current reproductive value – namely brood size, vulnerability, and age – can be either positively 

or negatively correlated with the change in offspring fitness resulting from care, indicating that 

the relationship between current reproductive value and fitness benefits is not invariable.   

Brood Size 

The model predicts parental effort to increase with increasing brood size, consistent with 

previous models (e.g., Sargent and Gross 1993).  Alternatively, parental care may decrease with 
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brood size when young require a minimum amount of care to benefit and when that care must be 

divided among broodmates ('depreciable care', Clutton-Brock 1991).  Although a model with 

depreciable care was not evaluated here, such models have shown that individuals in large 

broods are unable to receive enough parental care to survive and will receive less care (Kacelnik 

1988; Tammaru and Hõrak 1999). 

Many studies have shown parental effort to increase with brood size (e.g., Amat 1996; 

Koskela et al. 2000; St. Mary et al. 2001; Wiklund 1990), but this pattern is by no means 

ubiquitous.  Chick provisioning in birds has been found to both increase with (Olsen and Tucker 

2003; Sanz and Tinbergen 1999) and be unaffected by (Tolonen and Korpimaki 1996) 

manipulated brood size.  Further, nest fanning in fishes has been shown to both increase 

(Coleman and Fischer 1991) and remain constant (Lindström and Wennström 1994) with 

increasing brood size.  Variation among species in the effect of brood size on parental effort may 

be attributable to the effects of brood size on care’s efficacy.  For example, a given amount of 

aeration may benefit small and large egg masses differently if more flow is necessary to 

penetrate the center of a large egg mass than a small mass (Strathmann and Strathmann 1995). 

Offspring Vulnerability 

Young may differ in vulnerability due to differences in parental effort during an earlier 

life stage, as in the difference in incubation versus provisioning between altricial and precocial 

young (Nice 1962; Starck and Ricklefs 1998), or due to differences in the risk imposed by their 

environment (e.g., St. Mary et al. 2004).  Young in habitats with high predation risk or low food 

availability are likely to be of greater vulnerability than young in low risk habitats (e.g., Listøen 

et al. 2000; Weimerskirch et al. 2001). 

How parental care is predicted to change with offspring vulnerability varies among 

published models, largely due to how vulnerability is incorporated mathematically.  Here, 



 

31 

vulnerability is defined as offspring fitness in the absence of current parental effort.  Model 2 

assumed that vulnerable offspring will benefit more from parental care.  This negative 

relationship between vulnerability and the change in offspring fitness was also assumed by Dale 

et al.  (1996), who first posed the paradox regarding predictions based on offspring reproductive 

value, and by Webb et al. (2002).  Other models have assumed the opposite – that less vulnerable 

offspring receive a greater benefit from care (Kacelnik 1988; Sargent and Gross 1993).  For 

example, Kacelnik (1988) incorporates offspring condition as the response to care, itself.  

Offspring are in poor condition if they exhibit little response to care, whereas offspring are in 

good condition if they exhibit a large response.  Because optimal care depends on the shape of 

the offspring fitness function, differences in predictions among models can primarily result from 

differences in how vulnerability is defined and incorporated.  The models I present here predict 

that parents should care more for offspring or broods that exhibit a greater response to care, 

whether those broods are defined as more or less vulnerable.  Ideally, vulnerability should be 

defined independently of the response to care, such as by the fitness of young without care.   

Brood Age 

I have demonstrated that the reproductive value of a brood is not a good predictor of 

optimal parental effort because high reproductive value is not necessarily associated with high 

benefits of care.  Yet a brood’s increasing reproductive value is a common explanation for why 

parental effort often increases as a brood ages (Clutton-Brock 1991).  Although the model 

presented above does not explicitly incorporate brood age, its results highlight the influence of 

some factors that change as a brood ages.   

I illustrated how the changing benefits of care with brood age are influenced by brood 

size and individual reproductive value and that simultaneous changes in these two factors could 

negate the effect of each, individually.  This argument is supported by a study of nest desertion 
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in mallards (Anas platyrynchos).  Ackerman and Eadie (2003) used published data on mean daily 

egg survival in mallards to determine how clutch size changes over time due to partial clutch 

predation.  By simulating partial clutch predation, they compared seven-day old broods with 17-

day old broods of identical brood reproductive value and found that females deserted these 

clutches at equal rates, demonstrating that the increase in reproductive value of individual young 

does not cause investment to increase when partial brood mortality is incorporated.   

In contrast, parental care does increase with offspring age in many systems (e.g., Amat 

1996; Ridgway 1988; van Iersel 1953), suggesting that the combined influence of brood size, 

expected survival to maturity, vulnerability, and care efficacy results in the benefits of providing 

care to increase as offspring age.  For example, if brood size does not decline over time as 

expected based on mean survivorship, care might increase over time.  For example, in Ackerman 

and Eadie’s (2003) study, desertion rates did not change with brood age when the size of older 

broods was reduced to reflect identical reproductive value as younger broods.   However, rates 

increased with the level of brood reduction among broods of the same age.  This suggests that if 

the size of later-stage broods had been reduced by a lesser amount, causing broods to be larger 

than expected from mean survivorship rates, then females might be less likely to desert.   

Alternatively, parental care could increase with offspring age due to the correlated effect 

of time on the parent’s reproductive opportunities.  If reproductive opportunities for the parent 

become limited as the end of the reproductive season approaches, the costs of care may decrease 

as offspring age due to the correlated decline in both missed mating opportunities and future 

mating opportunities in the current season.  Similarly, if the probability of survival to the 

subsequent reproductive season declines as the investment in the current brood increases, then 
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the costs of care may decrease as offspring age due to the correlated decline in the cost of care to 

future reproduction. 

The effect of future mating opportunities on care is most apparent in dynamic state-

variable models of parental care in which future reproductive opportunities are explicitly 

incorporated and vary over time.  For example, although the amount of care was not allowed to 

vary in their models, Sargent (1990), McNamara et al. (2000), and Webb et al. (2002) all 

predicted care to be more likely later in the season when future mating opportunities are low.  In 

addition, Sargent (1990) and Webb et al. (2002) found that the likelihood of care decreases as the 

probability of offspring survival without care increases, which occurs as offspring age.  

Empirical evidence for this effect is mixed and the difficulty of demonstrating such an effect due 

to the confounded changes in future mating opportunities, size-related fecundity, and senescence 

is discussed by Clutton-Brock (1984).  However two recent studies in which future mating 

opportunities were experimentally manipulated suggest that individuals do reduce their 

reproductive effort as future mating opportunities decline (Bonneaud et al. 2004; Javois and 

Tammaru 2004). 

Recent empirical work examining the effects of brood size manipulation on parental 

behavior indicates a shift away from using a brood’s current reproductive value to predict the 

amount of care parents should provide young.  Brood manipulation experiments used to test the 

prediction that larger broods should receive more care have produced mixed results (e.g., 

Maigret and Murphy 1997; Sanz and Tinbergen 1999; Tolonen and Korpimaki 1996; Wiklund 

1990).  A negative relationship between brood size and parental investment may occur if the 

reproductive value of individuals in enlarged broods is lower than that of those in un-

manipulated or reduced broods.  Tammaru and Hõrak (1999) modeled how, when care is divided 
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among young, as with provisioning of chicks, young in artificially enlarged broods may receive 

insufficient care for survival, rendering the collective value of a large brood less than that of an 

intermediate-sized brood.  This is consistent with the optimal brood size theory put forth by Lack 

(1947), in which intermediate brood sizes yield the greatest lifetime reproductive success for the 

parent.  This approach emphasizes brood reproductive value measured at a fixed point in time, as 

other models have done, but focuses on reproductive value of broods after receiving care – e.g., 

using recruitment data (Hõrak 2003) – instead of prior to care.  For species in which the brood’s 

current reproductive value equals zero, value of a brood that has received care is equivalent to 

the change in brood value that results from care.  Therefore, using recruitment data to predict 

which broods should receive more care may be appropriate for species in which young are 

completely dependent on care for survival (but see Wolf and Wade 2001), including all birds and 

mammals and some reptiles, amphibians, and fish.   

A limitation of using recruitment data to predict which broods should receive more care is 

that enlarged broods may have received a different amount of care in the past than reduced 

broods.  Recruitment rates indicate the brood’s reproductive value following an unknown 

amount of care, and may not correlate with the increase in reproductive value per unit parental 

effort.  Some combination of these data with measures of parental investment, measured as a 

reduction in parental survival or future reproduction, may yield measures of fitness benefits per 

unit investment and would better indicate which broods offer the greatest returns per unit care.  

For species in which care is facultative – i.e., young do not require post-fertilization investment 

for survival – measuring brood reproductive value via recruitment rates is insufficient.  Instead, 

the benefits of care in these species, which include most invertebrates, fishes, amphibians, and 

reptiles, must be measured by comparing offspring fitness with and without care.   
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Finally, I have assumed that all offspring in a brood receive an equal amount of care.  

However, parents often differentially allocate resources among broodmates (reviewed in Clutton-

Brock 1991) and the conclusions of the above models can offer insight into how care should be 

allocated among young and, more extremely, the circumstances that give rise to brood reduction.  

Broods often contain individuals that differ in age, in paternity, or in vulnerability.  These 

differences can create variation in offspring vulnerability or in the vulnerability-independent 

response to parental care, g’(C), making it beneficial for parents to differentially allocate 

resources among young.  Which offspring receive the most food depends on each individual’s 

probability of survival without care (S(0)) and response to care (S’(C)).   

Differential allocation can be examined by modifying equation (2-1) to incorporate two 

individual offspring.  Assume a brood of two chicks and let the subscripts 1 and 2 denote chicks 

1 and 2, respectively.  Then, the parent’s present reproductive success is a function of care in the 

following manner: 

 P = S1(C, p)( )+ S2(C,1− p)( ), (2-10) 

where p is the proportion of care going to chick 1.  For a given amount of care, C, the proportion 

going to chick 1, p, can be optimized.  Care should be divided equally between the chicks unless 

they differ in their response to care.  Such a difference may arise as a result of differences in age, 

for example, due to different hatching dates, or due to competition among young for resources 

during an earlier stage, for example, via competition for placental resources during gestation.  In 

either case, the shape of S(C) may differ between young due to differences in past investment.  

Assume that chick 1 and chick 2 differ such that l0,chick1 > l0,chick2 (e.g., Figure 2-3A).  Because 

vulnerability is inversely related to l0, chick 2 is more vulnerable than chick 1.  As in the 

optimization of care to different broods, the more vulnerable chick, chick 2, should receive more 
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care (p* < 0.5; Figure 2-5).  But as the total amount of care provided increases, the marginal 

benefit of caring for the more vulnerable chick will decrease until it equals the marginal benefit 

of caring for the less vulnerable chick, until eventually each subsequent increment of care is 

divided equally between chicks (as in Fretwell and Lucas 1970). 

Differential allocation should occur whenever broodmates differ in their marginal fitness 

gains from care; however, the added constraint of resource limitation can give rise to the extreme 

case of brood reduction.  Figure 2-5 indicates that chick 2 should receive no care when the total 

allocation of parental resources to care is low, below a threshold value of approximately 0.05.  

This threshold will vary as a function of the difference between S1’(C) and S2’(C); the greater the 

difference, the higher the threshold value of total allocation to care below which one chick is 

excluded.  This means that both resource limitation and differences among broodmates in the 

response to care will influence whether or not the parent withholds care from one offspring.  

Given this, parents might produce more young than can survive given typical resource 

availability if resource abundance is occasionally high enough to favor allocation to multiple 

offspring – an explanation for brood reduction initially proposed by Lack (1947) and 

subsequently formalized in a number of mathematical models (e.g., Bonabeau et al. 1998; 

Pijanowski 1992; Temme and Charnov 1987).  When resources are abundant, the parent is able 

to provide enough care to be shared among all its young, whereas when resources are scarce, the 

parent provides less care, which is provided exclusively to one individual. 

Summary 

Offspring reproductive value is critical in determining the fitness benefits parents receive 

when providing care.  However, there is no single prediction for how care should change with 

offspring reproductive value.  Instead, components of offspring reproductive value, including 

brood size and vulnerability, influence optimal care differently.  In addition, the effects of 
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offspring age on optimal care remain unclear as age has yet to be defined independently of the 

parent’s future mating opportunities.  Studies of parental investment should shift toward 

examining how the benefits of care, measured as an increase in the reproductive value of young 

once care is provided, are influenced by brood characteristics, instead of focusing solely on 

reproductive value either before or after receiving care. 
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Figure 2-1. Present, future, and total reproductive success as a function of the amount of care a 
parent provides. 
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Figure 2-2.  The effect of brood size, n, on the optimal amount of parental care.  A) Brood size 
affects the shape of function describing present reproductive success.  B) Optimal 
parental care occurs when dP/dC = -dF/dC; therefore, C) optimal care increases with 
brood size.
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Figure 2-3. The effect of offspring survival without care, l0, on the optimal amount of parental 
care under Model 2.  A) Survival without care affects the shape of function describing 
present reproductive success.  B) Optimal parental care occurs when dP/dC = -dF/dC; 
therefore, C) optimal care decreases as offspring survival without care increases. 
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Figure 2-4. The effect of offspring survival without care, l0, on the optimal amount of parental 
care under Model 3.  A) Survival without care affects the shape of function describing 
present reproductive success.  B) Optimal parental care occurs when dP/dC = -dF/dC; 
therefore, C) optimal care increases with offspring survival without care. 
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Figure 2-5.  Optimal allocation of parental effort to chick 1 as a function of the total amount of 
care provided.  In this model, chick 2 is less vulnerable than chick 1 (l0,chick1 > l0,chick2).  
Chick 2 is always expected to receive more can than chick 1, indicated by p* always 
being less than 0.5
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CHAPTER 3 
NEST TENDING INCREASES REPRODUCTIVE SUCCESS, SOMETIMES – 
ENVIRONMENTAL EFFECTS ON PATERNAL CARE AND MATE CHOICE 

Introduction 

The optimal amount of care to provide one’s young reflects a balance between the benefits 

of care to young and the costs to the parent’s residual reproductive value (e.g., Sargent and Gross 

1993; Webb et al. 2002; Williams 1966).  Consistent with this model, parents often reduce the 

care they provide when the costs of doing so are high (e.g., Brommer et al. 2000; Weimerskirch 

et al. 2001) and increase care when the benefits are high (Dale et al. 1996; Listøen et al. 2000).  

These natural selection pressures are not the only factors influencing parental investment 

decisions, as an increasing body of work demonstrates that female mating preferences can select 

for male activity that is likely to improve offspring fitness (Møller and Thornhill 1998; 

Pampoulie et al. 2004; Tallamy 2000).  For example, mating success can be associated with the 

quality of a potential mate’s nest (Reynolds and Jones 1999), of the care he will provide young 

(Forsgren 1997; Lindström et al. 2006; Östlund and Ahnesjö 1998), and whether he is caring for 

a current brood (Petersen et al. 2005).  Thus, natural and sexual selection can simultaneously 

influence optimal care.   

Natural and sexual selection may favor different amounts of care in species in which the 

choosy sex (e.g., females) is not the care-giving sex (e.g., males) (reviewed in Clutton-Brock 

1991), as is the case for many invertebrates, fishes, and birds (reviews in Andersson 1994; 

Tallamy 2000).  Specifically, imposing sexual selection on paternal care predicts an increase in 

care above the natural selection optima (Hoelzer 1989; Iwasa and Pomiankowski 1999; 

Kirkpatrick 1985).  When sexual selection is acting, there may also be a conflict between the 

interests of males and females (reviewed in Arnqvist and Rowe 2005).  Females should favor 

males that provide the greatest fitness benefits to offspring, whereas males should balance 
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benefits to offspring against the costs of providing care (e.g., Trivers 1972; Westneat and Sargent 

1996). 

For species distributed across a range of environmental conditions, the strength of this 

conflict can vary across environments.  For example, environmental conditions can influence 

both the costs of care to parents (Weimerskirch et al. 2001) and benefits of care to offspring 

(Dale et al. 1996) such that the environments in which care is most beneficial are those in which 

care is also most costly (Hale et al. 2003).  If the strength of female preferences for parental 

males is correlated with the expected benefit of care to young, then preferences should be 

stronger in the environments in which care is most beneficial.  Variation in care across 

environments, then, should reflect the changes in parental costs, benefits to offspring, as well as 

changes in the strength of mating preferences. 

In this study, I examine variation in parental care both within and among populations of 

flagfish (Jordanella floridae).  Care in flagfish is provided entirely by males, who defend nesting 

territories and guard, clean, and fan eggs from multiple females.  Male parental behavior is 

variable both within (Hale et al. 2003; St. Mary et al. 2001) and among (C. M. St. Mary, 

unpublished data) populations and a component of this variation can be attributed to variation in 

salinity (St. Mary et al. 2001).  The benefits of parental care under various salinities are currently 

unknown; however, previous work suggests that care may be more beneficial in fresh water.  

Specifically, an increased rate of fungal infection in fresh water appears to reduce survival of 

unattended embryos (St. Mary et al. 2004).  Consequently, egg cleaning may be more beneficial 

in fresh than in brackish water.  Further, if egg cleaning is more beneficial to offspring in fresh 

water, then the strength of mating preferences for nest tending males should be stronger in fresh 

water than in brackish water.   
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I will examine the effects of salinity on male activity prior to and after spawning in four 

populations of flagfish.  Flagfish are native to both fresh and brackish habitats.  Therefore, I will 

examine the effect of native habitat on behavioral responses to salinity by observing males from 

both coastal and inland habitats.  Behavior may differ among populations native to different 

habitat types (inland vs. coastal) due to genetic drift resulting from reproductive isolation.  

Alternatively, behavior may differ consistently among habitat types, suggesting adaptation to 

local conditions.  In flagfish, the amount of gene flow across the salinity gradient is unknown.  

However, the proximity of freshwater habitats in Florida to coastal salt marsh may facilitate gene 

flow across the salinity gradient within drainages.  An effect of native habitat type on behavior 

would indicate that gene flow is restricted and that selection regimes differ between salinities. 

I will also examine female mating preferences by determining whether a male’s pre- and 

post-spawning activity is associated with his reproductive success.  Male flagfish perform nest-

tending activities, such as fanning and nest-cleaning, prior to spawning (Bonnevier et al. 2003) 

and these activities may serve as signals to potential mates of the quality of the nest and of the 

care a male will provide young (Tallamy 2000).  In addition, females often mate repeatedly with 

the same male and a male’s behavior once he has eggs in his nest may influence whether a 

female will mate with him again (Tallamy 2000).  Therefore, male behavior both prior to and 

after spawning will be examined with respect to his initial and subsequent reproductive success.  

An effect of male behavior on reproductive success would suggest that male activity indicates a 

male’s interest in mating and/or that females dynamically adjust their spawning activity in 

response to male behavior.  I assume that female preferences that are based on male activity are 

free to vary in strength and direction across salinity treatments and populations, whereas I 

assume that a male’s interest in mating should be similarly correlated with his activity across all 
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treatments in much the same way that I expect courtship to be similar in all treatments.  Indeed, 

field observations indicate that courtship t-circling (Mertz and Barlow 1966) precedes spawning 

in both inland and coastal populations (personal observation).  As a result, I assume variation 

across salinities and populations in the association between male behavior and reproductive 

success to indicate variation in female mating preferences. 

Methods 

Collection and Transportation 

Fish were collected from four sites in Florida between May and July of 2003 under Florida 

Fish and Wildlife Conservation Commission Scientific Collector’s Permit number FNC-03-015, 

U.S. Fish and Wildlife Service Special Use Permit numbers 58875 and 03008 for St. Marks 

National Wildlife Refuge and number 03 SUP 59 for Merritt Island National Wildlife Refuge.  

Seine nets, minnow traps, and dip nets were used to collect animals.  Otter Creek (OC, Levy 

County) and Miccosukee (MC, Miami-Dade County) are inland and freshwater.  St. Marks (SM, 

St. Marks National Wildlife Refuge, Wakulla County) and Merritt Island (MI, Merritt Island 

National Wildlife Refuge, Brevard County) are coastal, with freshwater areas in close proximity 

to brackish areas.  Animals were transported to the Florida State University (FSU) campus in 

Tallahassee, where the experiments were conducted, in insulated coolers.  They were transferred 

to 1 m diameter wading pools at the FSU Mission Road Greenhouse, where they experienced the 

natural daylight cycle.  All animals were returned to their native sites within four months of 

collection. 

Acclimation and Experiments 

Responses to salinity in each of the four populations were examined in a factorial design 

with two native habitat types (coastal and inland) crossed with two salinity treatments (fresh and 

brackish).  Two populations were nested within each native habitat type.  Males and females 
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from each population were acclimated to either 0.2 ppt (hereafter referred to as 0 ppt) or 15 ppt 

salinity from their native salinity at a rate of 5 ppt every other day such that all animals reached 

their target salinity treatment on the same day.  Fish were then maintained at these salinities for 

two weeks prior to experimentation.  Brackish water (15 ppt) was made by mixing Instant Ocean 

Aquarium Salt (Aquarium Systems brand) with well water, whereas the freshwater treatment (0 

ppt) consisted of unaltered well water.   

The experiment was conducted indoors at 28 ± 1 ° C with 14 h light – 10 h dark.  Each 

male was placed in a 37.5 l aquarium with two artificial plants, a carpeted spawning mat, and a 

filter.  One female from the same population and acclimated to the same salinity as the male was 

placed in a transparent plastic box within this aquarium and water was shared between the box 

and the aquarium.  The female was maintained in the box for 48 h and then released into the 

aquarium.  Twelve OC, nine MC, and 11 SM males were observed in each salinity treatment; 10 

and 11 MI males were observed in the fresh and brackish treatments, respectively.   

Twenty-four h following the release of the female (Day 1), each pair was filmed for 20 min 

and then each spawning mat was inspected for eggs.  Daily from Day 2 to Day 14, each 

spawning mat was removed and all eggs counted.  Pairs were filmed for 20 min the first day eggs 

were observed.  All filming took place between 0800 and 1200 h.  Male behavior was analyzed 

using Observer Pro 5.0 (Noldus Information Technology 2003).  Each observation was divided 

among time spent at or away from the nest, swimming, fanning, following the female, courtship 

(t-circling), or spawning.  In addition, the frequencies of bites at and away from the nest, chases, 

and spawning events were recorded.  See Hale et al. (2003) for definitions of these activities.  A 

male was following the female, as opposed to chasing her, if he was swimming no more than 
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approximately three body lengths behind the female at approximately her same speed and did not 

make contact with her.   

Reproductive success was measured as whether or not a pair spawned (spawning success) 

and as the number of eggs received. 

Analyses 

Three composite responses were analyzed: number of approaches toward the female 

(chases plus follows), number of nest-tending activities (bites at the nest plus fanning events), 

and proportion time at the nest.  I consider male activity to reflect a decision either to perform 

the activity at a level appropriate to the environment or to not perform the activity at all.  Under 

this assumption, males that did not perform a given activity did so either because they were 

categorically inactive or because they assessed the environment and decided that ‘no activity’ 

was optimal.  Ideally, I would like to evaluate only those males whose activity level was adjusted 

to the environment, but this is not possible.  As an alternative, each composite behavioral 

response was analyzed in two ways.  First, it was treated as a binomial response variable with 

males scored as either exhibiting or not exhibiting the response.  The effects of salinity, native 

habitat type, and population on whether or not males exhibited the response were analyzed using 

logistic regression.  Second, the responses were treated as interval data, with the effects of the 

treatments on the frequency of the responses analyzed using log-linear (Poisson) regression.  In 

these analyses, males that did not perform the activity were excluded.  Each of these analyses is 

valuable in the interpretation of male behavior.  The logistic regression evaluates activity as a 

binomial response and considers whether or not a male performed an activity, regardless of 

whether he was categorically inactive or he decided ‘no activity’ was optimal.  In contrast, the 

log-linear regression evaluates the magnitude of activity and considers the male’s energetic 

investment into the activity. 
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All analyses were conducted using PROC GENMOD in SAS version 8 (SAS Institute 

2000) using logistic regression for binomial data and log-linear regression for frequency data.  

For log-linear regressions, a negative binomial error distribution was specified to reduce model 

deviance.  Interaction terms (see below) were removed from full statistical models using 

backward elimination if P > 0.10.  Main effects of salinity, native habitat type, and population 

(nested within habitat type) are included in all analyses, regardless of the significance of their 

effect, in order to consistently removed variance explained by these variables from all analyses.  

Summary statistics provided in the text and figures are mean ± standard error. 

I analyzed the effects of salinity, native habitat type, and population (nested within native 

habitat type) on male behavior during a pre-parental phase and a parental phase.  I limited my 

testing of interaction effects to that between salinity and native habitat type.  The pre-parental 

phase consisted of Day 1 observations of all males that had not spawned in the 24 h since the 

female was released (73 of 82 males).  The parental phase began when eggs were first observed 

in a nest and parental behavior was measured from the observation of each male on the first day 

he had eggs (57 of 82 males). 

I also examined whether a pair’s reproductive success – either the probability of spawning 

or the number of eggs received – was influenced by male behavior (either pre-parental phase or 

parental phase), salinity, native habitat type, population (nested within native habitat type), and 

all possible two- and three-way interactions between male behavior, salinity, and native habitat 

type.  First, I examined the effect of pre-parental-phase male behavior on spawning success and 

number of eggs received measured across the entire 14 day trial.  Second, I examined the effect 

of parental-phase male behavior on spawning success and number of eggs received in the two 
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days immediately following the observation, as females may continue to spawn with the same 

male once he has eggs in his nest. 

Analyses of whether or not males spawned or performed each activity include all males for 

which there were behavioral observations.  Analyses of the number of eggs spawned and the 

frequency of activity include only those males that spawned and performed the relevant activity, 

respectively.  As a result, sample sizes of the latter analyses are smaller than those of the former 

analyses (Tables 3-1 and 3-2). 

Results 

Salinity, Native Habitat Type, and Population 

The effects of salinity, native habitat type, and population (nested within habitat type) on 

reproductive success were evaluated in models that also included male behavior as independent 

variables.  Behavior during the pre-parental and parental phases were considered in separate 

models (Table 3-1).  Only population (nested within habitat type) had a consistent effect on 

initial spawning success across all three models (pre-parental behavior models, Table 3-1).  

Initial spawning success for Otter Creek was 54 %, for Miccosukee was 71 %, for Merritt Island 

was 50 %, and for St. Marks was 91 %.  None of these variables had consistent effects on 

whether the pair spawned again after the initial spawning event (parental behavior models, Table 

3-1).   

Among males that spawned (57 of 82 males), salinity, native habitat type, and population 

(nested within habitat type) did not influence the number of eggs received over 14 days 

(49.1 ± 8.9 eggs), the latency to spawn (4.2 ± 0.6 days), or the mean clutch size (11.0 ± 1.5 

eggs), estimated as the total number of new eggs observed divided by the number of days on 

which new eggs were observed for a given male.  In addition to the 57 pairs that were observed 

during the pre-parental phase and then subsequently spawned, nine pairs spawned on the day the 
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female was released before a pre-parental observation could be made.  These males necessarily 

had a shorter latency to spawn than the other males used in the analyses and received, on 

average, nearly twice as many eggs (80.4 ± 34.8 eggs), but had similar mean clutch size 

(13.8 ± 4.7 eggs).  Four of these males were from the Miccosukee site, three from Merritt Island, 

and two from St. Marks.   

Sexual Selection on Male Behavior 

A male’s behavior influenced his reproductive success, though it did so differently in 

fresh and brackish water.  In fresh water, pre-parental behavior was more important to spawning 

success, whereas in brackish water, parental behavior was more important. 

In fresh water, males that tended their nests during the pre-parental phase were more 

likely to spawn than males that did not (tending x salinity interaction for pre-parental behavior 

Table 3-1, Figure 3-1).  If the direct benefits of nest-directed activity are greater in fresh than in 

brackish water, as I suggest they are (St. Mary et al. 2004), then females appear to increase their 

preference for male activity where the benefit of doing so is greater, particularly if a male’s nest-

tending during the pre-parental phase indicates his tending once he has eggs.   

In brackish water, pre-parental behavior was not related to spawning success.  However, 

two activities performed during the parental phase were important to subsequent reproductive 

success.  Males who approached the female during the parental phase were more likely to spawn 

than males who did not perform these activities (Table 3-1, Figure 3-2) and this effect was 

stronger in inland populations.  However, the males that approached the female actually received 

fewer eggs on average than males who did not approach (Table 3-1, Figure 3-3).  Males who 

spent time at the nest were also more likely to spawn, and this effect was stronger in coastal 

populations.   
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In both fresh and brackish water, females preferred males that tended the nest during the 

parental phase, but only if the pair was from a coastal population (Table 3-1, Figure 3-2). 

I expected that preferences for activities that increase offspring fitness should be stronger 

in fresh water than in brackish water.  Assuming spawning success indicates, in part, female 

mating preferences (i.e., single male choice test; Shackleton et al. 2005; Wagner 1998) and that 

nest-associated activities (nest tending and presence at the nest) increase offspring fitness (Klug 

and St. Mary 2005), then the data offer mixed support for this prediction.  Both pre-parental and 

parental phase nest-associated activities were important to spawning success, but their influences 

were not always greater in fresh than in brackish water; males who spent time at the nest during 

the parental phase were more likely to spawn, but only in brackish water – the opposite of what I 

expected.  Further, in both fresh and brackish water, parental-phase nest tending increased 

spawning success. 

Behavioral Responses to Sexual Selection 

Based on the effects of male behavior on spawning success described above, I expected 

males to be more likely to perform certain activities in the salinities in which those activities 

increase spawning success.  Specifically, I expected nest tending during the pre-parental phase to 

be more common in fresh water, for approaches and presence at the nest during the parental 

phase to be more common in brackish water, and for nest-tending to be more common among 

coastal males.  Nearly without exception, these expectations were not met.  Pre-parental nest 

tending was not more common in fresh water (Table 3-2, Figure 3-4C,D), nor were parental-

phase approaches more common in brackish water (Table 3-2, Figure 3-5A,B).  Further, males 

were not more likely to spend time at the nest during the parental phase when in fresh than in 

brackish water (Table 3-2, Figure 3-5E).  Finally, coastal males were not more likely to tend the 
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nest during the parental phase than inland males, but among males that tended, coastal males 

tended more. 

Two activities that did not influence reproductive success were affected by salinity.  

Among coastal males, pre-parental nest tending was more frequent in brackish water.  In 

addition, coastal males were more likely than inland males to approach the female during the 

pre-parental phase and all males approached her more often in brackish water (Table 3-2, Figure 

3-4A, B).   

 In addition to these treatment effects, male behavior during the parental phase was 

influenced by clutch size.  The more eggs a male had in his nest during the parental phase, the 

more likely he was to tend and to spend time at his nest (Table 3-2, Figure 3-6).   

Association between Pre-Parental and Parental Behavior 

Deciding whether or not to spawn with a male based on his nest tending prior to 

spawning may offer a female direct benefits either if such nest tending directly increases the 

success of offspring subsequently spawned and reared in the nest or if the male’s activity toward 

an empty nest indicates his care of a future brood.  I used log-linear and logistic regressions to 

determine whether the frequency or probability, respectively, of behavior prior to spawning (i.e., 

during the pre-parental phase) is a good indicator of a male’s behavior once a nest contains eggs 

(i.e., during the parental phase).  In the analyses of the probability of performing a particular 

activity, I included all males that spawned and examined the effects of all two- and three-way 

interactions between salinity, native habitat type, and Day 1 male behavior (pre-parental 

behavior) on male behavior on the first day with eggs (parental behavior).  In the analyses of the 

frequency of activities, I included only males that performed the activity during the pre-parental 

phase and then subsequently spawned.  This greatly reduced sample sizes precluding the testing 
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of all possible interactions.  Therefore, I pooled all males regardless of salinity treatment, native 

habitat type, or population.   

In general, male activity prior to spawning did not predict post-spawning behavior (Table 

3-3).  Males that spent time at the nest during the pre-parental phase were equally likely to do so 

once they had eggs as males who did not spend time at the nest during the pre-parental phase.  

Further, whether or not a male approached the female during the pre-parental phase did not 

predict whether he did so once he had eggs.  Similarly, whether a male tended the nest during the 

pre-parental phase did not predict whether he did so once he had eggs.  The number of times the 

male approached the female during the pre-parental phase did not predict his approaches once he 

had eggs, nor did the frequency of pre-parental nest tending predict that once he had eggs, or did 

the pre-parental time spent at the nest predict the time spent once he had eggs.   

Discussion 

Female Mating Preferences 

I found no evidence that the tendency to spawn is plastic in response to salinity, as there 

was no main effect of salinity, native habitat type, or their interaction on reproductive success.  

However, I found evidence that sexual selection on male behavior varies across salinities and 

that selection on pre-parental behavior differs from selection on parental behavior, indicating that 

females adjust their mating activity in response to male behavior.   

In fresh water, where the benefits of care are expected to be greater (St. Mary et al. 

2004), males who tended nests during the pre-parental phase had higher spawning success than 

males who did not tend.  In brackish water, activity during the parental phase influenced 

reproductive success; males that approached the female and spent time at the nest were more 

likely to spawn.  In both salinities, coastal males were more likely to spawn if they tended the 

nest during the parental phase.  If spawning success reflects female mating preferences 
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(Shackleton et al. 2005; Wagner 1998), as I suggest it does, then these results indicate that 

preferences are plastic in response to salinity and vary geographically.   

Females often choose mates based on the quality of their nest sites (Kodric-Brown 1983; 

Reynolds and Jones 1999) or of the care they will provide young (e.g., Forsgren 1997; Östlund 

and Ahnesjö 1998) and preferences for males based on these direct benefits of mate choice may 

change as factors defining quality change.  For example, Reynolds and Jones (1999) found that, 

in gobies, female preference for males with small, more cryptic nest entrances disappeared under 

low oxygen conditions, where the importance of water flow and egg fanning to offspring 

survival may outweigh the benefit of reduced nest predation.  Nest tending in flagfish appears to 

reduce predation (Klug et al. 2005) and may reduce fungal infection (via the removal of infected 

egg or detritus from the nest).  I found that females are more likely to spawn with males that nest 

tend before spawning, but only in fresh water.  The relative importance of removing detritus may 

be low in brackish water, where the rates of fungal infection are lower (St. Mary et al. 2004), 

such that pre-parental tending is a less reliable indicator of offspring survival in this 

environment.   

If pre-parental nest tending is an indicator to females of direct benefits for offspring, then 

I might expect pre-parental nest tending to be correlated with nest tending after spawning, but 

this was not the case.  An alternative adaptive explanation is that pre-parental nest tending has 

immediate effects on the nest itself that influence survival of eggs once they are laid such that 

pre-parental nest tending indicates hatching success.  Indeed, removal of detritus from the nest 

prior to spawning may reduce fungal infection throughout embryo development (Cote and Gross 

1993), as the spores of at least some oomycetes (e.g., Saprolegnia) are attracted to dead material 

(Smith et al. 1985). 
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Females may also choose mates based on the amount they are courted.  For example, 

female green swordtails were more likely to respond to males exhibiting courtship displays than 

to males performing other activities (Rosenthal et al. 1996), and similar preferences for courtship 

displays have been demonstrated in insects and birds (reviewed in Andersson 1994).  In flagfish, 

males that approached the female in brackish water were more likely to spawn than males who 

did not.  Because the rates of fungal infection are low in brackish water, females may shift their 

choice criterion from male activity that may improve offspring fitness to activity that indicates a 

male’s eagerness to spawn, such as whether or not a male approaches. 

I have argued that females may be more likely to spawn with males that tend the nest 

prior to spawning because of the direct benefits such tending offers.  An alternative explanation 

is that females are not choosing mates based on the direct benefits of parental care but on the 

indirect, genetic benefits to her offspring (reviewed in Andersson 1994).  Females can improve 

the fitness of their offspring by selecting males of higher genetic quality (e.g., Parker 2003) and 

male behavior may be an indicator of male quality.  As the energetic costs of activity vary with 

salinity, so may the reliability of behavior as an indicator.  In fresh water, where the energetic 

costs of nest tending are expected to be high (Evans 1993), whether or not males are tending 

their nests prior to spawning may be a better indicator of male quality than in brackish water, 

where all males, regardless of condition or genetic quality, may be able to tend nests.  However, 

while this explanation holds for the pattern in fresh water, it cannot explain the advantage of 

post-spawning nest tending in brackish water. 

Regardless of the type of benefit females gain from their decisions, these data suggest 

that female reproductive decisions are plastic not only in the magnitude, and possibly the 

direction, of preference but also in the traits used to select mates.  In addition, female preferences 
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changed after spawning.  These changes may reflect that females make different decisions when 

assessing males with versus without eggs, when assessing a male for the first time versus 

reassessing him after already spawning with him, or when assessing a male after a period of not 

spawning versus after having recently spawned.  These three possibilities are confounded in this 

experiment but potentially reflect different mate choice decisions. 

Male Behavior 

The results clearly indicate a sexual selection advantage of pre-parental nest tending in 

fresh water, whereas this advantage was not present in brackish water.  Given this, and the 

understanding of how salinity influences embryo hatching success and adult metabolism, I would 

expect male nest tending to vary with salinity.  However, males were not more likely to tend in 

fresh water and coastal males actually tended more in brackish water.  

Coastal males may have tended less in fresh than in brackish water as a result of negative 

effects of a novel environment, yet this is not entirely consistent with the results.  If a novel 

salinity environment were to elicit such a response, I would expect to see effects of salinity on 

female fecundity, a measure I expect to be tightly linked with energy expenditure and metabolic 

rate.  However, there were no effects of salinity or native habitat type on clutch size, total eggs 

laid, or latency to spawn. 

The results also indicate an advantage of approaching the female during the parental 

phase in brackish water.  However, males were not more likely to approach and did not approach 

more in brackish water, suggesting that relatively strong sexual selection in brackish water does 

not result in plasticity in approach activity.  Similarly, both coastal and inland males were 

favored if they tended the nest in brackish water, but they were not more likely to nest tend in 

brackish water, despite the mating advantage.   
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There are at least two possible explanations for why plasticity in male behavior did not 

mirror plasticity in female mating preferences: 1) responses to salinity are the direct consequence 

of metabolic effects or 2) male behavior reflects a balance of the fitness consequences across 

environments.  I reject the first hypothesis because there are no consistent effects of salinity on 

behavior either before or after spawning; although pre-parental males approached the female 

more in brackish water, no other male activities exhibited the same pattern.  The data are 

consistent with the second hypothesis.  This hypothesis requires that the increased offspring 

fitness and sexual selection benefits in fresh water be balanced by the increased energetic or 

opportunity costs of care in fresh water.  As a result, the optimum level of care for the male to 

provide remains constant across environments.  Support for this hypothesis requires that the costs 

and benefits be explicitly quantified in both salinity environments. 

I expect sexual selection benefits to covary with the direct benefits of care to offspring, 

whereas the costs of care may vary independently.  In this system, it is possible that the parental 

costs, direct benefits, and the sexual selection benefits of care all positively covary such that 

environments with relatively high benefits also have relatively high costs.  A consequence of this 

covariance would be that the strength of sexual conflict over paternal care is variable across 

salinities, being stronger in fresh water, where costs and benefits are both high.  To my 

knowledge, variation in the strength of sexual conflict across populations has not been measured 

(Arnqvist and Rowe 2005), but I suggest that a system in which the benefits of care vary across 

environments offers a good opportunity to describe such variation because the direct benefits of 

choosing a good parent as a mate should also vary.   

Summary 

In summary, I found that male behavior influences reproductive success differently in 

different environments, suggesting that females use different traits to select mates in different 
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environments.  However, plasticity in male behavior does not reflect a response to plasticity in 

sexual selection alone.  Males appear to adjust their behavior in response to covarying selection 

pressures.  These results reflect the conflict between the interests of the choosy parent and those 

of the care-giving parent, as sexual selection favors providing more care than may be optimal to 

provide.  In addition, they suggest that the resolution of sexual conflict is not static, but might 

vary across environments, as the strength of sexual selection and possibly the costs of providing 

care vary. 
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Table 3-1.  Effects of pre-parental behavior and parental behavior on reproductive success. 
  Spawning success  Eggs spawned  

Model Predictor df Χ 2 P N Χ 2 P N 
Pre-parental phase        

   
1 Approaches 1 0.07 0.79 73 0.18 0.67 30 
 Salinity 1 1.07 0.30  1.47 0.22  
 Habitat type 1 0.65 0.42  0.13 0.72  
 Population(Habitat) 2 8.32 0.016  0.48 0.79  
         
2 Nest tending 1 1.40 0.24 73 1.10 0.29 30 
 Salinity 1 7.43 0.006  1.59 0.21  
 Habitat type 1 0.50 0.480  0.18 0.67  
 Population(Habitat) 2 9.33 0.009  0.67 0.72  
 Tending•Salinity 1 10.83 0.001     
         
3 At nest 1 0.04 0.85 73 2.07 0.15 35 
 Salinity 1 1.37 0.24  4.96 0.026  
 Habitat type 1 0.65 0.42  0.09 0.76  
 Population(Habitat) 2 8.57 0.014  1.09 0.58  

   
Parental phase  

   
1 Approaches 1 1.93 0.16 57 0.19 0.67 42 
 Salinity 1 6.60 0.010  3.93 0.047  
 Habitat type 1 4.41 0.036  0.09 0.77  
 Population(Habitat) 2 2.62 0.27  2.77 0.25  
 Approaches•Salinity 1 4.45 0.035  4.08 0.043  
 Approaches•Habitat 1 4.03 0.045     
         
2 Nest tending 1 8.84 0.003 57 0.97 0.32 37 
 Salinity 1 1.88 0.17  0.20 0.65  
 Habitat type 1 0.53 0.47  0.09 0.77  
 Population(Habitat) 2 1.51 0.47  0.32 0.85  
 Tending•Habitat 1 4.83 0.028     
         
3 At nest 1 4.47 0.035 57 1.42 0.23 37 
 Salinity 1 3.84 0.050  0.01 0.94  
 Habitat type 1 1.65 0.20  0.0 0.96  
 Population(Habitat) 2 1.82 0.40  0.85 0.65  

 At nest•Salinity 1 3.21 0.07  
Population is nested within habitat type.  Logistic and linear regressions were used to examine 
effects on spawning success and the number of eggs received, respectively, as a function of 
behavior during the pre-parental and parental phases.  Interaction terms with P > 0.2 were 
removed from the statistical models.   
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Table 3-2.  The effects of salinity, native habitat type (inland versus coastal), and population 
(nested within habitat type) on pre-parental behavior and parental behavior. 

 Performed (yes/no) Frequency performed 
Variable Predictor df Χ2 P N Χ 2 P N 
Pre-parental phase  

  
Approaches Salinity 1 9.50 < 0.01 73 6.69 0.01 30

 Habitat type 1 0.49 0.48 0.09 0.76
 Population(Habitat) 2 6.15 0.05 1.08 0.58
 Habitat•Salinity 1 5.67 0.02  
  

Nest tending Salinity 1 1.07 0.30 73 5.48 0.02 27
activities Habitat type 1 0.17 0.68 0.01 0.92

 Population(Habitat) 2 7.99 0.02 1.80 0.41
 Habitat•Salinity 1 16.21 < 0.01
  

Time at nest Salinity 1 0.33 0.56 73 2.20 0.14 35
 Habitat type 1 0.71 0.40 0.08 0.78
 Population(Habitat) 2 2.46 0.29 0.89 0.64
  

Parental phase  
  

Approaches Salinity 1 0.38 0.54 57 0.22 0.64 42
 Habitat type 1 0.01 0.91 0.09 0.77
 Population(Habitat) 2 9.01 0.01 1.12 0.58
 Clutch size 1 1.07 0.30 0.01 0.94
  

Nest tending Salinity 1 0.0 0.95 57 1.59 0.21 37
activities Habitat type 1 0.30 0.58 5.20 0.02

 Population(Habitat) 2 1.31 0.52 1.18 0.55
 Clutch size 1 11.19 < 0.01 3.36 0.07
  

Time at nest Salinity 1 0.44 0.51 57 0.18 0.67 41
 Habitat type 1 1.59 0.21 2.39 0.12
 Population(Habitat) 2 0.15 0.93 0.30 0.86
 Habitat•Salinity 1 5.18 0.02  
 Clutch size 1 8.83 < 0.01  3.10 0.08  

Population is nested within habitat type.  Logistic regression was used to examine the proportion 
of males that performed the activity.  Log-linear regression was used to examine the number of 
activities performed.  Tests of interaction effects were limited to the interaction between habitat 
type and salinity.  Interaction terms with P > 0.2 were removed from the statistical models.   
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Table 3-3.  The relationships between pre-parental and parental male activity. 
  Performed (yes/no) Frequency performed 

Predictor df Χ 2 P N Χ 2 P N 
Approaches 1 0.61 0.43 47 0.22 0.96 21 
Salinity 1 2.95 0.09     
Habitat type 1 0.07 0.79     
Population(Hab) 2 0.05 0.09     
        
Nest tending 1 2.29 0.13 47 0.04 0.84 20 
Salinity 1 0.70 0.40     
Habitat type 1 0.28 0.60     
Population(Hab) 2 0.08 0.96     
        
At nest 1 3.07 0.08 47 0.17 0.68 23 
Salinity 1 0.04 0.83     
Habitat type 1 63.00 0.43     
Population(Hab) 2 0.13 0.94         
Population is nested within habitat type.  Logistic regression was used to examine the proportion 
of males that performed the activity.  Loglinear regression was used to examine the number of 
activities performed, with males pooled across treatments. 
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Figure 3-1.  Spawning success as a function of pre-parental behavior in fresh (A) and brackish 
(B) water.  (A) Males that tended the nest were significantly more likely to spawn 
than non-tenders in fresh water (Logistic regression, fresh water only: N = 38, 
tending: Χ2

1 = 10.88, P = 0.001; habitat type: Χ2
1 = 0.05, P = 0.82; 

population(habitat): Χ2
1 = 10.57, P = 0.005).  (B) Tending and non-tending males 

were equally likely to spawn in brackish water (Logistic regression, brackish water 
only: N = 35, tending: Χ2

1 = 2.29, P = 0.13; habitat type: Χ2
1 = 1.54, P = 0.21; 

population(habitat): Χ2
1 = 1.37, P = 0.51). 
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Figure 3-2.  Spawning success as a function of parental behavior in fresh (A, C, E) and brackish 
(B, D, F) water.  Approaching the female (A and B), tending the nest (C and D), and 
spending time at the nest (E and F) during the parental phase were each important in 
determining spawning success in brackish water.  Specifically, inland males needed 
to approach the female in brackish water to increase spawning success (B).  In 
contrast, coastal males needed to spend time at and tend the nest in order to increase 
spawning success (D and F).  Stars indicate significant differences. 
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Figure 3-3.  The mean number of eggs a male received (± SE) as a function of whether or not a 
male approached the female during the parental phase.  All males are included 
regardless of whether or not they received eggs after their initial spawning.  Inland 
and coastal populations were pooled. 
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Figure 3-4.  Pre-parental behavior of males (i.e., observed on Day 1).  (A) Proportion of males 
who made advances toward the female.  (B) Number of approaches toward the 
female, excluding males that did not approach (n = 30).  (C) Proportion of males who 
tended nests.  (D) Number of nest tending activities performed by males, excluding 
those that did not tend (n = 27).  (E) Proportion of males who spent time at the nest.  
(F) Percent time spent at the nest by males, excluding those who spent no time at the 
nest (n = 35).  Means and SE are calculated from ln-transformed values and back-
transformed for the figures.  Stars indicate significant differences. 
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Figure 3-5.  Parental behavior of males (i.e., observed on the first day of eggs).  (A) Proportion 
of males who made advances toward the female.  (B) Number of approaches toward 
the female, excluding males that did not approach (n = 42).  (C) Proportion of males 
who tended nests.  (D) Number of nest tending activities performed by males, 
excluding those that did not tend (n = 37).  (E) Proportion of males who spent time at 
the nest.  (F) Percent time spent at the nest by males, excluding those who spent no 
time at the nest (n = 41).  Means and SE are calculated from ln-transformed values 
and back-transformed for the figures.  Stars indicate significant differences. 
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Figure 3-6.  The percent of males tending their nests (A) and spending time at their nests (B) 
increased with the number of eggs in the nest.  Note that the bin size ranges for egg 
number are not constant.  Numbers above bars indicate the number of males in that 
bin. 
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CHAPTER 4 
PRE-SPAWNING BEHAVIOR AND NEST-FANNING PREDICT CLUTCH SUCCESS 

Introduction 

The amount of parental care a parent provides its young may vary among environments if 

the risks facing offspring vary.  A number of models have predicted that offspring that are more 

vulnerable or face greater risks should receive more parental care (Andersson et al. 1980; Dale et 

al. 1996; Montgomerie and Weatherhead 1988; and Chapter 2).  Underlying this prediction is the 

assumption that vulnerable offspring will benefit more from parental care, yet this assumption 

remains largely untested.   

In many species with parental care, care is facultative – i.e., offspring are not entirely 

dependent upon care for survival.  These species provide an excellent opportunity to test the 

assumption because the survival of offspring with and without care can easily be compared 

between high- and low-risk environments.  If the assumption is met, then parental care should be 

expected to vary among environments as the models predict. 

Variation in the benefits of parental care for offspring can have an impact not only on 

parental effort, but also on mating preferences that are based on parental care activity.  Female 

mate choice appears to play a large role in shaping male parental care, as preferences for both 

good fathers and males already caring for young have been demonstrated (e.g., Forsgren 1997; 

Møller and Thornhill 1998; Petersen et al. 2005; Reynolds and Jones 1999; Tallamy 2000) and 

mating with a male that will provide high quality parental care should confer direct benefits to 

offspring (Hoelzer 1989).   

Recent work examining variation in mating preferences has focused on whether the 

benefits of mate choice vary among environments, causing mating preferences to be context-

dependent.  These studies have shown that both the direct (parental care, protection and food for 
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mate) and indirect (good genes, sexy sons) benefits of mate choice can vary with the 

environment.  For example, the correlation between sexually selected traits and fitness has been 

shown to depend on male condition in stalk-eyed flies (David et al. 2000), social context in side-

blotched lizards (Alonzo and Sinervo 2001), and season (Schmoll et al. 2005) and density 

(Welch 2003) in grey tree frogs.  Although variation across environments in the benefits of mate 

choice should result in variation in mating preferences, studies linking the correlation between 

male phenotype and offspring fitness to female mating preferences are rare (Forsgren et al. 1996; 

Tomkins et al. 1999).  

In Jordanella floridae (flagfish), males provide parental care for offspring and the 

parental care traits preferred by females and the strength of female preferences vary with salinity 

(Chapter 3).  Here, I examine whether this variation reflects variation in benefits – i.e., variation 

in the association between male behavioral traits and clutch success. 

Territorial male J. floridae exhibit a set of conspicuous activities involved in courtship, 

mating, and parental care (Hale et al. 2003; Mertz and Barlow 1966; St. Mary et al. 2001).  

When caring for embryos, males fan the nest and bite at the nest substrate, which appears to 

remove debris.  Egg fanning is commonly thought to aerate developing embryos (van Iersel 

1953), but the effect of fanning on embryo development and oxygen consumption is not known.  

Further, males exhibit nest biting and fanning prior to spawning (e.g., Chapter 3; Bonnevier et al. 

2003), suggesting that they may be involved in nest preparation (Foster 1967) or in signaling 

male quality to potential mates.   

J. floridae embryos can survive without parental care, but their hatching success in the 

absence of care depends on the salinity environment.  In a study by St. Mary et al. (2004), 

embryos reared in fresh water (~ 0 ppt) were less likely to hatch than embryos reared in brackish 
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water (5 – 15 ppt), apparently due to a higher prevalence of fungal infection in fresh than in 

brackish water.  Because embryos reared in fresh water are more vulnerable to infection in the 

absence of care than those reared in brackish water, a number of models predict that embryos 

will benefit more from care when in fresh than when in brackish water (e.g., Chapter 2; Dale et 

al. 1996).  These models suggest that the strength of natural selection on parental care should be 

greater in fresh water where the benefits of care for offspring are greater.  However, sexual 

selection also act on male behavior, and the pattern of care across salinities that is favored by 

sexual selection is not necessarily the same pattern favored by natural selection.  

Males can care for multiple clutches simultaneously, so females may have the 

opportunity to choose among males that are currently caring for young and those that are not.  In 

addition, some males may already be caring for the female’s offspring.  Females are able to 

partition their daily egg complement among multiple males or to the same male upon repeated 

occasions, spawning between five and 20 eggs in any given spawning event.  Therefore, a male 

currently caring for offspring may be caring for those of the female that is assessing him.  

Female preferences for males at these different nest stages appear to differ.  In a previous 

study in J. floridae (Chapter 3), I evaluated whether a male’s activity could predict his 

subsequent mating success and whether the association between activity and mating success was 

affected by salinity.  I assumed that spawning success reflected, in part, female mating 

preferences.  Pairs were housed together for two weeks and, thus, females had the opportunity to 

assess the male when his nest was empty and, for those pairs that spawned, again when his nest 

contained a clutch of eggs.  In fresh water, a male’s activity while his nest was empty (‘pre-

parental phase’, Chapter 3) predicted whether or not the pair would spawn or not over the two 

weeks.  Males that tended the nest were more likely to spawn than males that did not tend the 
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nest, when the nests were empty, and this was consistent with the hypothesis that the strength of 

female mating preferences are greater in the salinity in which the benefits of care for offspring 

are greater.  In contrast, preferences for males tending nests that contained clutches (‘parental 

phase’, Chapter 3) were equally strong in fresh and brackish water.   

The goal of this study is to evaluate the effect of male activity on clutch success in two 

salinity environments for one of the J. floridae populations examined the earlier study.  I 

evaluate the alternative hypotheses that 1) the benefits of pre- and post-spawning nest tending for 

offspring are greater in fresh water, consistent with predictions of parental care models and 2) the 

benefits for offspring vary with salinity in a manner consistent with the direction of female 

mating preferences.  Based on the results of the previous study of female mating preferences, the 

second hypothesis generates two predictions.  First, males that tend their nest prior to spawning 

should have higher clutch success than non-tending males, and this difference should be greater 

in fresh than in brackish water.  Second, post-spawning tending should increase clutch success 

equally in both fresh and brackish water.   

The effects of pre- and post-spawning nest tending on hatching success and hatchling 

mass were evaluated in fresh and brackish water for males from Merritt Island, Florida.  I also 

evaluated the effect of pre-spawning approaches toward the female because approaches 

influenced spawning success in some treatments in the previous study.  Both hatching success 

and hatchling mass are known to be influenced by parental care (e.g., Crespi and Lessig 2004; 

Eggert et al. 1998) and may indicate benefits of mating decisions that are based on parental care 

activity. 
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Methods 

Collection, Transport, and Acclimation 

Male and female Jordanella floridae were collected from Merritt Island National 

Wildlife Refuge (Brevard County), Florida, in May and November 2005 and June 2006 under 

U.S. Fish and Wildlife Special Use Permit number 03 SUP 59.  Salinity at this collection site 

ranged from 3 to 15 ppt over two years of bimonthly sampling and sites within approximately 4 

km2 varied between 2 and 18 ppt when measured on a single day (appendix).  Fish were 

transported in their native water in insulated coolers to Florida State University, Tallahassee, 

where experiments were conducted.  Water at the collection site measured 3.4 ppt in May 2005, 

3.0 ppt in November 2005, and 5.4 ppt in June, 2006.  The fish were removed from their native 

water upon arriving at the laboratory and males and females were separately adjusted to target 

salinities of either freshwater (~0.2 ppt hereafter referred to as 0 ppt ) or brackish (15 ppt) at a 

rate no greater than 5 ppt every two days.  These two salinities are referred to as the natal 

salinities, as they are the salinities at which clutches were spawned.  Saline water was mixed by 

adding Instant Ocean Aquarium Salt (Aquarium Systems brand) to well water.  Fresh water 

consisted of unaltered well water.  Animals were fed frozen brine shrimp (San Francisco brand) 

daily and dried algae (Hikari brand sinking pellets) on alternate days.  They were maintained 

indoors at 26 °C with an artificial light regime of 14 h light: 10 h dark. 

Experimental Design and Protocol 

Rearing salinity, artificial fanning, and a male’s pre-spawning activity were manipulated 

in a three factor design.  Artificial fanning was applied as a surrogate for post-spawning nest 

tending in order to rear embryos independently of the father.  The four combinations of rearing 

salinity (0 or 15 ppt) and fanning treatment (fanning present or absent) were applied to clutches 

after they, and the nest in which they were spawned, had been removed from their parents and 
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placed in a separate rearing aquarium.  These treatments were blocked across adult spawning 

pairs.  The male’s pre-spawning activity, in contrast, was measured before a pair spawned and 

thus, characterized the natal environment, including the nest.  Pairs were nested within activity 

category (performed/did not perform) as determined by whether or not the male of the pair 

performed specific pre-spawning activities.  Two pre-spawning male activities were evaluated: 

nest tending, which included biting at the nest substrate and fanning the nest, and approaching 

the female, which included chases and follows (Chapter 3).   

The introduction of pairs to spawning aquaria was identical to that used in Chapter 3.  

One male and one female were introduced to a 37.5 l spawning aquarium of the same salinity as 

their housing tank and were separated by a transparent, plastic mesh partition.  Each side of the 

partition was equipped with artificial plants and the male’s side also contained a carpeted “nest” 

(10 cm x 10 cm) and a water filter.  Two days following the introduction of pairs to these 

aquaria, the mesh partition was removed.  The following day (Day 1), each pair was filmed for 

15 min to quantify whether the male approached the female or tended the nest.  In all cases, the 

pair had not yet spawned, so these observations indicate pre-spawning (pre-parental, sensu 

Chapter 3) behavior.  Nests were checked for eggs daily beginning on Day 1 and continuing for 

three to eight weeks.  Pairs set up in the summer of 2006 were maintained longer than pairs 

established in 2005 because I noticed that spawning rates notably increased about four weeks 

after pairs were introduced.  Spawning pairs were maintained until they had produced a clutch 

for each of the four salinity-by-fanning treatment combinations.  However, not all pairs produced 

four clutches, resulting in an incomplete block design.  Individuals that did not spawn over the 

three to eight week period were removed and later placed in a new pair. 
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Upon finding a clutch in a nest, the nest was removed from the spawning pair and placed 

alone in a 20 l rearing aquarium (20 cm x 50 cm x 20 cm deep) at a salinity of either 0 or 15 ppt 

and a small water pump directed for horizontal flow approximately 1 cm above the glass bottom.  

This aquarium was not aerated aside from any aeration caused by flow from the water pump.  

The pump was placed near the substrate and did not create any visible disturbance of the water 

surface.  Clutch sizes ranged from seven to 84 (mean = 36, SD = 23) embryos.  The blocked 

design required that approximately half of the clutches were reared at a different salinity than 

their natal salinity.  An earlier study in which embryos were spawned in fresh water and then 

reared at salinities ranging from 0 to 15 ppt suggests that the effect of such movement is small 

and should not obscure the effects of treatments in the current study (St. Mary et al. 2004). 

Clutches placed in the “fanning” treatment were exposed to water flow for approximately 

2 s every 20 s, corresponding to the mean fanning bout duration and inter-bout interval for 

fanning by males identified in an earlier study (Hale et al. 2003).  The water flow rate of the 

pump was set to 17 gallon/h for ~30 cm vertical flow (Little Giant 40 GPH Statuary Fountain 

Pump).  Flow cycle was regulated using HomeSeer Home Control Software (HomeSeer 

Technologies 2005).  The software was programmed to send a signal every 20 s to turn on a unit 

(X10 appliance module) attached to each pump.  A second signal was sent 2 s later telling the 

unit to turn off. 

Nests were inspected daily and all hatchlings and live eggs were counted.  Upon 

hatching, fry were removed to a separate 1.2 l container.  Two days following hatching, the 

embryos were sacrificed in MS-222 and preserved in 10 % formalin.  The fry were later freeze-

dried and weighed.  Average hatchling mass was obtained by simultaneously weighing 10-20 

hatchlings from a clutch and dividing by the number weighed. 
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Analyses 

The effects of two types of parental care (tending of the nest prior to spawning and 

simulated fanning of the clutch) and one non-parental care activity (approaching the female prior 

to spawning) on hatching success and hatchling mass were evaluated.  Tending and fanning are 

assumed to be parental care because they are directed toward the nest and are likely to have 

direct effects on offspring fitness (Trivers 1972).  In contrast, approaching the female when the 

nest is empty is not assumed to be a parental care because the male’s activity is not directed 

toward the nest nor can it serve to reduce egg predation if the nest is empty.   

The effects of natal salinity, rearing salinity, fanning treatment, male activity (tending or 

approaching), and clutch size on hatching success and ln(hatchling mass) were evaluated using 

logistic and log-linear regression, respectively, using generalized linear mixed models in the 

lme4 package (Bates and Sarkar 2006) of the programming language R (R Development Core 

Team 2006), which uses restricted maximum likelihood to estimate model fit and parameter 

values.   

The effects of the two pre-spawning male activities were evaluated in separate models 

because they were not considered independent – males that tended the nest were also likely to 

approach the female (see Results).  In addition, evaluating the effects of these activities 

separately parallels the analysis of the effects of activity on spawning success conducted in 

Chapter 3, to which I intended to compare the results of the current study. 

Main effects and all possible interactions between rearing salinity, fanning treatment, and 

male activity, as well as the main effects of natal salinity, clutch size (a covariate) and the 

random effect of pair, were included in each model.  The significance of each term was evaluated 

by comparing the deviances of progressively simpler models.  Deviance is defined as negative 

twice the difference in likelihood between the model of interest and a saturated model (i.e., a 
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model with a separate parameter describing each data point).  Beginning with the model 

containing terms for all the main and interaction effects, I sequentially removed the term that 

would result in the smallest change in model likelihood.  This allowed me to compare the 

likelihood of a series of nested models, each with one fewer parameters than the previous model.  

The deviance of each model was compared with that of the model with one fewer parameters 

using analysis of deviance, which employs a likelihood ratio test to determine whether removing 

a term results in a significantly poorer fit of the model to the data (Agresti 1996).  Therefore, the 

goal was to identify the simplest model with a deviance not significantly different from more 

complex models.  The likelihood ratio test statistic is approximately Χ2-distributed with degrees 

of freedom equal to the difference in the number of parameters of the models being compared 

(Agresti 1996) – in this case, degrees of freedom = 1. 

Additional analyses were necessary in order to present the mean and standard error 

estimates for clutch size, hatching success, and hatchling mass while controlling for the effects of 

fixed and random factors.  These values were plotted as the grand mean of clutch size, hatching 

success, or hatchling mass plus residuals from regression models including fixed effect terms for 

those factors for which I wanted to control and the random effect term for pair.  However, the 

lmer function of R does not calculate residuals for logistic and log-linear regression models.  

Therefore, new regression models with Gaussian error distributions were evaluated in which 

clutch size and hatchling mass were ln-transformed and the probability of hatching was arcsine-

square root-transformed (Sokal and Rohlf 1995).  Residuals from these models were then added 

to the appropriately-transformed grand mean value.  These adjusted values were used to calculate 

treatment means and standard errors before back-transforming to the appropriate scale.  The 

terms used in each model are provided in the figure legends. 
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Results 

A total of 55 clutches were obtained from 19 pairs.  Nine of the pairs spawned four times, 

yielding clutches for each of the four salinity-by-fanning treatments (i.e., nine complete blocks), 

with the remaining pairs spawning between one and three clutches each.  Pre-spawning behavior 

was quantified for 15 of the pairs (including eight complete blocks) and 45 clutches.  Five of 

these pairs included a male that tended the nest and eight included a male that approached the 

female.  All of the males that tended the nest also approached the female.   

Clutch Size 

Clutch size ranged between seven and 84 eggs and was marginally affected by the male’s 

activity prior to spawning (Figure 4-1).  Clutch size was not affected by the salinity of the natal 

aquarium.  The effects of whether or not the male tended the nest or approached the female on 

clutch size were evaluated in separate models, each of which included terms for natal salinity, 

the interaction of natal salinity with male activity, and the random effect of pair.  Males that 

tended the nest had marginally larger clutches than males that did not tend the nest (Likelihood 

ratio test, tending: LR = 3.12, df = 1, P = 0.08; natal salinity: LR = 0.25, df = 1, P = 0.61; 

interaction: LR = 2.09, df = 1, P = 0.15).  Similarly, males that approached the female also had 

marginally larger clutches (Likelihood ratio test, approaching: LR = 2.94, df = 1, P = 0.09; natal 

salinity: LR = 0.63, df = 1, P = 0.43; interaction: LR = 2.46, df = 1, P = 0.12).  This pattern may 

indicate that either females spawned more eggs with active males or active males consumed 

fewer eggs in the period between spawning and collection of the clutch.  Because clutch size 

varied with treatment, clutch size was included as a covariate in the analyses examining hatching 

success and hatchling mass.  However, there was no effect of clutch size on hatching success or 

hatchling mass when male activity was taken into account (see below). 
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Hatching Success 

Hatching success was evaluated as a function of the fixed effects of natal salinity, rearing 

salinity, fanning treatment, male activity, and clutch size, and the random effect of pair.  In the 

first analysis, male activity was scored according to whether or not the male approached the 

female prior to spawning.  In a second analysis, male activity was scored according to whether or 

not the male tended the nest prior to spawning.  In a third analysis, the effects of fanning were 

evaluated without male activity.  This third analysis was conducted because male activity was 

scored for only a subset of the pairs (45 clutches, 15 pairs, 8 complete pair blocks); therefore, by 

removing male activity from the model, the sample size in the regression could be increased to 

55 clutches and 9 complete pair blocks and a presumably better estimate of the effects of fanning 

and salinity could be obtained. 

Activity scored as ‘nest-tending’ 

Hatching success was influenced by the interaction between rearing salinity and whether 

or not a male tended his nest prior to spawning (tending by rearing salinity interaction, Table 41).  

Qualitatively, tending increased hatching success when clutches were reared in fresh water and 

decreased hatching success when clutches were reared in brackish water (Figure 4-2), but these 

effects of nest tending were not significant when fresh and brackish treatments were evaluated 

separately (fresh water only: tending, LR = 0.68, df = 1, P = 0.41, tending x fanning interaction, 

LR = 0.26, df = 1, P = 0.61; brackish water only: tending, LR = 0.002, df = 1, P = 0.97, tending x 

fanning interaction, LR = 2.82, df = 1, P = 0.09). 

For some of the pairs that spawned clutches for multiple treatments, it was possible 

calculate the within-pair effect of salinity on hatching success.  Hatching success was 8.9 % 

(± 8.5 % SE, N = 3) higher in fresh water than in brackish water among nest tending males and 

only 1.6 % (± 5.6 % SE, N = 8) higher among non-tending males. 
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Activity scored as ‘approaching the female’ 

Approaching the female prior to spawning had a similar effect on hatching success as 

tending the nest did; there was a significant effect of the interaction between approaching the 

female and salinity (Table 4-1).  Approaching the female increased hatching success when 

clutches were reared in fresh water and decreased hatching success when clutches were reared in 

brackish water (Figure 4-2), though these effects of nest tending were not significant when fresh 

and brackish treatments were evaluated separately (fresh water only: approaching, LR = 0.004, 

df = 1, P = 0.95, approaching x fanning interaction, LR = 3.10, df = 1, P = 0.078; brackish water 

only: tending, LR = 1.10, df = 1, P = 0.30, tending x fanning interaction, LR = 0.006, df = 1, P = 

0.94).   

Evaluating the effect of salinity on hatching success among pairs that spawned multiple 

clutches, hatching success was 7.1 % (± 4.4 % SE, N = 6) higher in fresh water than in brackish 

water among males that approached the female and was 0.6 % (± 5.6 % SE, N = 8) less in fresh 

water among non-approaching males. 

Clutch size and natal salinity did not influence hatching success in either the nest tending 

or approaching models. 

Fanning and salinity, alone 

Fanning increased hatching success (Figure 4-2), but there was no effect of salinity or the 

fanning by salinity interaction on hatching success (Table 4-1).  Among pairs for which multiple 

clutches were evaluated, fanning increased hatching success more for clutches reared in fresh 

water (8.5 % ± 3.2 SE, N = 11) than for those reared in brackish water (6.6 % ± 7.9 SE, N = 12). 

Together, the results of these three analyses indicate that tending the nest and 

approaching the female prior to spawning, and fanning the nest once it contains a clutch, each 

increase hatching success more in fresh than in brackish water (Figure 4-1), even though these 



 

81 

effects were not always significant when evaluated separately for each salinity.  Further, the 

effect of salinity was similarly influenced by nest tending, approaching, and fanning.  Hatching 

success was higher in brackish than in fresh water in the no tending, no approaching, and no 

fanning treatments, but was higher in fresh than in brackish water for the tending, approaching, 

and fanning treatments. 

Hatchling Mass 

Hatchling mass was not significantly influenced by rearing salinity, fanning treatment, 

male activity, clutch size, or natal salinity (Table 4-2, Figure 4-3).  Statistical models were 

reduced to include only the main effects of rearing salinity, fanning treatment, and male activity, 

but the effects of these terms were not significant (Table 4-4).   

Discussion 

The goal of this study was to identify whether the association between clutch success and 

male behavior, both observed (tending and approaching) and simulated (fanning), differs 

between fresh and brackish water.  There are two alternative sets of predictions for how these 

components of male behavior should influence clutch success.  The first set of predictions is 

based on the effect of salinity on hatching success in J. floridae, evaluated in light of current 

models of optimal parental investment.  J. floridae embryos are more vulnerable in fresh water 

than they are in brackish water.  Numerous verbal models of optimal parental effort have 

predicted that offspring that are highly vulnerable should receive more care than less vulnerable 

offspring because vulnerable offspring will benefit more from care (e.g., Andersson et al. 1980; 

Dale et al. 1996; Montgomerie and Weatherhead 1988).  In Chapter 2, I formalized this 

prediction in a mathematical model and predicted that as the survival of a clutch that is not 

provided care declines, the benefit of receiving care should increase (Chapter 2, Model 2).  As a 
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result, the model predicts that the benefits of parental care – in this study, the effects of male nest 

tending and artificial fanning – should be greater in fresh than in brackish water.   

Alternatively, female preferences for nest-associated activity vary with salinity, but they 

are not always stronger where the benefits of parental care for offspring are assumed to be 

greater (Chapter 3).  For example, female preferences for males that are caring for clutches are 

equally strong in fresh and brackish water, suggesting that the benefits of parental care for 

offspring may be the same in the two salinities, contrary to the predictions of current models.  

The goal of this work was to quantify the effects of parental care on developing clutches to 

simultaneously test predictions of current parental care models and to explore the possible direct 

benefits to offspring of female mating preferences. 

Context-Dependent Association between Male Traits and Fitness 

These data provide evidence that the direct benefit of parental care – specifically, tending 

the nest prior to spawning – varies among salinity environments.  If male activity also indicates 

heritable components of male quality, then parental care activity in J. floridae may serve the dual 

roles of increasing clutch success directly and signaling to potential mates not only the direct 

benefits of mating with a given male, but also the indirect, genetic benefits. 

The data are consistent with the predictions of the mathematical model presented in 

Chapter 2.  I found that tending the nest prior to spawning increased hatching success to a greater 

extent in fresh than in brackish water.  Therefore, J. floridae, and species with similar parental 

care systems, may be good species in which to test these models’ predictions for variation of 

parental care as a function of offspring vulnerability – namely, that offspring of greater 

vulnerability should receive more care.  This prediction is evaluated in light of the data presented 

in Chapter 3 in the general Discussion (Chapter 6). 
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I evaluated the effects of two parental care activities (pre- and post-spawning nest 

tending) and one non-care activity (pre-spawning approaches toward the female) and found a 

consistent trend in the effect of activity on hatching success.  In fresh water, clutches that 

received parental care or were fathered by males that approached the female had higher hatching 

success than those that were not.  In brackish water, these positive effects were either reduced or 

reversed.  In addition, I found the effect of salinity on hatching success to be affected similarly 

by parental care and non-parental care activity.  Brackish water increased hatching success when 

clutches did not receive care and were not fathered by males that approached, but this effect of 

salinity was reduced or reversed for clutches that received care or had fathers that approached the 

female. 

These data provide evidence that the amount of variance in clutch success that can be 

explained by variance in the father’s traits can vary with the environment.  A similar effect of 

environment has been demonstrated in species lacking parental care.  For example, Sheldon et 

al.(2003) showed that male coloration in moor frogs (Rana arvalis) predicted whether offspring 

would survive the threat of predation from larger predators, but not small predators, indicating 

that male color is a better indicator of offspring fitness in some predator environments than 

others.  Similarly, Welch (2003) found that grey tree frog (Hyla versicolor) males with long calls 

father tadpoles that are larger at metamorphosis when the tadpoles are reared at high density, but 

that their size was equal to those of short call-males when reared at low density. 

In these two species, an association between male traits and offspring fitness is 

presumably due to the heritability of fitness-associated traits that covary with the male trait.  

However, in species that provide parental care for young, the association may be due to the direct 

effects of parental activity.  In J. floridae, the association may be both direct and indirect.  The 
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effect of artificial fanning on hatching success indicates that nest fanning provides direct, non-

genetic benefits for offspring.  Fanning was applied to clutches at random, regardless of male 

pre-spawning behavior.  For fanning to have increased hatching success, the effect of fanning 

must have modified the rearing environment in such a way that embryos had higher survival.  

Tending the nest before it contains a clutch also may provide direct benefits to offspring.  Pre-

spawning nest-tending, which consists of biting at the nest substrate and fanning, may be 

parental care in the form of nest construction and maintenance (Clutton-Brock 1991; Foster 

1967).  If so, pre-spawning nest-tending may be a signal of a nest’s quality.  For example, a 

previous study of embryo survival in J. floridae suggested that embryo mortality may have been 

due to fungal infection and that infection had a greater effect on survival in fresh than in brackish 

water (St. Mary et al. 2004).  If the prevalence of fungal spores and hyphae is lower in brackish 

than in fresh water, then male activity that maintains a clean nest may have a greater impact on 

infection rates in fresh than in brackish water (Cote and Gross 1993). 

Alternatively, approaches toward the female and tending the nest prior to spawning may 

indicate indirect fitness benefits such as the quality-related genes males will pass to offspring.  

For example, male activity level may be an indicator of health and resistance to infection 

(Hamilton and Zuk 1982; Holmes and Zohar 1990), which, if passed to offspring, may help 

offspring resist parasites or fungal infection in the nest environment. 

Context-Dependent Mating Preferences and Mate Choice Benefits 

The traditional view that mating preferences are static with respect to the direction of 

preferences and the traits that are preferred has been refuted by repeated evidence that mating 

preferences are dependent upon their context (reviewed in Jennions and Petrie 1997).  For 

example, mating preferences vary with predator density in Brachyrhaphis episcope (Simcox et 

al. 2005), with predator density and social context in Poecilia reticulata (Dugatkin and Sargent 
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1994; Endler and Houde 1995), with time of season in Ficedula albicollis (Qvarnström et al. 

2000), with water turbidity in cichlids (Seehausen et al. 1997), and with dissolved oxygen in 

Pomatoschistus microps (Reynolds and Jones 1999).  Context-dependent mating preferences 

may result from variation in the ability to assess mates, as when turbid water or low light 

conditions limit the ability to assess sexual ornaments, from the costs of assessment (Jennions 

and Petrie 1997), or from variation in the benefits of mate choice (Qvarnström 2001). 

Qvarnström (2001) argued that female preferences for male traits should be dependent 

upon the association between the male trait and the success of his offspring.  Using stalk-eyed 

flies as an example, she argued that female preferences for eye-span should be greater when food 

conditions are poor because a greater amount of variance in male fitness is attributed to variance 

in male eye-span under poor conditions than under good conditions (David et al. 2000). 

The same argument can be made when the benefits of mate choice are direct, such as when 

resources are provided by the male to the female or her offspring.  Females should favor males 

with high quality territories or nest sites and those that will provide higher quality parental care.  

For example, females of many species prefer to mate with males that already have young in their 

nests (Forsgren et al. 1996; Petersen et al. 2005; Tallamy 2000), suggesting that they favor males 

that have demonstrated they will care for offspring.  Females also prefer males that provide 

better care for young (Forsgren 1997; Östlund and Ahnesjö 1998).  However, evidence that 

female preferences are stronger where a male’s territory, nest, or parental behavior better 

predicts direct benefits is lacking.  While the examples above provide evidence that preferred 

males offer higher direct benefits, I know of no studies demonstrating that context-dependent 

female mating preferences for male traits are associated with a context-dependent direct benefits 

of mate choice. 
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The results presented here provide this evidence for J. floridae.  In Chapter 3, I found that 

female mating preferences were salinity-dependent.  I evaluated the effects of male activity on 

whether pairs spawned at all and whether they spawned more than once.  In fresh water, pairs 

were more likely to spawn if the male tended his nest than if the male did not tend, when the 

nests were empty (i.e., during the ‘pre-parental phase’, Chapter 3).  In both fresh and brackish 

water, pairs were more likely to spawn a second time if the male tended the nest once it 

contained embryos (‘parental phase’, Chapter 3).  I argued that spawning rates indicated the 

female’s willingness to spawn and, thus, reflected female mating preferences.  Therefore, I 

concluded that female mating preferences were based on pre-parental activity when in fresh 

water, but were based on parental activity when in brackish water. 

A goal of the current study was to determine whether female preferences differed 

between salinities because the male behavioral traits that predict clutch success were different.  I 

predicted that 1) tending of an empty nest would predict clutch success in fresh water, whereas 

2) tending of a nest containing embryos would predict clutch success in fresh and brackish water.  

To test the first prediction, I evaluated whether males that tended the nest prior to spawning had 

different hatching success than those that did not tend, and whether the effect of tending differed 

between salinities.  To test the second prediction, I evaluated whether tending (i.e., fanning 

artificially) a nest that contained a clutch influenced hatching success differently in fresh and 

brackish water. 

As predicted, there was a significant interaction between the effects of salinity tending 

the nest on hatching success; tending increased hatching success in fresh water but actually 

decreased it in brackish water, though these effects were not significant.  In addition, fanning 

increased hatching success in both fresh and brackish water.  These data suggest that females 
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adjust the strength of their mating preferences in accordance with the magnitude of the direct 

benefits they receive from choosing good mates. 

In contrast, one aspect of the results run contrary to my predictions.  Males that 

approached the female prior to spawning had considerably higher hatching success in both 

environments than males that did not, yet females showed no preference for males who 

approached her prior to spawning in the earlier study.  Further, I would have expected males to 

approach females equally often in both salinities, but they approached more in brackish water in 

the earlier study. 

Costs of mate assessment may explain why females showed no preference for 

approaching males, even though approaching males had higher hatching success in both 

environments.  Female preferences may be weakened if the costs of assessment are high, 

preventing them from gathering enough information about potential mates to choose the best 

male (Jennions and Petrie 1997).  Being approached by males may be costly, as females 

occasionally have their fins torn and become bruised when housed with highly active males 

(personal observation).  This cost may favor females either mating quickly or leaving the male’s 

territory without mating, either of which could limit the females’ ability to assess male quality.   

Summary 

I have shown that females use some, though not all, information about potential mates 

that is presented in the mate’s behavior when making mating decisions.  Further, this study 

demonstrates that context-dependent mating preferences in J. floridae are associated with 

context-dependent direct benefits of mate choice and indicate that the strength and direction of 

sexual selection on parental care is variable.  Variation in the strength and/or direction of sexual 

selection on parental care that arises from variation in mating preferences may provide the 

opportunity for parental care activity to become an exaggerated signal of male quality and to be 
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expressed outside the parenting context (Chapter 3 and Bonnevier et al. 2003) and for parental 

activity to evolve separately in different environments.  It remains to be shown whether this 

context-dependent sexual selection can result in divergence in parental activity among 

environments. 
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Table 4-1. Analysis of deviance for fit of progressively simpler logistic regression models 
evaluating ln(odds of hatching) using a Likelihood Ratio (LR) test. 

 Terms removed from model* LR† df P 

Tend the nest    
 clutch size 0 1 1.00
 tend•fan•rearing salinity 0.32 1 0.57
 fan•rearing salinity 0.32 1 0.57
 natal salinity 2.38 1 0.12
 tend•fan 3.26 1 0.07
 tend•rearing salinity 9.23 1 < 0.01
 tend 0.32 1 0.57
    
Approach the female    
 clutch size 0 1 1.00
 approach•fan•rearing salinity 0.26 1 0.61
 approach•fan 0.44 1 0.51
 fan•rearing salinity 1.16 1 0.28
 natal salinity 1.60 1 0.21
 approach•rearing salinity 15.36 1 < 0.01
 approach 0.92 1 0.34
    
Fanning   
 clutch size 0 1 1.00
 fan•rearing salinity 0.38 1 0.54
 natal salinity 1.0 1 0.32
 rearing salinity 2.64 1 0.10
 fan 14.73 1 < 0.01
*Three sets of nested models were evaluated.  In the first, male activity was scored as whether or 
not the male tended the nest.  In the second, male activity was scored as whether or not the male 
approached the female.  Terms were removed by backward elimination in the order presented 
from a model that included terms for the main effects of male activity, rearing salinity, fanning 
treatment, clutch size, and natal salinity; the effects of all two- and three-way interactions 
between male activity, rearing salinity, and fanning treatment; and the random effect of pair.  In 
the third analysis, male activity was not included as an explanatory variable such that the most 
complex model included fanning, rearing salinity, their interaction, clutch size, natal salinity, and 
pair.  Terms were removed in the order that produced the smallest change in model likelihood 
between progressive steps.  †LR test statistic is calculated for the comparison of the model 
including the term with a simplified model lacking the term and is approximately Χ2-distributed 
with df = the difference in number of parameters between the models being compared.  
Therefore, a P < 0.05 indicates that the term should not be removed from the model. 
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Table 4-2.  Analysis of deviance for fit of progressively simpler log-linear regression models 
evaluating ln(hatchling mass) using a Likelihood Ratio (LR) test. 

 Terms removed from model* LR df P† 

Tend the nest    
 natal salinity 0.38 1 0.54
 clutch size 0.59 1 0.44
 tend•fan•salinity 0.88 1 0.34
 fan•rearing salinity 0.33 1 0.56
 tend•fan 0.88 1 0.35
 tend•rearing salinity 0.48 1 0.49
 tend 0.22 1 0.64
    
Approach the female    
 clutch size 0.21 1 0.64
 natal salinity 0.26 1 0.61
 approach•fan•rearing salinity 2.72 1 0.10
 fan•rearing salinity 0.18 1 0.67
 approach•fan 0.41 1 0.52
 approach•rearing salinity 0.43 1 0.51
 approach 0.67 1 0.41
    
Fanning   
 fan•rearing salinity 0.002 1 0.97
 natal salinity 0.34 1 0.56
 clutch size 0.62 1 0.43
 salinity 1.00 1 0.32
 fan 1.90 1 0.17
*An explanation of the models is provided in Table 4-1.  †In these analyses, removing terms did 
not significantly change the models’ deviances, suggesting poor fit of the original models. 
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Figure 4-1.  Clutch size as a function of salinity of the natal aquarium and A) whether or not the 

male tended the nest and B) approached the female prior to spawning.  Means ± 1 SE 
are calculated as the back-transformed mean ln(clutch size) plus residuals from the 
model ln(clutch size) = natal salinity + pair, where pair was modeled as a random 
effect.  Natal salinity did not have a significant effect on clutch size (see text). 
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Figure 4-2.  The proportion of embryos that hatched as a function of salinity and A) male nest-tending prior to spawning, B) male 

approaching prior to spawning, and C) fanning.  Means ± 1 SE are calculated as the back-transformed mean arcsine-square 
root-transformed proportion hatched plus residuals from the model arcine√(proportion hatched) = fanning + pair in A and 
B, and arcine√(proportion hatched) = natal salinity + pair in C.  In both models, pair was modeled as a random effect.  
Natal salinity did not have a significant effect on the proportion of embryos hatched, but was included in the second model 
because residuals could not be obtained from a model with a random effect, alone.  Note scale ranges from 0.6 to 1.0. 
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Figure 4-3.  Hatchling mass as a function of salinity and A) male nest-tending prior to spawning, B) male approaching prior to 

spawning, and C) fanning.  Means ± 1 SE are calculated as the back-transformed mean arcsine-square root-transformed 
proportion hatched plus residuals from the model arcine√(proportion hatched) = fanning + pair in A and B, and 
arcine√(proportion hatched) = natal salinity + pair in C.  In both models, pair was modeled as a random effect.  Natal 
salinity did not have a significant effect on the proportion of embryos hatched, but was included in the second model 
because residuals could not be obtained from a model with a random effect, alone.  Note scale ranges from 0.08 to 0.1
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CHAPTER 5 
NATIVE ENVIRONMENT, BUT NOT SALINITY, INFLUENCES METABOLIC RATE 

Introduction 

Phenotypic plasticity is expected to evolve if the selection imposed on a trait varies 

across environments.  A species’ pattern of plasticity (i.e., reaction norm) then depends on the 

range of environments to which it is exposed, its frequency of exposure, and the strength and 

nature of selection in each environment (de Jong 1995; de Jong 2005; Via et al. 1995; Via and 

Lande 1985).  Populations that are reproductively isolated may exhibit different reaction norms if 

they experience different subsets of the species’ range of environments or experience the 

environments at different frequencies.  These differences in experience may result in not only 

differences in the shape of the reaction norm among populations but also in each population’s 

mean phenotype across environments.  Metabolic rates associated with osmoregulation in 

euryhaline fishes (those tolerant of a broad salinity range) are a useful system in which to 

evaluate the influence of environmental range on phenotypic plasticity because 1) metabolic rate 

shows a high degree of plasticity across salinities, 2) species that differ in their salinity ranges 

typically exhibit different reaction norms, and 3) within species, populations may experience 

different ranges in salinity, allowing the comparisons between inter- and intra-specific effects of 

range on reaction norm. 

The effects of salinity on metabolic rate have been examined in a variety of fishes and 

plastic responses tend to vary with ecological distribution and with the osmotic concentration of 

blood plasma.  The osmotic concentration of plasma of most fishes is intermediate between the 

concentrations of freshwater (< 0.5 ppt) and seawater (~ 34 ppt) (Evans 1993).  This means that 

the primary regulatory demand in seawater is to minimize water loss and ion gain, whereas the 

primary regulatory demand in fresh water is to retain ions while excreting excess water.  
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Therefore, while maintaining homeostasis of plasma osmotic concentration, an individual’s 

osmoregulatory demands will increase with the gradient between environmental and plasma 

osmotic concentrations (Evans 1993).  Because species vary in osmoregulatory efficiency 

(defined here as the metabolic cost of osmoregulation) as well as plasma osmotic concentration, 

the effect of this gradient on metabolic rate and, thus, of salinity on metabolic rate, varies widely 

among species.  For example, metabolic rates can increase with (e.g., Moser and Hettler 1989), 

decrease with (e.g., Claireaux and Lagardere 1999), be quadratic functions of (e.g., Brocksen and 

Cole 1972; Febry and Lutz 1987; Haney and Nordlie 1997; Parvatheswararao 1965), or remain 

unaffected by (e.g., Chittenden 1971; Muir and Niimi 1972) salinity.   

Despite considerable variation in response to salinity among species, Nordlie (1978) 

showed that, among euryhaline species (i.e., those with broad salinity tolerances), metabolic 

reaction norms varied with a species’ typical salinity range.  Nordlie found four general patterns 

of metabolic responses among the studies he reviewed.  Metabolic rate was (Type 1) independent 

of salinity, (Type 2) concave and minimal at the salinity at which plasma and the environment 

were iso-osmotic; (Type 3) concave and minimal at a salinity presumed to be optimal with 

respect to the typical salinity range, though not the iso-osmotic salinity, or (Type 4) convex and 

maximal at some presumed optimal salinity and reflecting a limited ability to maintain prolonged 

plasma homeostasis across salinities.  He argued that a response of the first type represents an 

absence of metabolic costs associated with moving across salinities.  Further, he showed that 

response Types 1 and 2 are more common among species that live in a broad range of salinities, 

whereas Type 3 and 4 responses are more common among species living within narrower ranges 

(Nordlie 1978).  Among the studies he reviewed, no species exhibited either a continual increase 

or decrease in metabolic rate with salinity.   
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Nordlie’s review indicates that species can exhibit different metabolic reaction norms if 

they experience different salinity ranges, even though they share a tolerance for a wide range of 

salinities.  Further, his results suggest that a similar effect of salinity range on the metabolic 

response to salinity may be apparent among populations of the same, euryhaline species if those 

populations typically experience different salinity ranges.  If so, then populations experiencing 

the broadest range of salinity may exhibit a metabolic response toward the Type 1 end of the 

spectrum, whereas those populations experiencing the narrowest range may exhibit a response 

toward the Type 4 end of the spectrum. 

A difference among populations in the response to salinity may occur in some 

Cyprinodontiform fishes (pupfish, killifish, livebearers, and others), a large group of salinity-

tolerant species thought to have evolved from a euryhaline ancestor (Hedgpeth 1957).  Extant 

species of this order show considerable diversification in natural salinity range; some species are 

predominantly freshwater (e.g., Jordanella floridae, Cyprinodon variegatus hubbsi, Fundulus 

crysotus), whereas others are estuarine (e.g., Cyprinodon v. variegatus, Fundulus heteroclitus, 

and Rivulus marmoratus), marine (e.g., Floridichthys carpio), or even hypersaline (e.g., desert 

pupfishes, Cyprinodon spp.) (Kaill 1967; Nordlie 2000; Nordlie and Walsh 1989; Page and Burr 

1991; Soltz and Naiman 1978).  Although Cyprinodontiform fishes differ in their typical salinity 

environment, they retain tolerances for a wide range of salinities.  For example, Cyprinodon 

variegatus hubbsi, Jordanella floridae, C. v. variegatus, and Floridichthys carpio, all in the 

family Cyprinodontidae, inhabit progressively more saline habitats yet exhibit similar abilities to 

osmoregulate, as exemplified by their nearly constant plasma osmotic concentrations across 

salinities from just above fresh water to just above seawater (Jordan et al. 1993; Nordlie and 

Walsh 1989).   
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In fresh water and in salinities above that of seawater, however, osmoregulatory 

responses of predominantly freshwater Cyprinodontids diverge from those of their more marine 

relatives.  The two predominantly freshwater species, Jordanella floridae and C. v. hubbsi, have 

plasma osmotic concentrations lower than more marine species in fresh water and higher than 

more marine species in water with salinity above approximately 40 ppt (Jordan et al. 1993; 

Nordlie and Walsh 1989).  The lower plasma osmotic concentrations in fresh water may reflect 

that these species are unable to meet the higher osmoregulatory demands of the freshwater 

environment.  Alternatively, the lower concentrations may reflect physiological adaptations that 

allow them to maintain plasma osmotic concentrations in fresh water that are lower than their 

relatives’ without negatively influencing other physiological processes.  In other words, if the 

benefit of maintaining homeostasis when moving across salinities is that cellular processes are 

buffered from such changes, then perhaps the cellular processes of these two freshwater species 

are less affected by low ion levels than those of their more marine relatives. 

Because regulation of plasma osmotic concentrations differs between typically-

freshwater and typically-coastal/marine species, then costs of osmoregulation, measured as 

metabolic rates, may also differ between these two groups.  Jordanella floridae (flagfish) is a 

euryhaline pupfish that is found in coastal habitats up to salinities of approximately 20 ppt, but is 

predominantly found in inland streams and ponds.  Because J. floridae has a narrower salinity 

range than C. v. variegatus, I predict J. floridae to exhibit a Type 2 or 3 metabolic response, with 

minimum metabolic rate at or near the iso-osmotic level of approximately 10 - 15 ppt (Nordlie 

and Walsh 1989), in contrast to the Type 1 response exhibited by C. v. variegatus (Haney and 

Nordlie 1997).  Given this hypothesis, I assume that selection favors a reduction in metabolic 

costs at all salinities, but that selection is stronger in salinities in which metabolic rates are higher 
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– i.e., in fresh water and full seawater.  If inland populations typically experience fresh water and 

coastal populations typically experience brackish water, then selection to reduce metabolic rates 

should be stronger for inland than for coastal individuals because inland and coastal individuals 

experience the stronger, fresh water selection environment at different frequencies (e.g., de Jong 

2005; Via and Lande 1985).  As a result, I predict that the metabolic response should differ 

between inland and coastal populations.  Specifically, I predict the reaction norm of inland 

populations to differ such that the metabolic rate in fresh water is reduced relative to the 

freshwater rate of coastal populations.  This effect could result from inland populations having a 

lower mean metabolic rate, a shallower (less negative) slope of the reaction norm between fresh 

water and the iso-osmotic level (15 ppt), or minimum metabolic rate at a lower salinity (i.e., a 

shift from a Type 2 toward a Type 3 response) (Figure 5-1).   

In this study, I combine a laboratory examination of the effect of salinity on metabolic 

rate in each of four populations with a two-year field survey of abiotic conditions at four 

population locales designed, in part, to describe the natural salinity range of each population.  

Two of the populations were inland and two were coastal.  If the pattern of salinity variation in a 

habitat imposes selection on metabolic responses, then responses in the two coastal populations 

should differ from responses in the two inland populations.  Alternatively, differences among 

populations may be due to genetic drift.  If drift played a dominant role in the evolution of 

metabolic responses, then geographically distant populations should be more divergent than 

closer populations.  Hence any observed differences should be more related to individual 

population differences and geographic distance than they are to similar salinity conditions.   

Unlike an earlier study designed to determine whether a species’ natural salinity 

distribution influences osmoregulatory ability (Nordlie and Walsh 1989), I assume that inland 
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and coastal J. floridae will each be able to osmoregulate across all salinities.  Instead, I am 

asking whether selection on the efficiency of such regulation (i.e., its cost as measured by 

metabolic rate) differs among salinity environments.   

Methods 

Two coastal, St. Marks (Wakulla County) and Merritt Island (Brevard County), and two 

inland, Otter Creek (Levy County) and Miccosukee (Miami-Dade County), populations of 

Jordanella floridae (flagfish)  in Florida were sampled (Figure 1-1).  Both coastal regions 

contain a wide range of salinity conditions, with salinity varying primarily as a result of water 

flow management within the two refuges.  Within these coastal regions, the collection sites were 

located within leveed pools and were not influenced by tidal cycle.  The two inland sites were 

sufficiently distant from the coast to prevent the influx of saline water:  Otter Creek was 

approximately 10 km from the Gulf of Mexico and Miccosukee was approximately 27 km from 

the Atlantic Ocean.  Habitat types were replicated latitudinally, with St. Marks (coastal) and 

Otter Creek (inland) in the northern half of the state and Merritt Island (coastal) and Miccosukee 

(inland) more southern.  Field work and fish collections were conducted under Florida Fish and 

Wildlife Conservation Commission Scientific Collector’s Permit numbers FNC-03-015 and 

FNC-05-012, U.S. Fish and Wildlife Service Special Use Permit numbers 58875, 03008, and JH-

06-2005 for St. Marks National Wildlife Refuge, and U.S. Fish and Wildlife Service Special Use 

Permit number 03 SUP 59 for Merritt Island National Wildlife Refuge. 

Field Survey 

Each of the four collection sites was sampled bimonthly from July 2003 to July 2004 and 

again from May 2005 to May 2006.  Water temperature, pH, and salinity were measured during 

each sampling visit using a YSI Model 45 or Model 75 probe.  Fish assemblages were sampled at 

each site using a box trap.  Those results are available in the appendix and will not be discussed 
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further.  In addition, locations within Merritt Island and St. Marks National Wildlife Refuges 

other than the collection sites were sampled to describe the amount of spatial salinity variation 

and to identify the range of salinities in which J. floridae are found in each refuge.   

Laboratory Study of Metabolism 

Fish were collected from Merritt Island, Otter Creek, and Miccosukee in March 2004, 

from St. Marks in October 2004, and again from Miccosukee in July 2005 using a seine net, 

minnow traps, and dip nets.  Water temperatures at collection were between 24.7 and 29.9 ° C.  

They were transported in their native water in insulated coolers to Florida State University in 

Tallahassee, Florida, where they were housed under a 14h light:10h dark light cycle.  Fish were 

maintained in the water from their collection site after arriving in the laboratory until the water 

had reached the temperature of the room.  Therefore, the fish were slowly acclimated to the 

experimental temperatures before being transferred to water of other salinity.   

Standard metabolic rates for fish from each of the four populations were quantified at 

each of five salinities – 0.2, 7.5, 15, 22.5, and 30 ppt – for a total of 20 treatment combinations.  

Males and females from each population were divided among the five salinity treatments to 

create approximately equal sex ratios across treatments.  Fish were adjusted to their target 

salinity at a rate no greater than 5 ppt per day by adding Instant Ocean Aquarium Salt (Aquarium 

Systems brand) to well water.  Fresh water (0.2 ppt) consisted of unaltered well water.  The fish 

were adjusted in groups such that there were two replicate groups for each of the 20 salinity-by-

population treatments, but their metabolic rates were measured individually.  The fish were fed 

frozen brine shrimp (San Francisco Bay Brand, San Francisco, CA) ad libitum daily and were 

acclimated for a minimum of four months prior to experimentation.  Metabolic rates of 13, 17, 

20, 17, and 22 individuals (total 89) were measured in 0.2, 7.5, 15, 22.5, and 30 ppt, respectively, 

when summed across populations. 
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Standard metabolic rates were measured in a recirculating metabolic chamber modeled 

after Julian et al. (2003).  Prior to and between trials (see below), the chamber was maintained 

“open”: water cycled from the chamber through a water bath containing water aerated to oxygen 

saturation.  During a trial, the chamber remained “closed”: water bypassed the water bath and 

was not aerated.  Food was withheld from the experimental fish for 36 h prior to a trial and the 

fish was isolated in approximately 2 l of water from the metabolic chamber at approximately 

1500 h the day before a trial.  All trials began between 0900 and 1100 h.  A fish was placed in 

the housing portion of the chamber by hand and allowed to acclimate with the system open and 

with the flow adjusted to 0.05 l/min.  Barometric pressure, relative humidity, and temperature of 

the chamber water bath (25 to 27 °C across trials) were recorded at the start of each trial.  Ten 

minutes following the introduction of the experimental fish, the system was closed to prevent the 

introduction of aerated water.  The dissolved oxygen concentration was allowed to fall to 

approximately 40 % saturation before the system was flushed with oxygen-saturated water.  

After ten minutes of re-saturation, the system was again closed and a second rate measurement 

was taken.  Following the second measurement, the individual’s wet mass was measured.  

Dissolved oxygen concentration was measured continuously beginning with the introduction of 

the fish to the chamber with an Ocean Optics FOXY Fiber Optic Oxygen Sensor System (Ocean 

Optics Inc.) placed immediately upstream of the chamber housing the experimental fish.  Data 

were recorded directly to a computer using Ocean Optics Sensors software.   

Control trials were conducted following the same procedure as trials with fish but without 

the fish present.  Control trials were allowed to run an average of 3 h and, in most control trials, 

dissolved oxygen declined gradually over time.  Oxygen consumption values for control trials 

were averaged within each salinity treatment. 
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Metabolic rate (VO2) was calculated from the time it took oxygen concentrations to fall 

from 100 % to 70 % saturation, after adjusting for the change in oxygen measured during control 

trials.  For both control and experimental trials, the change in mg O2 h-1 was calculated from 

percent saturation by adjusting for salinity, temperature, and chamber volume using Truesdale et 

al. (1955) and Davis (1975) and dividing by the elapsed time.  The two measurements taken from 

each individual were averaged before adding the change in oxygen in the appropriate control 

measurement.  All analyses were conducting using the control-adjusted VO2 measurements. 

Analyses 

Treatment effects were evaluated with maximum likelihood in a generalized linear mixed 

model with Gaussian error distribution using the lmer function of the lme4 package (Bates and 

Sarkar 2006) of the programming language R (R Core Development Team 2006).  Because only 

one of the 89 individuals could be measured per day, there was considerable variation in the time 

for which individuals were housed at test salinities prior to experimentation (range: 123 – 352 

days), which was included as a covariate in the analyses.  During this time, mortality reduced 

sample sizes and entirely eliminated individuals from the freshwater treatment for Merritt Island.   

Treatment effects on ln(VO2) were evaluated in a model that included the fixed effects of 

sex, all possible interactions among ln(mass), salinity treatment, native habitat type (inland or 

coastal), and time at the experimental salinity before measurement, and the random effect of 

population.  Mass and the time at the experimental salinity before measurement were modeled as 

continuous variables, whereas salinity, native habitat type, population, and sex were categorical.  

The significance of each fixed effect term was evaluated by comparing the deviances of 

progressively simpler models.  Deviance is defined as negative twice the difference in likelihood 

between the model of interest and a saturated model (i.e., a model with a separate parameter 
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describing each data point).  Beginning with the model containing terms for all main and 

interaction effects, I sequentially removed the term that would result in the smallest change in 

model likelihood.  This allowed me to compare the likelihood of a series of nested models, each 

with one fewer parameters than the previous model.  The deviance of each model was compared 

with that of the model with one fewer parameters using analysis of deviance, which employs a 

likelihood ratio test to determine whether removing a term results in a significantly poorer fit of 

the model to the data (Agresti 1996).  Therefore, the goal was to identify the simplest model with 

a deviance not significantly different from more complex models.  The likelihood ratio test 

statistic is approximately Χ2-distributed with degrees of freedom equal to the difference in the 

number of parameters of the models being compared (Agresti 1996) – in this case, degrees of 

freedom = 1.  The term for the random effect of population was retained in all models. 

Additional analyses were necessary in order to graphically present the mean and standard 

error estimates for VO2 while controlling for the effects of fixed and random factors.  These 

values were plotted as the grand mean VO2 plus residuals from regression models including fixed 

effect terms for those factors for which I wanted to control and the random effect term for 

population.  The fixed effect terms included in these models were ln(mass), salinity, and/or time 

at the experimental salinity, and the random effect of pair, even though not all these terms 

explained a significant amount of the total variance in VO2 (i.e., even if they were not included in 

the best fit model as identified with analysis of deviance).  For example, to plot the effect of 

salinity and native habitat type on VO2, I evaluated the model 

ln(VO2) = ln(mass) + time + + population and added the residuals from this model to the ln-

transformed grand mean VO2.  These residual-adjusted values were used to calculate treatment 
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means and standard errors before back-transforming to the appropriate scale.  The terms used in 

order to obtain each set of residuals are provided in the figure legends. 

If J. floridae exhibits a Type 2 response to salinity, then metabolic rates should be lowest 

at 15 ppt.  I predicted that metabolic rates in fresh water would be lower for inland populations 

than coastal ones.  I suggested that lower rates in fresh water could result from one of three 

patterns (Figure 5-1):  1) metabolic rates of inland individuals are lower than those of coastal 

individuals in 0.2 ppt, but similar in the other four salinities; 2) inland rates are lower than 

coastal rates in all salinities; or 3) inland populations have their reaction norm shifted relative to 

coastal populations such that their minimum rate occurs at a salinity lower than 15 ppt.  

Alternatively, if habitat type does not explain differences in metabolic rate, reaction norms may 

differ solely due to genetic drift, in which case there should be a strong effect of population on 

the response to salinity. 

Results 

Field Survey 

Water chemistry varied among the four collection sites and across months (Figure 5-2).  

The two inland collection sites (Otter Creek and Miccosukee) consistently had low salinities, 

ranging between 0.02 and 0.8 ppt across both years.  Salinity at Merritt Island ranged between 

3.0 and 15.1 ppt, whereas salinity at the other coastal site, St. Marks, was unexpectedly low, 

ranging from 0.0 to 1.4 ppt.  When additional sites at Merritt Island and St. Marks were sampled, 

J. floridae were found at salinities ranging from 1.9 to 17.7 ppt at Merritt Island and from 0.1 to 

22.2 ppt at St. Marks (Table A-3), suggesting that fish at the two coastal sites experience 

considerable salinity variation as they move among adjacent pools in the refuges.  Neither pH 

nor temperature varied considerably among collection sites, though temperature varied over time 
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and the southern sites, Merritt Island and Miccosukee were slightly warmer than the two 

northern sites (appendix). 

Laboratory Study of Metabolism 

Metabolic rate was influenced by ln(mass), native habitat type, and the amount of time at 

the experimental salinity prior to measurement according to the equation 

ln(VO2) = - 1.23 + 1.08·ln(mass) – 0.14·habitat type – 0.0017·time + population,  

in which habitat type was coded as a dummy variable with coastal = 0 and inland = 1 (LR test, 

ln(mass): 95 % CI = 0.93 – 1.24, Χ2 = 97.24, df = 1, P < 0.001; habitat: 95 % CI = - 0.27 – 

- 0.017, Χ2 = 4.24, df = 1, P = 0.040; time: 95 % CI = - 0.0027 – - 0.00076, Χ2 = 8.44, df = 1, 

P = 0.004, N = 89; Table 5-1).  There also were marginal effects of the interaction between 

habitat type and time (estimate = 0.0017, 95 % CI = -0.0001 – 0.0035; LR test, Χ2 = 3.44, df = 1, 

P = 0.061) and of the interaction between habitat type and ln(mass) (estimate = - 0.27, 95 % CI = 

-0.57 – 0.035; LR test, Χ2 = 3.07, df = 1, P = 0.079).  These interaction terms were removed 

before estimating the coefficients in the model above.  Differences among populations explained 

very little of the total variation in metabolic rate in the best fit model; variance among 

populations was 4.36 x 10-11. 

Metabolic rate increased with body mass (Figure 5-3) and decreased with time at the 

experimental salinity.  The effect of time was greater in coastal than in inland populations 

(Figure 5-4).  Using residuals from a model estimating the effects of ln(mass), salinity, and 

population and then evaluating the effect of time on the residual-adjusted ln(VO2) separately for 

inland and coastal individuals, ln(VO2) decreased marginally with time among coastal individuals 

(estimate = - 0.0013, 95 % CI = - 0.0027 – 0.00014), whereas it did not decrease with time 

among inland individuals (estimate = - 0.0004, 95 % CI = - 0.0015 – 0.00058). 



 

106 

Metabolic rates were higher for coastal individuals than for inland individuals (Figure 

5-5).  Using residuals from a model estimating the effects of ln(mass), salinity, time, and 

population and then evaluating the mean residual-adjusted ln(VO2) separately for inland and 

coastal individuals, mean VO2 of coastal individuals was 0.38 ± 0.002 SE mg O2/h/ind, whereas 

mean VO2 of inland individuals was 0.34 ± 0.002 SE mg O2/h/ind.   

Contrary to my predictions, metabolic rate was not influenced by salinity and metabolic 

rate in fresh water did not notably differ between inland and coastal individuals (Figure 5-5), 

despite an overall higher metabolic rate in coastal than in inland individuals.   

Discussion 

The data are consistent with the hypothesis that an individual’s natural salinity range 

influences metabolic rate.  Inland fish, which experience a lower and narrower salinity range 

than coastal fish, had lower overall metabolic rates than coastal fish.  This is also consistent with 

the mechanism presented in Figure 5-1B.  In addition, I predicted that metabolic rate in fresh 

water, but not necessarily in other salinities, would be lower for inland fish than coastal ones.  

Despite the overall difference between inland and coastal individuals, their metabolic rates were 

more similar in fresh water than at other salinities.  As a result, these data do not support my 

hypothesis regarding the effect of habitat type on metabolic rate at the lower end of the salinity 

range. 

Lower metabolic rates were measured for individuals from habitats with generally lower 

salinities.  However, these lower metabolic rates cannot be explained as either an evolutionary or 

developmental response by inland individuals to reduce what was predicted to be relatively high 

metabolic costs in fresh water, because in neither inland nor coastal populations were metabolic 

costs higher in fresh than in brackish water.  Instead, these data suggest that J. floridae exhibits a 
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Type 1 response to salinity (Nordlie 1978) and experiences similar osmoregulatory costs across 

all treatment salinities.   

Habitat-associated metabolic rates could be explained by differences in abiotic conditions 

other than salinity or in biotic conditions (reviewed in McNab 2002).  For example, temperature 

can have a large effect on metabolic rate (e.g., Claireaux et al. 2000; Lardies et al. 2004; 

Schurmann and Steffensen 1997) and differences in temperature between inland and coastal sites 

could explain the difference in metabolic rate.  Similarly, exposure to adult or embryo predators 

may influence overall energy expenditure if differences in predator communities between 

habitats affect activity levels (e.g., Brett 1964; Goolish 1991).  For example, the presence of 

either adult or embryo predators may influence energy expenditure by increasing vigilance and 

nest defense activity.  It is possible that temperature or predator community could have long-

lasting developmental effects on metabolic rates or that they could have resulted in evolved 

differences in metabolic rate.  However, a comparison of conditions in the four sites indicates 

little difference in water chemistry or species composition between inland and coastal sites.  Of 

the four populations, Merritt Island had the highest mean pH and chloride content, whereas St. 

Marks had the lowest, with the two inland populations exhibiting intermediate means for both 

variables (appendix).  Further, the only adult predators found with regularity at the sites were 

juvenile Centrarchids (sunfish) (appendix), and they were found with consistency only at St. 

Marks (coastal) and Otter Creek (inland); thus, they cannot explain the habitat-associated 

differences in metabolic rate.  Similarly, densities of fish that are likely to be important embryo 

predators, such as Gambusia holbrooki, Poecilia latipinna, Fundulus spp., and Lucania spp., are 

similar across sites (appendix).  Therefore, densities of embryo predators also cannot explain the 

differences in metabolic rate between inland and coastal individuals. 
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An alternative explanation is that metabolic rates differ between coastal and inland 

individuals because they respond differently to prolonged salinity exposure.  I found that 

metabolic rate of coastal individuals, but not inland individuals, decreased with the amount of 

time an individual spent at the experimental salinity prior to measurement.  Coastal individuals 

likely experience both temporal and spatial salinity variation if they move among adjacent areas 

of their habitat (Figure 1-1; Table A-3).  It is possible that plasma homeostasis during movement 

among habitats is facilitated by temporarily elevating metabolic rate upon initial exposure to a 

new salinity, and that this elevation may be more pronounced in coastal populations that more 

frequently experience salinity changes.  Under this hypothesis, plasma ion concentrations of 

coastal individuals should vary less with salinity than those of inland individuals.  While such a 

comparison has not be made in J. floridae, data from C. v. variegatus and C. v. hubbsi support 

the hypothesis; plasma ion concentrations are more stable across a salinity range from 0 to 70 ppt 

in the more saline-distributed C. v. variegates (Jordan et al. 1993).  In addition, this hypothesis is 

consistent with the finding of Potts (1954) that the energetic requirements of osmoregulation, 

itself, may be quite low and instead that costs of salinity tolerance for euryhaline fish are felt 

during the acclimation period (Styczyńska-Jurewicz 1970).  Under this hypothesis, differences in 

metabolic rate among treatment groups should gradually decrease over time as these immediate 

acclimation costs decline.   

Both inland and coastal J. floridae exhibited a Type 1 metabolic response to salinity and 

metabolic rates of the four populations were most similar in fresh water.  Rejection of my 

hypothesis, that metabolic rates of inland and coastal individuals should differ most in fresh 

water, is complicated by the absence of any measurements for Merritt Island individuals in fresh 

water.  The Merritt Island collection site experienced the greatest amount of temporal salinity 
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variation.  Therefore, it may be expected that Merritt Island individuals, in particular, should 

have considerably higher metabolic rates in fresh water than individuals from the other three 

populations.  The absence of this treatment group makes it difficult to evaluate whether typical 

salinity range influences the shape of the reaction norm.  Therefore, the conclusion that inland 

and coastal individuals have similar metabolic responses to salinity must be made contingent on 

the assumption that fresh water metabolic rates for the two coastal populations are similar. 

It is not surprising for a species that can experience temporal and spatial salinity variation 

to exhibit a Type 1 response to salinity (Nordlie 1978).  For example, a Type 1 response has been 

measured in Cyprinodon variegatus (Haney and Nordlie 1997), Morone saxatilis (Chittenden 

1971) and Kuhlia sandvicensis (Muir and Niimi 1972) and indicates low energetic costs of 

moving across salinities (Nordlie 1978).  This homeostasic ability may be maintained regardless 

of native habitat type – for example, Hedgpeth (1957) argued that euryhalinity is highly 

phylogenetically conserved and Nordlie et al. (1992) suggested that tolerances for a broad range 

of salinities should be retained if there are even occasional influxes of more saline water to 

inland sites, such as due to storm surge, or if reproductive isolation from coastal populations is 

less than complete.   

Other studies of metabolic responses to salinity in Cyprinodontids have found mixed 

evidence for Type 1 responses.  For example, C. v. variegatus is reported to exhibit a Type 1 

response within the fresh to seawater range, with metabolic rates declining at salinities above 

approximately 40 ppt, but both C. v. variegatus and its relative, C. v. hubbsi, exhibit some 

variation in metabolic rate at salinities below 40 ppt. (Haney and Nordlie 1997; Jordan et al. 

1993; Nordlie et al. 1991).  Another euryhaline species, Cyprinodon salinus, seasonally moves 

across a salinity gradient and maintains a pattern of plasma osmotic concentration across 
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salinities similar to those of C. v. hubbsi and J. floridae, but its metabolic rate increases with 

salinity (Stuenkel and Hillyard 1981).   

Of these three species, C. v. hubbsi is ecologically most similar to J. floridae.  Both 

species have salinity ranges lower than other Cyprinodontids and they exhibit similar patterns of 

plasma homeostasis across salinities – they have lower plasma osmotic concentrations than C. v. 

variegatus in fresh water and higher concentrations than C. v. variegatus at salinities above 

seawater (Jordan et al. 1993; Nordlie and Walsh 1989).  Because of their ecological and 

physiological similarities, I would expect metabolic rates of C. v. hubbsi to be lower than those 

of C. v. variegatus, just as metabolic rates of inland J. floridae were lower than those of coastal 

J. floridae.  This is not the case, however, as Jordan et al. (1993) showed no difference in mean 

metabolic rates between C. v. hubbsi and C. v. variegatus..  Mean metabolic rates of the two C. 

variegatus subspecies may not have had time to diverge considerably if C. v. hubbsi represents 

the early stages of a range expansion or if C. v. hubbsi’s relatively small population size (Gilbert 

1992) has limited the ability of selection to shape metabolic response.  Another explanation for 

why the J. floridae populations differ in metabolic rate, whereas the C. variegatus subspecies do 

not, may be that J. floridae’s more distant relation to an estuarine/marine ancestor is associated 

with greater variation in osmoregulation.  To explore these alternatives, and whether or not lower 

metabolic rates are commonly associated with a freshwater distribution in Cyprinodontids, a 

broader comparison of metabolic rates and salinity distribution across this group of euryhaline 

species would be necessary to determine the relative influences of phylogeny and salinity 

distribution on metabolic rates. 

Finally, these results have implications for variation in reproductive behavior observed 

across salinities in J. floridae (Chapter 3).  My laboratory study of salinity effects on paternal 
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care and female mating preferences in J. floridae found that females were more likely to spawn 

with a male if he performed nest-tending activities prior to spawning, but that females only 

exhibited this preference in fresh water.  This led to the prediction that males should perform 

these nest-tending activities more often in fresh water than in brackish water, but my results 

showed that they did not:  there was no effect of salinity treatment on male activity.  One 

proposed explanation for this pattern was that the energetic costs of increased tending in fresh 

water outweighed its benefit.  Costs were predicted to be higher in fresh water than in brackish 

water under the assumptions that J. floridae exhibit similar metabolic responses to salinity as C. 

variegatus and that higher metabolic demands in fresh water required more time to be spent 

foraging and less time spent in nest preparation.  Spending time tending the nest, therefore, 

imposes a greater cost due to lost foraging time in fresh than in brackish water.  However, the 

absence of an effect of salinity on metabolic demands suggests that the time-allocation cost is 

equivalent across salinities and indicates that there must be an alternative explanation for the 

nest-tending pattern of males. 
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Table 5-1.  Sample size and mean (SE) wet mass and metabolic rate for each population by 
salinity treatment group. 

Habitat Population Salinity 
(ppt) N Mass (SE) VO2 (SE)* 

Inland Otter Creek 0 2 2.65 (0.20) 0.26 (0.002)
  7.5 2 2.98 (0.61) 0.36 (0.044)
  15 6 2.56 (0.32) 0.34 (0.019)
  22.5 4 2.73 (0.27) 0.36 (0.013)
  30 4 2.64 (0.28) 0.40 (0.025)
 Miccosukee 0 6 1.53 (0.15) 0.34 (0.021)
  7.5 4 2.18 (0.37) 0.32 (0.016)
  15 3 2.43 (0.22) 0.28 (0.008)
  22.5 3 1.36 (0.12) 0.28 (0.018)
  30 6 1.64 (0.16) 0.33 (0.015)
Coastal St. Marks 0 5 1.73 (0.12) 0.35 (0.018)
  7.5 7 1.52 (0.11) 0.36 (0.019)
  15 6 1.71 (0.05) 0.39 (0.009)
  22.5 6 1.75 (0.12) 0.40 (0.026)
  30 8 1.57 (0.07) 0.45 (0.016)
 Merritt Island 0 0
  7.5 4 2.20 (0.06) 0.40 (0.017)
  15 5 2.10 (0.58) 0.32 (0.026)
  22.5 4 2.69 (0.29) 0.34 (0.028)
  30 4 1.93 (0.09) 0.45 (0.014)
* VO2 is presented as the back-transformed grand mean ln(VO2) plus residuals from the model 
ln(VO2) = ln(mass) + time.  
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Figure 5-1.  Three possible processes by which metabolic rate of inland individuals could be 
lower than that of coastal individuals in fresh water.  A) The shape of the reaction 
norm could be shallower, such that metabolic rate increases more slowly as salinity 
deviates away from the iso-osmotic level.  B) The shape of the reaction norm could 
be the same, but the mean across all populations could be lower for inland individuals 
than coastal individuals.  C) The salinity at which metabolic rate is minimal could be 
lower for inland than for coastal individuals.  Arrows indicate the change from coastal 
(solid curve) to inland (dashed curve) reaction norms. 
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Figure 5-2
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.  Salinity during each month at the four sites for the 2003-2004 and 2005-2006 
sampling years.  Closed symbols, coastal populations; filled symbols, inland 
populations. 
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Figure 5-3.  Metabolic rate as a function of mass for each of the four populations.  Residual-
adjusted metabolic rates (VRes) are presented as the back-transformed grand mean 
ln(VO2) plus residuals from the model ln(VO2) = habitat type + time + salinity + 
population.  Closed symbols, coastal populations; open symbols, inland populations.  
The effect of mass did not differ among habitat types or treatments (b = 1.08).  
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Figure 5-4.  Metabolic rate as a function of time at the experimental salinity for inland and 
coastal populations.  Residual-adjusted metabolic rates (VRes) are presented as the 
back-transformed grand mean ln(VO2) plus residuals from the model ln(VO2) = 
ln(mass) + salinity + population.  Closed symbols, coastal populations; open symbols, 
inland populations.  Dotted line, coastal populations; dashed line, inland populations. 
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Figure 5-5.  Metabolic rate as a function of salinity treatment and native habitat type.  Treatment 
means (± 1 SE) are presented for inland (dashed lines) and coastal (dotted lines) 
individuals.  Rates (VRes) are presented as the back-transformed grand mean ln(VO2) 
plus residuals from the model ln(VO2) = ln(mass) + time + population, such that 
populations were pooled within native habitat type after removing the effect of 
population.  Closed symbols, coastal populations; open symbols, inland populations.  
X-axis jitter is added to facilitate visualization. 
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CHAPTER 6 
SYNTHESIS 

I have argued that if environmental conditions influence offspring fitness and the benefits 

of parental care for offspring, then environmental conditions can indirectly influence sexual 

selection on parental behavior and parental behavior, itself.  I have examined the influence of 

salinity environment on metabolic rate, paternal care activity, mating success, and clutch success 

in flagfish (Jordanella floridae) in an effort to describe how natural and sexual selection shape 

patterns of care. 

In this final discussion, I bridge the results of the three experimental projects and the 

modeling work to draw conclusions about how selective pressures shape parental care across an 

environmental gradient.  Specifically, I will address three topics before discussing the larger 

implications of this work.  First, I will briefly examine whether the patterns of mating success 

revealed in Chapter 3 correspond to parallel patterns in the benefits of mate choice described in 

Chapter 4.  A more lengthy discussion of female mating preferences and the benefits of mate 

choice is presented in Chapter 4.  Second, I will discuss the effects of parental care and salinity 

environment on hatching success described in Chapter 4 and whether they support a fundamental 

prediction of the optimality model presented in Chapter 2.  Third, I will examine why variation 

in female mating preferences and male parental activity did not entirely conform to my 

predictions.  Finally, I will discuss the potential directions that a continuation of this work could 

take and what the results of this work may reveal about general patterns in the evolution of 

parental care. 

Context-Dependent Mating Preferences and Mate Choice Benefits 

Female preferences for good fathers should be stronger in environments in which parental 

care will have a greater impact on offspring fitness.  Numerous studies have demonstrated that 
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females select mates based on the quality of parental care that males will provide her offspring, 

(e.g., Forsgren 1997; Östlund and Ahnesjö 1998; Petersen et al. 2005; Tallamy 2000); however, 

evidence that female preferences are stronger where a male’s territory, nest, or parental behavior 

better predicts direct benefits is lacking.   

The results presented in Chapters 3 and 4 provide this evidence for J. floridae.  In 

Chapter 3, I found that female mating preferences were salinity-dependent.  I evaluated the 

effects of male activity on whether pairs spawned at all, and whether they spawned more than 

once.  In fresh water, pairs were more likely to spawn if the male tended his nest when the nests 

were empty (during the ‘pre-parental’ phase).  In brackish water, whether or not the pair 

spawned at all over the observation period did not depend on male activity.  Instead, whether or 

not the pair spawned more than once depended on the male’s activity while he was caring for 

young (during the ‘parental’ phase).  I argued that spawning rates indicated the female’s 

willingness to spawn and, thus, reflected female mating preferences.  Therefore, I concluded that 

female mating preferences were based on pre-parental activity when in fresh water, but were 

based on parental activity when in brackish water. 

The goal of the work presented in Chapter 4 was to determine whether female 

preferences differed between salinities because the male behavioral traits that predict offspring 

success were different.  I predicted that tending of an empty nest would predict offspring success 

in fresh water, whereas tending of a nest containing a clutch would predict offspring success in 

brackish water.   

I quantified whether clutches from males that tended their empty nests prior to spawning 

had higher hatching success than those from non-tending males and whether the difference in 

success differed between fresh and brackish water.  I also provided some clutches with artificial 
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fanning to determine whether tending during the parental phase increased clutch success.  I 

found that both having a nest-tending father and being fanned during development increased 

hatching success, but each only increased hatching success in fresh water.  

These data were partially consistent with my predictions, providing evidence that female 

mating preferences vary with the benefits of mate choice, but also raising questions as to whether 

there are additional benefits of mate choice in J. floridae.  The data indicate that female 

preferences during the pre-parental phase are adaptive with respect to the benefits of mate 

choice.  Females preferred males that tended their nests in fresh water (Chapter 3), where nest-

tending increased hatching success (Chapter 4), but not in brackish water, where male tending 

had minimal effect on hatching success.  In contrast, female preferences during the parental 

phase could not be explained by hatching success.  Fanning, which is one component of the 

parental-phase nest-tending that females preferred in brackish water, did not increase hatching 

success in brackish water, where females exhibited preference.  Instead, fanning increased 

hatching success in fresh water, where females exhibited no preference for parental-phase 

activity. 

The pattern of preferences for and mate choice benefits of nest-tending during the pre-

parental phase provide conclusive evidence that context-dependent association between male 

behavior and clutch success can explain context-dependent mating preferences.  They also 

indicate that the strength of natural and sexual selection on parental activity can positively 

covary across environments.  A more extensive discussion of the implications of these results is 

presented in Chapter 4. 

Together, variation among environments in natural and sexual selection pressures on 

parental care could give rise to considerable intra- and inter-specific variation in parental care 
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patterns (Jennions and Petrie 1997), particularly if divergence in parental care pattern is 

associated with ecological divergence.  For example, as a species spreads to new habitats, the 

demands of offspring for parental care may change and new patterns of parental care may 

emerge.  Further, natural and sexual selection together acting on parental care should result in 

more rapid evolution of care than under natural selection alone.  Therefore, sexual selection on 

parental care may play an important role in the evolution of parental care patterns, particularly in 

taxa with highly variable patterns of care, such as fishes and birds, in which sexual selection 

likely plays a large role in the transitions between no care, uniparental care, and biparental care 

(Burley and Johnson 2002; Gittleman 1981; Mank et al. 2005; McKitrick 1992; Tullberg et al. 

2002), and in anurans, in which parental care has arisen as many as 40 times (Reynolds et al. 

2002). 

Offspring Vulnerability and Parental Care Benefits 

The optimality model presented in Chapter 2 makes a series of assumptions about the 

relationship between offspring vulnerability, parental care effort, and present reproductive 

success in order to resolve a conflict between two existing verbal models of parental effort.  

While the model demonstrates how the conflict can be resolved, empirical support for the 

assumptions of the model were lacking.  The data presented in Chapter 4 provide support for an 

important prediction that is a direct consequence of these assumptions. 

In the basic model, I assumed that as the amount of parental care provided to a clutch 

increases, clutch fitness increases, but approaches an asymptotic value.  This was presented as 

PDec, which described present reproductive success as a decelerating function of parental care, C.  

I defined the vulnerability of a clutch as the clutch’s expected survival if care is not provided (l0) 

and I assumed, via the structure of B(C), that greater vulnerability is associated with lower 
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fitness if no care is provided (P(C = 0)), but that vulnerability does not affect the asymptotic 

fitness value (Figure 2-2A).  An asymptotic value of clutch fitness is applicable if parental care 

functions to increase offspring survival to independence, as is likely the case in fishes such as 

Jordanella floridae that provide parental care for developing embryos.  Parental care may 

increase clutch survivorship to the level at which all embryos hatch, but parental care’s influence 

likely ends there. 

Under these assumptions the model predicted that the benefits of parental care for 

vulnerable clutches will be greater than those for less vulnerable clutches.  In J. floridae, clutch 

vulnerability is influenced by the salinity environment because, in the absence of parental care, 

embryos reared in fresh water have lower hatching success than embryos reared in brackish 

water (St. Mary et al. 2001), making embryos in fresh water more vulnerable.  The model then 

predicts that clutches reared in fresh water should benefit more from parental care than those 

reared in brackish water. 

The experiment presented in Chapter 4 provides a test of this prediction.  I examined the 

effects of two types of parental activity, pre-spawning nest-tending and post-spawning nest 

fanning, on hatching success.  The results were consistent with the model’s prediction:  clutches 

reared in fresh water benefited more from pre-spawning nest-tending and from post-spawning 

nest-fanning than did clutches reared in brackish water.   

A review of the forms of care common among species suggests that this pattern may be 

widespread and not a special case of parental care in fishes.  In fact, the prediction that benefits 

increase with vulnerability may be appropriate whenever care benefits are asymptotic.  Embryo 

and juvenile defense and attendance (including viviparity) is the most common form of care in 

fishes (Blumer 1979), amphibians (Crump 1995), and reptiles (de Fraipont et al. 1996) and 
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should result in an asymptotic benefit curve.  Even in birds, in which the young of most species 

rely on provisioning (Cockburn 2006), an asymptotic benefit curve may describe parental care 

that affects offspring recruitment rate, but not the offspring’s mating success or fecundity.  In 

capital-breeding species, for example, the reproductive success of a first-year breeder will 

depend on its resource intake during the previous winter and spring (Stearns 1992), and 

presumably not on its parents’ provisioning rate, suggesting that the benefits of care in some bird 

species may be asymptotic and maximal when all offspring are recruited to the adult population.  

The same may apply in capital-breeding mammals (Boyd 2000).  If so, then an asymptotic 

benefit curve, and the predictions for parental care benefits that such curve suggests, may be 

appropriate for the majority of species that exhibit parental care. 

Finally, the data presented in Chapter 4 support earlier verbal models of optimal parental 

effort that predict parents should provide more care for vulnerable offspring because those are 

the offspring that will benefit most from care (Andersson et al. 1980; Dale et al. 1996; 

Montgomerie and Weatherhead 1988).  In contrast, they do not support arguments for parental 

effort that are based on the offspring’s reproductive value.  Recall that reproductive value-based 

predictions rely on the argument that the offspring’s reproductive value prior to receiving 

parental care determines care benefits.  However, J. floridae clutches reared in brackish water 

are of higher reproductive value prior to receiving care, but benefit less from nest-tending and 

fanning, suggesting that clutches of higher reproductive value should actually receive less care 

than those of lower value.  In the next section, I will explore whether the amount of care males 

male provide conforms to predictions of the model presented in Chapter 2. 

Adjustment of Parental Behavior to Selection Pressures 

The goal of the model presented in Chapter 2 was to predict how parental care should 

vary as a function of clutch characteristics and parental costs.  The model predicted that parental 
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care should increase as the survival of offspring that are not provided care declines.  In Chapter 

4, I showed that, in the absence of parental care, clutches that are reared in fresh water have 

lower hatching success than those reared in brackish water.  I also showed that the benefit of 

nest-tending for hatching success was greater in fresh than in brackish water.  In Chapter 3, I 

showed that the sexual selection benefit of nest-tending is also greater in fresh water, when the 

nest-tending is directed toward an empty nest.  Together these data indicate that both natural and 

sexual selection favor more nest-tending in fresh than in brackish water when that tending is 

directed toward empty nests.  Given this, males observed in Chapter 3 should have been more 

likely to tend their empty nests in fresh than in brackish water, but they did not. 

I experimentally explored one explanation for the apparently maladaptive pattern in male 

behavior by quantifying metabolic rates of flagfish across a range of salinities (Chapter 5).  If 

parental care is more costly to provide in fresh water than in brackish water, then the benefits of 

tending in fresh water may be negated by care’s energetic costs.  Contrary to this explanation, 

metabolic rates were very similar in fresh and brackish water, indicating that the energetic costs 

of care are not so high in fresh water as to prevent males from increasing their nest-tending rates.  

Therefore, the question of why males do not adjust their pre-parental activity with salinity 

remains largely unanswered. 

In contrast, the absence of variation in male activity during the parental phase was 

initially surprising, but can be explained by comparing the results presented in Chapter 3 and 

Chapter 4.  Tending the nest once it contained eggs increased the probability that males would 

spawn again, but only when in brackish water (Chapter 3).  However, fanning the clutch 

increased hatching success only in fresh water (Chapter 4).  Therefore, it seems that the natural 
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and sexual selection benefits of tending a nest that contains eggs run contrary to one another and, 

by doing so, may make the net benefit of tending the same in fresh and brackish water. 

Future Directions 

Two questions remain regarding female mating preferences and male parental activity in 

flagfish.  First, why do females prefer activities that do not increase offspring fitness, while 

showing no preference for activities that do?  Second, why do males not adjust their tending of 

empty nests in response to salinity?  The answers to both of these questions may lie in 

unmeasured costs and benefits of mate choice and parental activity. 

Mate choice has been shown to be costly in a number of species (reviewed in Jennions 

and Petrie 1997) and it is possible that the costs of assessing males for J. floridae females may 

prevent them from choosing better fathers.  For example, males that approached the female when 

caring for an empty nest had higher hatching success in fresh than in brackish water in Chapter 4, 

but female preferences for approaching males did not differ between salinities in Chapter 3.  In 

Chapter 4, I suggested that receptivity to approaching males may be invariable with respect to 

salinity if being approached by males is costly.  As a result, it may be advantageous for a female 

to make a quick decision as to whether or not she will mate with an approaching male, and the 

advantage of making the decision quickly may outweigh the benefit of adjusting assessment to 

the local salinity.  To explore whether assessment costs could explain the poor match between 

the effects of male activity on offspring success and female preferences for that activity, the 

consequences of mating with approaching and nest-tending males should be quantified.  Such a 

study should focus specifically on the survivorship and future fecundity of females. 

Similarly, lack of variation in male activity when the benefits of that activity vary across 

salinities may be explained by costs not measured in these studies.  For example, tradeoffs 

between tending the nest and excluding either egg predators or males from adjacent territories 
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may preclude males from increasing tending rates in some salinities.  However, in order to 

explain male tending activity, these costs would have to be greater in the salinities in which 

tending is preferred, or would have to be so high as to outweigh the benefit of adjusting tending 

rate.  A test of this tradeoff hypothesis would require conducting similar experiments as 

presented here, but in a setting that includes both adjacent territorial males and egg predators. 

Finally, the data presented in these chapters indicate that the abiotic environment can 

influence how offspring respond to parental care and that variation in offspring response can 

have cascading effects on female mating preferences and possibly parental effort.  This effect of 

environment may help to explain an apparent paradox in the evolution of parental care.  Namely, 

the primary benefit of providing parental care is to increase offspring fitness.  Yet, for parental 

care to arise in a lineage that previously lacked parental care, offspring that previously survived 

well without care must suddenly exhibit dependence on care.  In other words, an evolved 

increase in offspring vulnerability seems to be a necessary precursor to the evolution of parental 

care. 

Environmental effects on offspring dependence may help explain how selection gives rise 

to parental care.  A species that previously lacked parental care may shift its distribution into 

habitats in which offspring vulnerability slightly increases, creating the selective pressure that 

favors parental care.  For example, Baylis (1981) suggested that a freshwater distribution may 

favor territoriality and parental care in fishes because of the combined effects of a greater need to 

lay demersal eggs and the low availability of suitable demersal habitat.  An association between 

distribution shifts and the evolution of parental care would provide one solution to the paradox 

that offspring need to undergo evolutionary changes that increase their vulnerability before the 
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appearance of parental care.  Instead, the distribution shift would be a precursor that creates the 

selective environment that favors parental care. 

Why offspring dependence on parental care arises and reaches such extremes as the 

highly altricial young of passerines and mammals is one of the large, unanswered questions in 

the evolution of parental care.  An exploration of whether evolutionary transitions in parental 

care are associated with distributional or ecological shifts may reveal whether patterns like that 

proposed by Baylis (1981) are important and widespread and whether the cascading effects of 

changes in offspring vulnerability may extend to the evolutionary origins of parental care.
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APPENDIX 
FIELD SURVEY OF WATER CHEMISTRY AND SPECIES COMPOSITION AT 

FOUR STUDY SITES 

Introduction 

Jordanella floridae is a Cyprinodontid found throughout peninsular Florida and 

the coastal region of Florida’s panhandle in the area of St. Mark’s National Wildlife 

Refuge (Wakulla County) (Page and Burr 1991).  A few studies (Gunter and Hall 1965; 

Kilby 1955; Loftus and Kushlan 1987) indicate that J. floridae can be found in brackish 

habitats, reaching salinities of 39 ppt in isolated, drying pools (Brockmann 1974).  

However, their distribution among freshwater swamps and wetlands is considerably 

broader and better described (e.g., Carlson and Duever 1978; Hale 2001; Loftus and 

Kushlan 1987; Tagatz 1967; Trexler et al. 2005).  In order to compare natural and sexual 

selection on parental care behavior as a function of salinity, it was necessary that I 

identify populations persisting in brackish environments and compare biotic and abiotic 

conditions between these and more inland, freshwater habitats.  The results of a two year 

survey of water chemistry and species composition at two inland (Otter Creek, 

Miccosukee) and two coastal (St. Marks, Merritt Island) sites (see Figure 1-1) are 

described. 

Methods 

Each of the four sites was sampled bimonthly from July 2003 to July 2004 and 

again from May 2005 to May 2006 under.  Otter Creek and Miccosukee were also 

sampled in May 2003.  All work was conducted under Florida Fish and Wildlife 

Conservation Commission Scientific Collector’s Permit numbers FNC-03-015 and FNC-

05-012 and U.S. Fish and Wildlife Service Special Use Permit numbers 58875, 03008, 
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and JH-06-005 for St. Marks National Wildlife Refuge and number 03 SUP 59 for 

Merritt Island National Wildlife Refuge.   

Water temperature, pH, specific conductivity, and salinity were measured during 

each sampling visit using a YSI Model 63 or Model 85 meter (Yellow Springs 

Instruments, Inc.).  Chloride content was analyzed using ion chromatography using a 

Dionex Series 4500i Chromatographer and E-Lab Chromatography System V.4 software 

(OMS Tech, 1992), after filtering water samples through a 0.20 µm PES Membrane 

(Corning Brand, Corning, New York).  Species composition and density were sampled 

using a 0.5 m2 box trap.  Once the trap was placed, animals were removed with ten 

sweeps of a dip net and placed in a bucket to be counted.  Density of female, male, and 

juvenile Jordanella floridae, density of other fish species, and occurrence of non-fish 

vertebrates and invertebrates were measured in each of eight samples for a total of 4.0 m2 

sampled per site visit.  The selection of eight samples per site was based on preliminary 

sampling at three sites indicating stabilization of density estimates with approximately six 

to eight samples.  Individual samples were separated by a minimum of 5 m.  Corner 

depth, vegetative cover (measured as the percent of horizontal trap area having vegetation 

in the water column), and distance to shore were also measured for each sample.  

Densities, corner depth, cover, and distance to shore were then averaged across the eight 

samples per site, whereas the occurrence of invertebrates and non-fish vertebrates was 

pooled across all eight samples. 

Results and Discussion 

Water chemistry varied among the four sites and among months (Table A-1).  The 

two inland sites (Otter Creek and Miccosukee) consistently had low salinities, ranging 

between 0.02 and 0.8 ppt across both years (Figure A-1).  Salinity at Merritt Island 
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ranged between 3.0 and 15.1 ppt, whereas salinity at the other coastal site, St. Marks, was 

unexpectedly low, ranging from 0.0 to 1.4 ppt.  Although salinity at St. Marks was 

consistently low throughout the study, preliminary sampling at both Merritt Island and St. 

Marks indicated considerable spatial variation in salinity (Table A-3).  For example, J. 

floridae were observed in water exceeding 20 ppt at Tower Pond within St. Marks, 

though they could not be found there upon return visits.  Therefore, if migration among 

adjacent habitats occurs, it is probable that the two coastal populations each consist of 

individuals distributed across a broad salinity range, even though only the Merritt Island 

collection site, itself, experienced considerable temporal salinity variation.  Temperature 

varied over time and across sites with the two southern sites, Merritt Island and 

Miccosukee, typically warmer than the two northern sites during any given survey month. 

Jordanella floridae abundance varied but the pattern was not consistent across 

years or sites (Table A-2; Figure A-2).  Juveniles were more common than adults at all 

sites except for St. Marks and during many sampling periods only juveniles were found.  

Further, females tended to be more common than males.  J. floridae was rare at St. Marks 

and collection of additional animals from areas adjacent to the collection site (but within 

1 km) was necessary to conduct the laboratory studies in Chapters 3, 4, and 5.   

Temporal variation in J. floridae density at all sites suggests either considerable 

movement of individuals among microhabitats or temporally variable reproductive rates.  

Both of these processes may explain the observed variation.  All of the collection sites are 

connected to other aquatic habitats, including larger wetlands, and thus individual fish are 

not physically restricted to the sampling site.  It is possible that the occasional absence 

and then reappearance of J. floridae at each site is the result of movement of adults 
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among neighboring habitats.  Indeed, studies of freshwater fish communities in the 

Florida Everglades ecosystem have repeatedly found that J. floridae colonize wetlands 

very quickly following dry periods and that their density falls gradually as other species 

immigrate (Jordan et al. 1998; Trexler et al. 2005), suggesting that they readily and 

quickly move among adjacent habitats.  Consistent with these earlier studies, J. floridae 

density in the current survey tended to be high following dry months.  Water levels at the 

four sites varied over time and during some months it was not possible to obtain eight 

box trap samples (Table A-1) because the area inundated with water was too small.  

These dry months were followed by months with higher than average J. floridae density.  

For example, in May of 2004, 2005, and 2006, Miccosukee was too dry to obtain eight 

samples.  In July of 2004 and 2005, the two post-dry months for which I have data, J. 

floridae density was higher than the mean across all months of the sample year at that site 

(Table A-2).  The same occurred at Merritt Island, at which fewer than eight samples 

were obtained during May of 2004 and 2005 and July of 2006. 

At the same time, temporal variation in density, particularly that of juveniles, 

could result from an annual reproductive cycle.  I observed nesting males during March 

at St. Marks and during July at Merritt Island and Miccosukee (Table A-4), whereas none 

were located during fall and winter.  Peaks in juvenile abundance tend to occur during the 

summer and fall months, which may reflect a reproductive season that extends from early 

spring (Loftus and Kushlan 1987) until mid or late fall.  This is a longer reproductive 

season than suggested by Foster (1967), who stated that J. floridae likely breed between 

April and August based on the seasonal progression of gonad development.  Further, my 

observation of nesting and spawning during March at St. Marks, together with Foster’s 
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observations of gonad development, suggest that reproduction at the northern end of the 

species’ range is not notably delayed relative to that at the southern end.  In contrast to 

juveniles, adults were generally rare, which suggests either that they experience high 

mortality or that they are more transient than juveniles, entering the shallow habitats 

selected for the survey only to nest and instead spending most of their time in adjacent 

habitats.   

The presence of predators of adult and embryonic J. floridae may influence 

reproductive behavior if the presence of predators alters the allocation of time or energy 

to predator avoidance or egg defense (e.g., Klug et al. 2005).  Fish species composition 

was dominated by Fundulid and Poecilid fishes, with Gambusia holbrooki and 

Heterandria formosa the most common species at all sites (Figure A-3).  Poecilia 

latipinna was common at Otter Creek, Miccosukee, and Merritt Island, but rare at St. 

Marks, which instead had nearly as many Elassoma spp. and Etheostoma spp. as 

Heterandria formosa.  Of the species encountered, the potential predators of J. floridae 

adults were Aphredoderus sp., Esox sp., the Cichlids, and the Centrarchids.  In general, 

these species were rare and appeared to be juveniles (< 6 cm Esox sp., < 4 cm 

Aphredoderus and Centrarchids).  The presence of only juveniles may be due to the 

shallow depth of the areas sampled (Table A-2). 

In conclusion, water chemistry varied among the four sites, but not as expected – 

St. Marks was more similar to the two inland sites than to Merritt Island, the other coastal 

site.  In contrast, species composition was similar among all sites and was dominated by 

Gambusia holbrooki and Heterandria formosa.  Therefore, neither salinity at the 

sampling site nor species composition can explain differences in behavior and metabolic 
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rate associated with native habitat type, as defined a priori as inland or coastal.  Instead, I 

argue that fish at all sites are able to move among adjacent habitats and, as a result, 

individuals at both coastal populations are likely to experience spatial variation in salinity 

that inland populations do not.  As a result, metabolic similarity between the two coastal 

populations may result from the fact that they each may experience a broad range of 

salinity as individuals move among adjacent habitats, despite vastly different salinity 

ranges at the survey sites. 
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Table A-1.  Water and box trap sample data from two years of bimonthly sampling.  
 

Temp Specific Salinity [Chloride] No. box trap Distance to Sample
Site Month (°C) conductivity (µ S) (ppt) pH (µM) samples shore (m) % cover Depth (cm)

2003-2004
St. Marks Jul 30.0 154 0.10 7.40 5.22 8 1.79 32 26.6

Sep 27.2 138 0.10 6.36 4.676 8 1.56 76 25.8
Nov 12.5 144 0.1 6.82 8 1.77 66 27.4
Jan 13.8 158 0.1 7 9.858 8 3.06 74 25.8
Mar 19.6 122 0.1 6.77 9.078 8 1.93 65 29.4
May 27.5 334 0.2 7.47 61.74 8 1.96 71 28.7
Jul 29.2 241 0.1 6.62 31.02 8 1.55 94 26.9

Merritt Island Jul 32.00 19260 9.90 8.30 6821.6 8 3.19 69 28.3
Sep 28.1 24010 15.1 6.4 5208.8 8 2.88 54 36.3
Nov 17.1 20670 12.4 7.15 7219.2 8 2.94 59 29.1
Jan 18.2 13200 7.6 8.21 4967.4 8 2.13 43 31.0
Mar 27.1 5910 7.6 8.21 2622 8 2.56 74 30.1
May 25.4 11580 6.6 7.72 4063.2 2 1.75 0 30.8
Jul 34.7 7840 4.3 8.75 2789.28 8 2.45 74 27.8

Otter Creek May 33.10 177 0.80 3 1.47 22 15.6
Jul 28.0 362 0.20 7.30 15.392 8 1.49 46 18.7
Sep 25.00 7.60 13.668 8 1.23 66 22.6
Nov 15.4 742 0.4 7.85 77.1 8 1.36 15 17.2
Jan 12.8 1194 0.6 7.72 10.992 8 1.16 61 17.9
Mar 15.7 560 0.3 7.12 52.38 8 1.34 48 19.8
May 24.7 367 0.6 7.72 17.475 3 1.53 34 17.1
Jul 24.7 367 0.2 7.02 14.832 8 2.25 81 29.5

Miccosukee May 28.50 546 0.20 8.60 36.072 5 2.05 26 41.6
Jul 32.00 303 0.10 8.00 24.128 8 1.76 45 35.1
Sep 29.10 214 0.10 7.14 14.769 8 1.66 87 37.7
Nov 19 350 0.2 7.2 30.161 8 1.25 83 30.2
Jan 16.2 437 0.2 7.2 39.03 8 2.06 83 33.0
Mar 24.2 415 0.2 7.45 37.47 8 1.88 73 31.9
May 29.9 413 0.2 7.47 38.04 8 1.60 57 34.8
Jul 30.4 516 0.2 7.7 35.1 5 1.18 100 22.1

2005-2006
St. Marks May 30 128 0.1 6.45 60.14838 8 1.96 100 21.0

Jul 33 1026 0.5 7.7 78076.23 8 2.13 84 24.1
Sep 28.7 890 0.4 6.97 6222.913 8 1.77 46 27.2
Nov 25.1 2714 1.4 7.51 12646.04 8 1.00 24 28.5
Jan 13.9 123 0.1 8 2.95 13 35.8
Mar 21.5 170 0.1 5.71 357.8917 8 1.41 61 22.7
May 27.3 610 0.3 6.02 3234.196 8 0.63 24 17.3

Merritt Island May 27.7 6230 3.4 46623.56 4 1.05 90 23.6
Jul 4.8 68880 8 2.24 166 29.4
Sep 32 6560 3 8.45 50685.62 8 7.25 89 33.6
Nov 23.2 5300 3 7.65 45890.13 8 2.88 93 33.7
Jan 21 11910 6.8 7.8 120361.2 8 3.38 91 32.5
Mar 25 14330 8.3 6.98 159091.8 8 2.05 36 22.5
May 30.8 9700 5.4 7.18 100333 4 1.35 0 22.7

Otter Creek May 30.3 619 0.3 7.26 341.2485 8 0.91 6 15.7
Jul 356.13 7 1.17 41 18.7
Sep 24.4 1052 0.5 7.75 1083.77 8 1.24 8 19.3
Nov 20.4 481.8 2 7.83 235.7478 8 1.08 0 17.6
Jan 12.6 652 0.3 7.7 288.7803 8 1.38 84 17.2
Mar 25.8 598 0.3 6.71 485.8183 8 2.15 69 17.8
May 21.6 149 0.1 5.93 9.245698 8 1.57 59 24.2

Miccosukee May 25.1 553 0.3 150.9805 8 1.60 49 37.1
Jul 31.6 243 0.1 7.8 694.7041 8 1.25 76 35.0
Sep 29.6 229 0.1 7.21 349.0059 8 3.28 86 32.8
Nov 26.9 283 0.1 7.78 278.343 8 0.98 76 25.5
Jan 14 386 0.2 452.1089 8 1.46 100 26.3
May 23 744 0.4 6.19 967.6237 6 0.91 100 28.0



 

 135

Table A-2.  Mean density (No./m2) of fishes and occurrence of non-fish vertebrates and 
invertebrates from eight box trap samples at four sites over two years.  

Jordanella floridae Cyprinodontidae Aphredoderidae
Site Month female male juv total Cyprinodon variegatus Aphredoderus Lepomis Micropterus unknown

2003-2004
St. Marks Jul 0.25 0 0 0.25 0.75 0 0 0 0

Sep 0 0 0 0 3.5 0 0 0 0
Nov 0.25 0 0 0.25 5 0 0 0 0
Jan 0.5 0.25 0 0.75 1 0 0 0 0
Mar 0 0 0 0 1.75 0 0 0 0
May 0 0 0 0 0 0 0 0 0
Jul 0 0.25 0 0.25 0 0 0 0 0

Merritt Island Jul 0.25 0.25 1.5 2 0 0 0 0 0.8
Sep 1.25 0.25 3.75 5.25 0 0 0 0 0
Nov 0 0 2.25 2.25 0 0 0 0 0
Jan 0 0.25 2.75 3 0 0 0 0 0
Mar 0 0 1 1 0 0 0.25 0 0.5
May 0 0 0 0 0 0.25 0 0 0.25
Jul 0.5 0.25 3 3.75 0 0 0 0 0

Otter Creek May 3.3 1.3 0 4.7 0 0 0 0 0
Jul 0 0 0.25 0.25 0 0 0 0 0
Sep 2 0.75 7 9.75 0 0 0 0.25 0
Nov 0.25 0.5 4.75 5.5 0 0 0 0 5.25
Jan 3.25 0 4.25 7.5 0 0 0 0 0.7
Mar 0.25 0 0.5 0.75 0 0 0 0 0
May 0.7 0 0 0.7 0 0 0 0 0
Jul 0 0 4.5 4.5 0 0 0 0 0

Miccosukee May 1.6 0.8 0 2.4 0 0 0 0 4
Jul 1.25 0.25 0 1.5 0 0 0 0.25 1.75
Sep 2 2 2.5 6.5 0 0 0 0 1.5
Nov 1.25 1.5 1 3.75 0 0 0 0 1.25
Jan 5.75 2 6 13.75 0 0.5 0 0 2.75
Mar 1 0.25 0.5 1.75 0 0 0 0 2
May 0 0.5 2.25 2.75 0 0 0 0 0.5
Jul 0 0.4 1.2 1.6 0 0 0 0 0.5

2005-2006
St. Marks May 0 0 0 0 1 0 0 0 0

Jul 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0.25 0 0 0 0
Mar 0 0 0 0 2.25 0 0 0 0
May 0 0 0 0 0 0 0 0 0

Merritt Island May 0 0 2 2 0 1 0 0 1
Jul 0.25 0.25 5.25 5.75 0 0 0 0 0.25
Sep 3.25 3 2.25 8.5 0 0.25 0 0 1.75
Nov 0.25 0 0.75 1 0 0.25 0 0 0
Jan 0 0 1.25 1.25 0 0 0 0 1
Mar 0 0.25 3 3.25 0 0 0 0 0
May 0 0 0 0 0 0 0.25 0 0

Otter Creek May 0 0 0 0 0 0 0 0 0.6
Jul 0 0 0 0 0 0 0 0 0
Sep 0.375 0 3.25 3.625 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0 0
Jan 0.75 0 0.5 1.25 0 0 0 0 0
Mar 0.25 0.25 0.5 1 0 0 0 0 0
May 0.5 0.75 0 1.25 0 0.25 0 0 0.25

Miccosukee May 1 2 11.25 14.25 0 0 0 0.25 0.25
Jul 0.5 0 13.25 13.75 0 0 0.25 0 1
Sep 6 1 22.25 29.25 0 0 0 0 0.75
Nov 9.25 0 7.25 16.5 0 0 0 0 0
Jan 0.5 0.25 7.5 8.25 0 0 0 0 0
May 0 0 0 0 0 0.25 0 0.25 0

Centrarchidae
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Table A-2.  Continued.  
Cichlidae Cyprinidae Elassomatidae Esocidae Ictaluridae

Site Month Cichlidae Cyprinid Notropis harperi Elassoma Esox Noturus unknown
2003-2004

St. Marks Jul 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0

Merritt Island Jul 0 0 0 0 0 0 0
Sep 0 0 0 1 0 0 0
Nov 0 0 0 1.75 0 0 0
Jan 0 0 0 3.5 0 0 0
Mar 0.25 0 0 2 0 0 0
May 0 0 0 0.5 0 0 0
Jul 0 0 0 12.5 0 0 0

Otter Creek May 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0
Sep 0 0 0 1.25 0 0 0
Nov 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0
Jul 0 0 0 0.25 0 0 0

Miccosukee May 0 0 0 0 0.25 0 0
Jul 0 0 0.5 0 0 0 0
Sep 0 0 0 0.25 0 0 0
Nov 0 0.25 0 3.5 0 0 0
Jan 0 0 0 7.75 0.25 0 0.5
Mar 0 0 0 1.5 0 0 0
May 0 0 0 1.5 0.25 0 0
Jul 0 0 0 2.5 0 0 0

2005-2006
St. Marks May 0 0 0 0 0 0 0

Jul 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0

Merritt Island May 0.5 0 0 0.25 0 0 0
Jul 0 0 0 2.5 0 0 0
Sep 0.25 0 0 4.25 0 0 0
Nov 0 0 0 5.5 0 0 0
Jan 0.75 0 0 8.5 0 0 0
Mar 0 0 0 0 0 0 0
May 0 0 0 0.25 0 0 0

Otter Creek May 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0
Nov 0 0 0 1.25 0 0 0
Jan 0 0 0 0.5 0 0 0
Mar 0 0 0 0.5 0 0 0
May 0 0 0 18.75 0 0 0

Miccosukee May 0 0 0 2.75 0.25 0 0
Jul 0 0 0 1 0 0 0
Sep 0 0 0 5.25 0 0 0
Nov 0 0 0 0 0 0 0
Jan 0 0 0 0 0.25 0 0
May 0 0 0 17.25 0 0.25 0
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Table A-2.  Continued.  
Fundulidae

Site Month Fundulus confluentus F. crysotus F. grandis Fundulus Leptoleucania aumata Lucania goodei L. parva
2003-2004

St. Marks Jul 0 0 0 0 0 0 0
Sep 2.25 0 0.5 0 0 0 0
Nov 0 0 0 2.5 0 0 0.5
Jan 0 0 0 0.5 0 0 1
Mar 0 0 0 0 0 0 2
May 0 0 0 0 0 0 0
Jul 0.5 0 0 0 0 0 0

Merritt Island Jul 0 0 0 0 0 6.4 0
Sep 0 0.5 0 0.5 0 1.5 0
Nov 0 1 0 0 0 9.5 0
Jan 0 1.75 0 0 0 13.5 0
Mar 0 0.5 0 0 0 6 0
May 0 0.75 0 0 0 24.5 0
Jul 0 0.25 0 0 0 9 0

Otter Creek May 0 0 0 0 0 0 0
Jul 0 0 0 0 0 2.7 0
Sep 0 0 0 0 0 1 0
Nov 0 0 0 0 0 3 0
Jan 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0
May 0 0.25 0 0 0 0 0
Jul 0 0.5 0 0 0 0.5 0

Miccosukee May 0 0 0 0 0 0 0
Jul 0 0 0 0 0 6.5 0
Sep 0 2.5 0 0 0 0.5 0
Nov 0 0.25 0 0 0 0.5 0
Jan 0 0 0 1 1 0 0
Mar 0 0.75 0 0 0 0 0
May 0 1 0 0 0 2 0
Jul 0 5.75 0 0 1.5 0 0

2005-2006
St. Marks May 0 0 0 0 0 7 0

Jul 1.25 0 0 0 0 0 0
Sep 2.25 0 0 0 0 0 0
Nov 1.75 0 0 0 0 0 1
Jan 2 0 0 0 0 0.5 0
Mar 1.25 0 0 0 0 1.5 2.5
May 0.5 0 0 0 0 0 0

Merritt Island May 0 0 0 0 0 5.5 0
Jul 0 0.5 0 1 0 1.5 0
Sep 0.25 0.25 0 0 0 3.5 0
Nov 0 1.25 0 1.5 0 6.5 0
Jan 0.75 1.25 0 0 0 13.5 0
Mar 0 0 0 0 0 0.7 0
May 0 0 0 0 0 0 0

Otter Creek May 0 0 0 0 0 0.57 0
Jul 0 0 0 0 0 3.5 0
Sep 0 0.25 0 0 0 0 0
Nov 0 0.5 0 0 0 1.5 0
Jan 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0.5 0
May 0 2 0 0 0 1.5 0

Miccosukee May 0 0 0 0 0 1.5 0
Jul 0 4 0 0 0 1 0
Sep 0 2.5 0 0 1.5 0 0
Nov 0 0 0 0 0.5 0 0
Jan 0 0 0 0 0 5.5 0
May 0 1 0 1 0 2 0
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Table A-2.  Continued.  

Percidae Poecilidae
Site Month Etheostoma fusiforme Gambusia  Heterandria formosa Poecilia latipinna Poecilid juv.

2003-2004
St. Marks Jul 0 25.5 0 6.75 18.5

Sep 0 55 2.5 17.5 0
Nov 0 54.25 0.5 27.5 0
Jan 0 34.25 1 10.25 0
Mar 0 18 3.5 4.25 0
May 0 32 0 0 0
Jul 0 20 0 0 3.75

Merritt Island Jul 0 44.8 24.4 6.4 0
Sep 0 42.25 9.75 13.5 14
Nov 0 52.5 41.25 29.75 0
Jan 0 21 35.75 16 0
Mar 0 12.5 22.5 2.75 0
May 0 48.5 34 5.5 0
Jul 0 27.5 20.25 8.5 0

Otter Creek May 0 35.6 24 1.6 0
Jul 0 10.7 12 1.3 0
Sep 0 6.75 8.25 13.5 0.75
Nov 1 45.5 26.5 2.75 0
Jan 0 8.7 0 0 0
Mar 0 5 6 3.75 0
May 0.5 3.25 9.5 1 0
Jul 0 4.75 7.25 8.25 0

Miccosukee May 0 1.75 8.75 12 0
Jul 13.5 10 0.25 0 2
Sep 16 16.75 7.25 0 0
Nov 5 4.5 2 0 0
Jan 20.5 6.5 1.75 0 0
Mar 3 15.75 0.75 0 0
May 3 4.75 1 0 0
Jul 1 7.25 3.75 0 0

2005-2006
St. Marks May 0 5 47.5 0 0

Jul 0 18 2.5 8.75 0
Sep 0 27.5 4.25 14.75 0
Nov 0 35 13.75 38.5 0
Jan 0 16.75 2.5 10.25 0
Mar 0 190.25 21.75 30.5 0
May 0 2 0 0 0

Merritt Island May 0 113.25 12.25 0 0
Jul 0 21.5 29 41.25 0
Sep 0 17.25 25.75 52.75 0
Nov 0 28.5 30.25 4.25 3.25
Jan 0 12.25 31 1.75 0
Mar 0 7 15 0 0
May 0 32.25 7.75 0 0

Otter Creek May 0 9.7 7.7 4.6 0.6
Jul 0 31 11.75 2.75 0
Sep 0 21.75 7.5 5.5 1.5
Nov 0.5 4.5 3 1.25 0
Jan 0.5 11.75 1.5 2.25 0
Mar 0 1.5 1.25 4 0
May 14 13.75 5.75 0 0

Miccosukee May 2 3.25 6.75 0.25 0
Jul 1 7.25 3 0.25 0
Sep 0 6.25 1 0 0
Nov 0 0 0 0 0
Jan 0 9 0.75 0 0
May 2 16 10.25 0 0
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Table A-2.  Continued.  

Anura Caudata
Site Month Hyla cinerea Rana pipiens Rana grylio R. sphenocephala unknown Siren Notophthalmus unknown

2003-2004
St. Marks Jul 0 0 0 0 0 0 0 0

Sep 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 1 0 0 0

Merritt Island Jul 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0
Jan 0 0 0 0 1 0 0 0
Mar 0 0 0 0 1 0 1 0
May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 1 0 0 0

Otter Creek May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0 0
Sep 0 0 0 0 1 0 0 0
Nov 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0 0

Miccosukee May 0 0 0 0 1 0 0 0
Jul 0 0 0 0 0 0 0 0
Sep 0 0 0 0 1 0 0 0
Nov 0 1 1 0 0 0 0 0
Jan 0 0 0 0 1 0 1 0
Mar 0 0 0 0 0 0 0 0
May 0 0 0 1 0 0 0 0
Jul 0 0 0 0 1 0 0 0

2005-2006
St. Marks May 0 0 0 0 0 0 0 0

Jul 1 0 0 0 1 0 0 0
Sep 0 0 0 0 1 0 0 0
Nov 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0

Merritt Island May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 1 0 0 0
Sep 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 0 0

Otter Creek May 0 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0
Nov 0 0 0 0 1 0 0 0
Jan 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 1 0 0
May 0 0 0 1 1 0 0 1

Miccosukee May 0 0 0 0 1 0 0 0
Jul 0 0 0 0 1 0 0 0
Sep 0 0 0 0 0 0 0 0
Nov 0 0 0 0 1 0 0 0
Jan 0 0 0 0 0 0 0 0
May 0 0 0 1 0 0 1 0
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Table A-2.  Continued.  
Bivalvia Gastropoda Annelida

Site Month Bivalve Campyloma Physella Planorbella Pomacea unknown Hirudinea other Dolomedes Mite
2003-2004

St. Marks Jul 0 0 0 0 0 0 0 0 1 0
Sep 0 0 0 0 0 0 0 0 1 0
Nov 0 1 1 0 0 0 0 0 1 0
Jan 0 0 0 0 0 1 0 0 1 0
Mar 0 1 0 0 0 1 0 0 0 0
May 0 0 0 0 0 0 0 0 0 1
Jul 1 0 0 0 1 1 0 0 1 0

Merritt Island Jul 0 0 0 0 0 1 0 0 0 0
Sep 0 0 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0 0 0
Jan 1 0 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 0 0 0 1 1
May 0 0 0 0 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0 0 1 0

Otter Creek May 1 0 0 0 1 1 0 0 0 0
Jul 1 0 0 0 1 1 0 1 1 0
Sep 1 0 0 0 0 0 0 0 1 0
Nov 1 0 0 0 0 1 0 0 0 0
Jan 0 0 0 0 1 1 0 0 0 0
Mar 1 0 0 0 1 1 0 0 1 0
May 0 0 0 0 0 0 0 0 0 0
Jul 0 0 0 0 1 0 0 0 0 0

Miccosukee May 0 0 0 0 0 0 0 0 1 0
Jul 0 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 1 0 1 0
Nov 0 0 0 0 0 0 1 0 1 0
Jan 0 0 0 0 0 0 0 0 0 0
Mar 0 0 0 0 0 1 1 0 0 1
May 0 0 0 0 0 1 0 0 0 0
Jul 0 0 0 0 0 0 0 0 0 0

2005-2006
St. Marks May 1 0 0 1 0 0 1 0 1 0

Jul 0 0 0 0 0 0 0 0 0 0
Sep 1 0 0 0 0 0 0 0 1 0
Nov 0 0 0 0 0 1 0 0 1 0
Jan 0 0 0 0 0 0 0 0 1 0
Mar 0 0 0 0 0 1 0 0 0 0
May 0 1 1 0 0 0 0 0 0 0

Merritt Island May 0 0 0 0 0 0 0 0 0 1
Jul 0 0 0 0 0 0 0 0 1 1
Sep 0 0 0 0 0 0 0 0 1 1
Nov 0 0 0 0 0 0 0 0 1 1
Jan 0 0 0 0 0 0 0 0 0 1
Mar 0 0 0 0 0 0 0 0 0 1
May 0 0 0 0 0 0 0 0 0 0

Otter Creek May 1 0 0 0 1 0 0 0 1 0
Jul 1 0 0 1 1 0 0 0 0 0
Sep 1 0 0 0 0 0 0 0 1 0
Nov 1 0 0 0 0 0 0 0 0 0
Jan 1 0 0 0 1 1 0 1 1 0
Mar 1 0 1 1 1 1 0 0 0 0
May 1 0 0 0 0 0 0 0 1 0

Miccosukee May 0 0 0 1 0 0 0 0 0 0
Jul 0 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 1 0 0 0 0 0
Nov 0 0 0 0 0 1 0 0 0 0
Jan 0 0 0 0 0 0 0 1 1 0
May 0 0 1 0 0 0 0 0 0 0

Arachnida
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Table A-2.  Continued.  
Crustacea Ephemeroptera Odonata naiad

Site Month Amphipod Crayfish Isopoda Shrimp Ephemeroptera Damselfly Aeshnid Gomphid Libelluidae Dragonfly
2003-2004

St. Marks Jul 1 0 0 1 0 1 0 0 1 0
Sep 1 0 0 1 1 1 1 0 1 0
Nov 1 1 0 1 1 0 0 0 1 0
Jan 1 1 0 1 1 1 1 0 1 0
Mar 1 1 1 1 1 1 1 0 1 0
May 1 0 0 1 0 1 0 0 1 0
Jul 1 0 0 1 1 1 0 0 1 0

Merritt Island Jul 0 1 0 0 0 1 1 0 0 0
Sep 0 0 0 1 0 0 0 0 0 0
Nov 0 1 0 1 0 1 0 0 1 0
Jan 0 0 0 1 0 0 0 0 1 0
Mar 0 0 0 1 0 1 0 0 1 0
May 0 0 0 1 0 0 0 0 0 0
Jul 0 1 0 0 0 0 0 0 0 0

Otter Creek May 0 0 0 1 0 0 0 0 1 0
Jul 0 1 0 1 0 0 0 0 1 0
Sep 0 1 0 1 0 0 0 0 0 0
Nov 1 1 0 1 0 0 0 0 1 0
Jan 0 1 0 1 0 0 0 0 1 0
Mar 0 1 0 1 1 0 0 1 1 0
May 0 0 0 0 0 0 0 0 0 0
Jul 0 1 0 1 1 1 0 0 1 0

Miccosukee May 0 1 0 1 0 0 0 0 1 0
Jul 0 0 0 0 0 0 0 0 0 0
Sep 1 1 0 1 1 0 0 0 0 0
Nov 1 1 0 1 1 0 0 0 1 0
Jan 1 1 0 1 0 0 0 0 1 0
Mar 1 0 0 1 1 1 0 0 1 0
May 0 1 0 1 0 0 0 0 1 0
Jul 1 0 0 1 0 1 0 0 1 0

2005-2006
St. Marks May 1 0 0 1 1 1 1 0 1 0

Jul 1 1 0 1 0 1 0 0 1 0
Sep 1 0 0 1 0 1 0 0 1 0
Nov 1 0 0 1 0 0 0 0 1 0
Jan 1 0 0 1 0 1 0 1 1 1
Mar 1 0 0 1 0 1 1 0 1 0
May 1 0 0 1 0 1 1 0 1 0

Merritt Island May 0 1 0 1 0 1 0 0 1 0
Jul 1 1 0 1 0 0 0 0 0 0
Sep 0 1 0 1 0 1 0 0 0 0
Nov 1 1 0 1 0 0 0 0 1 0
Jan 0 1 0 1 0 1 1 0 1 0
Mar 0 1 0 1 0 0 0 0 1 0
May 0 0 0 1 0 0 0 0 0 0

Otter Creek May 0 1 0 1 1 0 1 0 0 0
Jul 0 1 0 1 1 0 0 0 0 0
Sep 0 0 0 1 0 1 0 0 1 0
Nov 0 0 0 1 0 0 0 1 1 0
Jan 0 1 0 1 0 0 0 1 0 0
Mar 1 1 0 1 0 1 0 0 1 0
May 0 1 0 1 0 0 0 0 1 0

Miccosukee May 0 0 0 1 0 0 0 0 1 0
Jul 0 1 0 1 0 0 0 0 1 0
Sep 0 1 0 1 0 1 0 0 1 0
Nov 1 1 0 1 1 0 0 0 1 0
Jan 1 1 0 1 0 1 0 0 1 0
May 1 0 0 1 0 1 0 0 0 0
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Table A-2.  Continued. 

Neuroptera Coleoptera
Site Month Belostomatid Gerridae Lethocerus Nepid Notonectid Neuropteran Corixidae Dyticid Gyrinidae Halyplid

2003-2004
St. Marks Jul 0 0 0 0 0 0 1 1 0 0

Sep 0 0 0 0 0 0 0 1 0 0
Nov 0 1 0 0 0 0 1 1 0 1
Jan 0 0 0 0 0 0 1 0 0 0
Mar 0 0 0 0 0 0 1 1 1 1
May 1 0 0 1 1 0 1 1 0 1
Jul 0 0 0 0 0 0 0 1 0 1

Merritt Island Jul 1 0 0 0 0 0 1 1 0 0
Sep 0 0 0 0 1 0 1 0 0 0
Nov 1 0 0 0 0 0 1 0 0 0
Jan 0 0 0 0 0 0 1 0 0 1
Mar 1 0 0 0 0 0 1 1 0 1
May 0 0 0 0 0 0 0 1 0 1
Jul 1 0 0 0 0 0 1 0 0 1

Otter Creek May 0 0 0 0 0 0 0 1 0 1
Jul 0 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0 0 0
Nov 0 0 0 1 0 0 0 1 0 1
Jan 0 0 0 0 0 0 0 0 0 0
Mar 0 0 0 1 0 0 0 0 0 1
May 0 0 0 0 0 0 0 1 0 0
Jul 0 0 0 0 0 0 0 1 1 1

Miccosukee May 0 0 0 0 0 0 0 1 0 0
Jul 0 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0 0 0
Nov 1 1 0 0 0 0 1 0 0 0
Jan 0 0 0 0 0 0 0 1 0 0
Mar 0 1 0 0 0 0 0 1 0 0
May 1 0 0 0 0 0 0 0 0 0
Jul 1 0 0 0 0 0 0 0 0 0

2005-2006
St. Marks May 1 0 1 1 0 0 1 1 0 1

Jul 0 0 0 0 0 0 0 1 0 1
Sep 0 1 0 1 1 0 0 1 0 0
Nov 0 0 0 1 0 0 1 0 0 1
Jan 0 0 0 0 0 0 1 0 0 1
Mar 1 0 0 0 0 0 1 0 0 0
May 1 0 0 0 0 0 1 1 0 1

Merritt Island May 1 0 0 0 0 0 1 0 1 1
Jul 1 0 0 0 0 0 1 0 0 1
Sep 1 0 1 0 0 0 1 1 0 1
Nov 1 0 1 0 0 0 1 1 0 1
Jan 1 0 0 0 0 0 0 1 0 1
Mar 0 0 0 0 0 0 0 0 0 0
May 0 0 0 0 0 0 1 1 0 1

Otter Creek May 0 0 0 0 0 0 0 1 1 0
Jul 0 0 0 0 0 0 0 1 0 1
Sep 0 0 0 0 0 0 0 0 0 0
Nov 0 0 0 1 0 0 0 0 0 0
Jan 0 0 0 0 0 0 0 1 0 1
Mar 0 0 0 0 0 0 0 1 0 0
May 0 0 0 0 0 0 0 0 1 1

Miccosukee May 1 0 0 0 0 0 0 1 0 1
Jul 0 0 0 0 0 0 0 0 0 0
Sep 0 0 0 0 0 0 0 0 0 0
Nov 0 0 0 0 0 0 0 0 0 0
Jan 0 0 0 0 0 0 1 1 0 0
May 0 0 0 0 0 0 0 1 0 1

Hemiptera



 

 143

Table A-2.  Continued.  
Coleoptera, continued Heteroptera Diptera

Site Month Hydrophilid unknown Naucorid Chironomid Culicidae unknown
2003-2004

St. Marks Jul 1 0 1 1 0 0
Sep 1 1 1 0 0 0
Nov 0 0 1 0 0 0
Jan 1 0 0 1 0 0
Mar 0 0 1 0 0 1
May 1 0 1 0 0 0
Jul 1 0 1 0 0 0

Merritt Island Jul 1 1 1 1 0 0
Sep 1 0 1 0 0 0
Nov 1 0 0 1 0 0
Jan 0 0 0 0 0 0
Mar 0 0 1 1 0 0
May 0 0 0 1 0 0
Jul 1 0 1 1 0 0

Otter Creek May 0 0 0 1 0 0
Jul 1 0 1 0 1 0
Sep 1 0 0 0 0 0
Nov 0 0 0 1 0 0
Jan 0 0 0 1 0 0
Mar 0 0 0 1 0 0
May 0 0 0 1 0 0
Jul 1 0 0 1 0 0

Miccosukee May 0 0 0 0 0 0
Jul 0 0 0 0 0 0
Sep 0 0 0 0 0 0
Nov 0 0 0 1 0 0
Jan 1 0 1 1 0 0
Mar 1 0 1 1 0 0
May 0 0 1 0 0 0
Jul 1 0 1 0 0 0

2005-2006
St. Marks May 1 1 1 1 0 0

Jul 0 0 0 0 0 0
Sep 0 1 1 1 0 0
Nov 0 0 1 1 0 0
Jan 0 1 1 0 0 0
Mar 0 0 1 0 0 0
May 1 0 1 0 0 0

Merritt Island May 0 0 1 1 0 0
Jul 0 0 1 1 0 0
Sep 1 0 1 1 0 0
Nov 0 0 1 0 0 0
Jan 0 0 1 0 0 0
Mar 1 0 1 1 0 0
May 0 0 0 1 0 0

Otter Creek May 1 0 0 1 0 0
Jul 1 0 0 1 0 0
Sep 1 0 0 1 0 0
Nov 1 0 0 0 0 0
Jan 1 0 0 1 0 0
Mar 1 0 0 0 0 0
May 1 0 0 0 0 0

Miccosukee May 0 0 1 0 0 0
Jul 0 0 0 1 0 0
Sep 0 0 0 1 0 0
Nov 0 0 0 0 0 0
Jan 1 0 1 1 0 0
May 1 0 1 0 0 0



 

 144

Table A-3.  Results of preliminary sampling at sites within Merritt Island National 
Wildlife Refuge and St. Marks National Wildlife Refuge in 2003.  

Refuge Site within refuge Date Salinity J. floridae present 
Merritt Island Freshwater Pond* May 1.9 ppt Yes 

 Pool G May 8.2 Yes 
 Pool I May 17.5 Yes 

 
Walking Trail 
(0.2 mi from tower) May 29.0 No 

 Wildlife Drive #9 May 10.5 Yes 

 
Hwy 406, W of 
Wildlife Drive May 17.7 Yes 

St. Marks Gambo Bayou† May 0.1 Yes 
 Mounds Pool 2 March 0.2 Yes, nesting 

 Tower Pond April-May 2.0 – 22.2 Yes 
*The site identified as Merritt Island throughout this work is located in Freshwater Pond.  
†The site identified as St. Marks in Chapters 3 and 4 is located at Gambo Bayou.  
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Table A-4.  Observations of nest attendance and spawning in Jordanella floridae. 

Site Date 
Number 
of nests 

Spawning 
observed 

Mean territory 
diameter 

Mean nest 
depth 

Miccosukee July, 1999 5 Yes 16.5 cm 8.7 cm 
Loxahatchee* July, 1999 9 Yes 38.6 8.7 
St. Marks† March, 2003 5 Yes 26.8 7.5 
Merritt Island July, 2003 9 Yes - - 
*Loxahatchee is located in Martin County, Florida, and was sampled in 1999 but was not 
included as part of the four-population experimental design presented in this dissertation.  
†Nests at St. Marks were located in Mounds Pool 2, whereas the field survey was 
conducted at Gambo Bayou. 
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Figure A-1.  Mean salinity, temperature, and pH for each site and each survey year.  Error 
bars indicate range.  St. Marks and Merritt Island are coastal; Otter Creek and 
Miccosukee are inland. 
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Figure A-2.  Mean density of flagfish females, males, and juveniles at the four sites over 
the two sampling years.  A and B: inland populations; C and D: coastal 
populations.  Miccosukee was not sampled in March of 2006.  Note the 
difference in scale in panel D. 
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Figure A-3.  Mean density of common fish species, averaged across two years of sampling.  St. Marks and Merritt Island are coastal; 
Otter Creek and Miccosukee are inland.
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