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Abstract 

 
ECOLOGICAL INTERACTIONS UNDER FLUCTUATING ENVIRONMENTS: 

CASE STUDIES FROM BAR-BUILT ESTUARIES 

 
by 

Ben Alan Wasserman 

Species interactions are core to our understanding of communities and ecosystems. 

Much of the theoretical work that forms the basis of our understanding of species 

interactions is based on the assumption of constant environmental conditions and the 

achievement of equilibrium. However, real ecosystems are often characterized by 

changing conditions and nonequilibrium dynamics. Fluctuations in environmental 

conditions may affect species interactions in a number of ways: by excluding one 

partner, by changing the dominance relations of interactors, the magnitude, or even 

the direction of interaction strength between pairs of species. In this dissertation I 

studied the effects of fluctuating environmental conditions on predation and 

competition of threespine stickleback (Gasterosteus aculeatus) in bar-built estuaries 

along the central coast of California. Due to seasonal variation in rainfall, bar-built 

estuaries are only intermittently open to the ocean and vary seasonally in important 

abiotic conditions such as salinity and dissolved oxygen. In Chapter 1 I surveyed 

threespine stickleback in estuaries of various sizes. I found that larger estuaries 



 xiii 

supported perennial streamflow, breeding habitat for predatory salmonids and 

sculpins, and therefore stickleback had higher frequencies of alleles coding for a 

complete set of armor plates. In Chapter 2 I tested directly for selection on 

Ectodysplasin-A (Eda), the gene controlling armor plates, by comparing the 

genotypes of breeding adult stickleback to juveniles recovered from the stomachs of 

predatory salmonids. I found no evidence of selection over a single season, indicating 

that the genetic differences in Chapter 1 built up slowly. In Chapter 3 I used 

empirical dynamic modeling to show that fluctuations in the abundance of 

endangered tidewater goby (Eucyclogobius newberryi) and threespine stickleback 

represented independent responses to changes in environmental conditions rather than 

context-dependent competition. Specifically, stickleback were negatively impacted by 

breaching, and the peak abundance of both species was offset by several months, 

potentially indicating that reproductive allochrony alleviates competition. In both the 

case of predation and competition, long-term effects were evident but short-term 

effects were not. This pattern suggests that species interactions can and do play an 

important role in fluctuating environments but that those interactions may be difficult 

to detect in the short-term or under all conditions. 
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Introduction 

 

Species interactions are foundational to the study of community ecology. Interspecific 

interactions such as predation, competition, and mutualism play an important role in 

determining the abundance and distribution of species (Morris et al. 2020), in 

structuring communities (Hairston et al. 1960), and in the delivery of ecosystem 

services (Lefcheck and Duffy 2015). As species richness increases the diversity of 

species interactions grows exponentially, creating each of the wide variety of unique 

communities and ecosystems that exist in the natural world (Estes et al. 2013). 

 The majority of theoretical work on species interactions explores stability and 

how interactions behave at equilibrium or under constant environmental conditions 

(Tilman 1982; Schluter and Mcphail 1992; Abrams 2003). But many ecological 

interactions happen under fluctuating environments. This environmental variation can 

influence the occurrence and outcomes of species interactions in a number of ways. 

Most simply, environmental factors may limit the range of one species and release 

another species from interacting with it (Rogowski and Stockwell 2006; Stuart et al. 

2014). Alternatively, interactions may be context dependent (Alcaraz et al. 2008; 

Deyle et al. 2016a). Qualitatively, the rank order of competitive dominance of species 

may depend on environmental parameters such as temperature, turbidity, salinity, or 

pH in aquatic ecosystems (Cavin et al. 2013; Burson et al. 2018; Muench and Elsey-

Quirk 2019). Quantitatively, the magnitude and direction of interaction strengths may 
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differ as a function of environmental parameters (Deyle et al. 2016b; Ushio et al. 

2018; Gabaldón et al. 2019). For example, some environmental conditions may 

confer relatively better refuge from antagonists than others (Berryman and Hawkins 

2006). These effects of environmental fluctuations may manifest as either short-term 

ecological or long-term evolutionary dynamics. 

 The question as to whether such species interactions reach an equilibrium in 

regularly fluctuating environments is not an easy one to answer. Environmental 

fluctuations may not allow enough time for interacting species to reach an 

equilibrium, whether that be the extinction of one partner, a fixed state, or a stable 

limit cycle (Hutchinson 1961). Short term studies may only measure interactions 

under one environmental regime, and future studies may reach different conclusions 

if they occur under alternative environmental regimes (Jiao 2009; Sugihara et al. 

2012; Deyle et al. 2013). In this dissertation I answer several questions about the 

behavior of antagonistic species interactions (predation and competition) in 

fluctuating environments.  

 As a model ecosystem for understanding the effects of environmental 

fluctuations on species interactions, I worked in bar-built estuaries on the central 

coast of California. Due to the mediterranean climate, rainfall is strongly seasonal. As 

a result, streams only reach the ocean during the rainy winter months (Heady et al. 

2014). Afterwards, a sandbar or berm forms, disconnecting the estuary from the 

ocean for substantial periods of the year. Breaching is largely driven by streamflow 

and other internal processes, whereas closure is often determined by ocean conditions 
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such as tide and sand deposition (Rich and Keller 2013; Orescanin and Scooler 2018). 

The bathymetry often changes substantially during the cycle of closing and opening 

(Webb et al. 1991; Elwany et al. 1998). These physical changes of the basin from free 

flowing and river-like during the winter to still and pond-like during the summer are 

accompanied by changes in the physicochemical properties of the estuary, such as 

temperature, dissolved oxygen, and salinity (Behrens et al. 2016; Williams and Stacey 

2016). Bar-built estuaries in central California drain watershed areas that range over 6 

orders of magnitude (Wasserman et al. 2020). In Chapter 1 and Chapter 2, I 

investigate evolution of and selection on antipredator traits in prey under fluctuating 

environments. In Chapter 3 I investigate whether population fluctuations of two 

small fish represented context-dependent competition or independent responses to 

environmental fluctuations.  

 In Chapter 1, I surveyed threespine stickleback (Gasterosteus aculeatus) and 

their fish predators from 20 bar-built estuaries and found that ecosystem size 

influences the distribution of piscivorous predators. Piscivorous fish were only found 

in the larger estuaries, likely because the upstream habitat was intermittent in smaller 

streams and did not provide adequate reproductive habitat for piscivorous salmonids 

and sculpins. As a consequence, threespine stickleback populations in larger estuaries 

had higher frequencies of the Ectodysplasin-A (Eda) allele that codes for complete 

armor phenotypes. 

 In Chapter 2, I directly tested for predator-induced selection on Eda by 

comparing the genotypes of reproducing stickleback in the spring, those consumed by 
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salmonids in the summer and fall, and those recruited into the population in the 

following fall. I found no significant differences in the genotype frequencies between 

these three groups and thus no evidence of predator-induced selection. However, 

unlike previous studies of salmonid predation on stickleback, our predators were 

outmigrating juveniles. As gape-limited predators, they were restricted to eating 

juvenile stickleback. Since juvenile stickleback have not yet developed the plate 

phenotypes, the predators appear unable to discriminate between Eda genotypes. 

 In Chapter 3, I used empirical dynamic modeling to test for context-

dependent competition between threespine stickleback and endangered tidewater 

goby (Eucyclogobius newberryii). I measured rainfall, breaching, temperature, 

salinity, and dissolved oxygen monthly for 6 years. I found little evidence of negative 

interaction strengths that would indicate competition. Instead, I found the interaction 

dominated by a once-a-year, but time-lagged positive effect of stickleback on gobies: 

when stickleback have a good spring, gobies are predicted to have a good summer. 

This result reflects seasonally offset reproduction, which may contribute to 

coexistence of the two putative competitors. Thus, fluctuations in the abundance of 

stickleback and goby represent independent responses to environmental conditions 

rather than context dependent competition. 

  The results of this dissertation expand our understanding of the importance of 

environmental fluctuations for the ecological and evolutionary consequences of 

species interactions. I argue that bar-built estuaries can be an important system for 

further studies in this research area. Both spatial gradients in characteristics such as 
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ecosystem size, and temporal variation within sites will allow us to test for the effect 

of environmental fluctuations on species interactions (Des Roches et al. 2020; 

Wasserman et al. 2020). 
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Chapter 1: Ecosystem size shapes antipredator trait evolution in 

estuarine threespine stickleback 

Abstract  

Ecosystem size is known to influence both community structure and ecosystem 

processes. Less is known about the evolutionary consequences of ecosystem size. A 

few studies have shown that ecosystem size shapes the evolution of trophic diversity 

by shaping habitat heterogeneity, but the effects of ecosystem size on antipredator 

trait evolution have not been explored. Ecosystem size may impact antipredator trait 

evolution by shaping predator presence (larger ecosystems have longer food chains) 

and habitat complexity (larger ecosystems may have more diverse habitat structure). 

We tested these effects using threespine stickleback from bar-built estuaries along the 

Central Coast of California. These stickleback populations are polymorphic for 

Ectodysplasin-A (Eda), a gene that controls bony lateral plates used as antipredator 

defense. We inferred Eda genotypes from lateral plate phenotypes and show that the 

frequency of the complete (C) allele, which is associated with greater number of 

lateral plates, increases as a function of ecosystem size. Predator presence and habitat 

complexity are both correlated to ecosystem size. The strongest proximate predictor 

of Eda allele frequencies was the presence of predatory fishes (steelhead trout and 

sculpin). Counter to expectations, habitat complexity did not have a strong modifying 

effect on Eda allele frequencies. Our results point to the importance of ecosystem size 

for determining predator presence as being the primary pathway to evolutionary 
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effects.  Ecosystem size has received much attention in ecology. Our work shows that 

it may be an important determinant of adaptive evolution in wild populations.  

Introduction  

Ecosystem size is a fundamental characteristic of natural habitats that has widespread 

ecological effects. The physical size of an ecosystem plays an important role in 

structuring the community (Spencer and Warren 1996; Post et al. 2000; Sabo et al. 

2010) and affects ecological functions such as rate of primary production and 

decomposition (Wardle et al. 2003; Ward and McCann 2017). Larger ecosystems 

often have more habitat complexity and structural diversity, thereby providing more 

open niche space and ecological opportunity (Barbour and Brown 1974; Brönmark 

1985). Increases in the diversity of available niche space with ecosystem size may 

help drive the positive relationship between species number and ecosystem area 

(Gavrilets and Losos 2009). However, we still understand relatively little about how 

ecosystem size affects trait evolution and through which ecological pathways it acts. 

 While the ecological effects of ecosystem size are diverse and well-studied, 

evolutionary effects have received less attention. In some adaptive radiations, 

ecosystem size has been shown to be positively correlated with speciation rate, where 

increased ecosystem size represents increased habitat heterogeneity or “ecological 

opportunity” (Losos and Schluter 2000; Parent and Crespi 2006; Seehausen 2006; 

Kisel and Barraclough 2010). Here we instead focus on the effects of ecosystem size 

on trait evolution within species. With such far-reaching ecological effects, ecosystem 
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size could influence natural selection on traits through a wide variety of proximate 

mechanisms. For example, several studies have shown that lake size influences 

habitat heterogeneity and therefore resource diversity and distribution, which in turn 

influences genetic, morphological, and ecological diversity in postglacial fishes 

(Nosil and Reimchen 2005; Lucek et al. 2016; Recknagel et al. 2017; Doenz et al. 

2019; Bolnick and Ballare 2020). Taken together, these examples suggest that 

ecosystem size influences resource diversity, which in turn influences intraspecific 

competition and subsequent trophic diversification.  

 In addition to resource diversity, another ubiquitous source of natural 

selection on populations that may be related to ecosystem size is predation risk. As 

with resource diversity, food chain length also tends to increase with ecosystem size, 

and therefore the smallest ecosystems often lack top predators (Tonn and Magnuson 

1982; Schoener 1989; Post et al. 2000; Takimoto et al. 2008). Ecosystem size may 

limit top predator presence for a number of reasons. Small ecosystems may have 

insufficient resources to support top predators (Elton 1927; Yodzis 1984). Top 

predators may have diverse habitat requirements (Lawrence et al. 2018) or might be 

limited by disturbances like flooding, drought, or other physical and chemical 

extremes (Tonn and Magnuson 1982; Sabo et al. 2010). If predator presence is 

correlated with ecosystem size, then local adaptation of prey to different predation 

regimes may be a proximate effect that is ultimately driven by variation in ecosystem 

size (Nosil and Reimchen 2005). Yet the relative importance of predator presence and 
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habitat complexity as proximate mechanisms shaping the evolutionary effects of 

ecosystem size remains unexplored (Table 1.1).  

 Here we test the effect of ecosystem size on the evolution of antipredator traits 

in estuarine threespine stickleback (Gasterosteus aculeatus) populations along the 

central coast of California, USA. The majority of these estuaries are only 

intermittently connected to the ocean by surface water due to the seasonality of 

rainfall and oceanographic deposition of sand along the shore (Heady et al. 2014). 

Such bar-built estuaries, also called intermittently closed/open lakes and lagoons 

(ICOLLs), are found in wave dominated coastlines across the world (Mcsweeney et 

al. 2017). The top aquatic predators in California bar-built estuaries include predatory 

sculpins and salmonids that eat a mix of invertebrates and small fishes including 

threespine stickleback. Salmonids (Oncorhynchus spp.) and sculpins (Cottus spp.) 

require adequate perennial freshwater habitat upstream for spawning, and salmonid 

population viability is predicted to be correlated with the amount of freshwater habitat 

upstream (Moyle 2002; Williams et al. 2016).  

 Threespine stickleback vary widely in predator defense traits, including the 

number and arrangement of a row of bony armor plates along the flank which begin 

behind the head and end in a keel on the caudal peduncle and protect stickleback 

against predatory fishes (Reimchen 1994; Barrett 2010). There is extensive inter- and 

intra-population variation in plate number and arrangement reflective of variation in 

predation pressure (Hagen and Gilbertson 1972; Bell et al. 1993; Reimchen et al. 

2013). Experimental studies confirm that higher plate numbers allow increased 
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survival during encounters with predatory fishes including salmonids (Reimchen 

1991, 1992, 2000). Variation at the Ectodysplasin-A (Eda) locus explains 75-80% of 

the variation in plate number (Colosimo et al. 2004; Kitano et al. 2008; Des Roches et 

al. 2020). Individuals with two copies of the low allele (L) tend to have few plates 

(<10), those with two copies of the complete allele (C) tend to have a continuous row 

of plates (>30 in some populations), and heterozygotes are more variable but 

generally have an intermediate phenotype or look like homozygous completes 

(Colosimo et al. 2005; Miller et al. 2015). Marine or anadromous fish are usually 

homozygous for the complete allele, whereas many derived freshwater resident 

populations are homozygous for the low allele (Colosimo et al. 2005).  

 Stickleback plate number is also correlated with factors other than predator 

presence. In California, stickleback populations transition from primarily completely 

plated anadromous populations in the north to exclusively low-plated, freshwater 

resident populations in the south, a shift that tracks changes in temperature, 

precipitation, and habitat (Baumgartner and Bell 1984; Des Roches et al. 2020).  Bar-

built estuary stickleback populations along the Central Coast of California are located 

in a transition zone between anadromous and resident populations and are 

polymorphic for plate number and underlying Eda genotype (Baumgartner and Bell 

1984; Des Roches et al. 2020). However, site-to-site differences in Eda allele 

frequencies can be large (Paccard et al. 2018). Thus, latitudinal gradients might not 

explain more local differences in stickleback plate number among neighboring 

estuaries in the Central Coast transition zone. Our focal sites are south of the range of 
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anadromous threespine stickleback and thus, while polymorphic for Eda and plate 

phenotype, these stickleback populations are made up of resident freshwater fish and 

are unlikely to represent a hybrid zone between anadromous and resident types 

(Howe 1973; Paccard et al. 2018). 

 One factor that might modify the effect of predators on stickleback plates is 

habitat complexity and the availability of cover (Leinonen et al. 2011). Low plate 

counts might be favored over complete plates in complex, vegetated habitats such as 

the estuary if the relative risks of predation between genotypes differs in vegetated 

habitats and open-water habitats. There are a number of reasons why relative 

predation risk might differ as a function of habitat complexity, including differences 

in predator type or density, predator preference, or prey escape probability (Reimchen 

et al. 2013). Experimental evidence indicates that natural selection by pike favors 

completely plated fish in open habitat, but favors low plated fish in habitats with 

more refuge (Leinonen et al. 2011). Low plates might be favored if hiding in refuge is 

an effective antipredator strategy, but large numbers of plates reduce the flexure and 

fast-start speeds necessary to quickly retreat to cover (Reimchen 1983; Taylor and 

McPhail 1986; Bergstrom 2002). Selection against low plates from fish predators may 

be relaxed if those fish predators prefer open water habitats and are less dense in the 

vegetated habitat. A study across the whole state of California found that higher 

frequencies of low plate morphs in estuaries that had lower proportions of flowing 

riverine wetlands and more lotic habitat (Des Roches et al. 2020).   
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 In this study we test for the effect of ecosystem size on prey traits and 

compare the roles of predator presence and habitat complexity to explain that effect. 

We hypothesize that ecosystem size determines the presence of predatory fish, which 

is the major determinant of stickleback plate evolution. However, we further predict 

that habitat complexity modifies the role of predators on stickleback plates by 

favoring different antipredator traits in different environments.   

Materials & Methods 

Ecosystem Size: 

 We studied 20 estuaries along the coasts of Santa Cruz and San Mateo 

counties, California, USA (Table 1.2). We measured ecosystem size in several 

complementary ways as is common in studies of riverine ecosystems (Post et al. 

2007). We measured the Total Stream Length (km) of the river network draining into 

each estuary using ArcGIS version 10.2 (ESRI 2013). Then we measured estuary 

area, since water levels (and therefore estuary area) in bar-built estuaries fluctuate 

dramatically during the annual cycle of wet and dry seasons, breaches and 

impoundments (Figure 1.1), (Webb et al. 1991; Behrens et al. 2013; Williams and 

Stacey 2016; Orescanin and Scooler 2018). To do so we used GIS data from the 

National Wetlands Inventory, which consists of polygons classifying wetlands using 

Cowardin’s classification scheme (Cowardin et al. 1979; US Fish and Wildlife 

Service 1993; Federal Geographic Data Committee 2013). This dataset consists of 

polygons of wetland and open water habitats that were developed from expert 
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interpretation of high-altitude aerial photographs (US Fish and Wildlife Service 

1993). We calculated the Channel Area by adding up the area of all wetland polygons 

of either estuarine deepwater or tidal riverine habitats that were part of the main river 

channel, as opposed to side-channels, ponds, and lakes. We calculated the 

Permanently Flooded Area by adding the Channel Area plus any estuarine, riverine, 

or palustrine deepwater polygons within the floodplain below the upstream extent of 

tidal riverine habitat. We calculated the Total Wetland Area by adding the 

Permanently Flooded Area plus any estuarine, riverine, or palustrine wetland 

polygons that were immediately adjacent to the Channel and Permanently Flooded 

Areas. All areas were measured in square kilometers.  

 The proximate mechanism for the habitat complexity hypothesis is the 

increased availability of structured habitats. Unlike the deepwater polygons in the 

channel area and permanently flooded area metrics, the additional habitats included in 

the total wetland area metric are mostly emergent marsh and scrub/shrub wetlands 

that seasonally dry. When emergent marsh and scrub/shrub habitats are inundated, 

vegetation remains above the water level. These seasonally flooded habitats are 

therefore highly structured. While there is some emergent vegetation included in 

Channel Area, Permanently Flooded Area, and Total Stream Length, it is likely only 

on the margins and doesn’t make up the majority of those wetland polygons. 

Therefore, from these ecosystem size metrics we also calculated a simple index of the 

availability of complex habitat for prey to use to avoid predators: Proportion 

Vegetated Area (PVA) = 1 – Permanently Flooded Area/Total Wetland Area.  
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Predator Presence: 

We determined the presence of juvenile steelhead (Oncorhynchus mykiss) based 

on published accounts since these larger, faster predators often evade the type of 

sampling gear we used to target stickleback (Becker and Reining 2008). Coho salmon 

(Oncorhynchus kisutch) are present but locally rare and only occur at a subset of the 

sites with steelhead, so we did not consider them further (Williams et al. 2016). We 

recorded the presence of sculpin during our stickleback surveys (see below). Sculpin 

were not identified to species, but three different species are present in the area: 

marine Pacific staghorn sculpin (Leptocottus armatus), freshwater prickly sculpin 

(Cottus asper), and freshwater coastrange sculpin (Cottus aleuticus). At some sites 

we encountered sculpins frequently and in large numbers. At other sites we did not 

encounter any sculpin or caught sculpin only infrequently (<5% of traps or seines) in 

small numbers. In the latter type of site, a follow-up study revealed that captured 

sculpin were most often juvenile marine Pacific staghorn sculpin caught during spring 

sampling following recent estuary breaching and were not found again in the 

following fall sample (B.A. Wasserman unpublished data). It is likely that sites at 

which we have not caught sculpin are also occasionally visited by marine accidentals 

in this way. Rather than distinguishing between sites where we caught sculpin and 

those where we did not, we think the more ecologically appropriate distinction is 

between two types of sites: those with resident sculpin of any species (Present) and 

those sites with no sculpin or only accidental Pacific Staghorn Sculpin (Absent). Sites 

where we caught sculpin in more than 5% of traps or seines were defined as having 
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sculpin Present. Sites where we caught sculpin in less than 5% of traps or seines were 

defined as having sculpin Absent. Since resident sculpin and steelhead distributions 

overlap almost entirely (Table 1.2), we could not disentangle their independent 

effects, and we did not use them as separate predictors in the same model. We chose 

to use the slightly more widespread sculpin (which occurred at one additional site that 

didn’t have steelhead) as a predictor of overall predatory fish presence, though results 

from analyses using steelhead were qualitatively similar. 

Prey traits and genotype inference: 

 We collected stickleback using minnow traps and beach seines semiannually 

just after sandbar formation in the spring (usually April – June, but sometimes as late 

as August) and just before sandbar breaching following sufficient rain in the fall 

(usually November – December, but occasionally as early as September and as late as 

January). We attempted to collect fish from all 20 sites in 2014 and 2015, and we 

continued sampling at six sites during 2016 and 2017 (Table 1.2). Fish were 

euthanized with an overdose of MS-222, frozen in the field, and then stored in a 

freezer until they could be processed. We collected fish longer than 30 mm and 

targeted a sample size of 30 fish per sample. Fish shorter than 30 mm were not used 

because they may not have fully developed plates (Bell 1981). Our analyses only use 

samples that included at least ten fish.  

 We counted the left lateral plates of each fish under a dissecting microscope. 

The spring 2014 fish were part of a previous study in which a subset of 287 was 

genotyped for Eda (Paccard et al. 2018). Since our populations are polymorphic for 
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Eda, plate count distributions represent mixtures of distributions based on a latent 

categorical variable: Eda genotype (Figure A1.1). We therefore quantified the 

relationship between plate count and Eda genotype using the fish with known 

genotype in order to infer the Eda genotype of all 2952 fish.  

 We used a Gaussian mixture model to infer the most likely Eda genotype for 

each individual based on their plate count using the R package mixtools version 1.1.0 

(Benaglia et al. 2009). We fit a model with three latent states (Eda genotypes) using 

an expectation-maximization algorithm and initialized the plate count distribution of 

each latent state with the sample mean and standard deviations of lateral plate counts 

for the corresponding genotype based on data from the individuals with known 

genotype (Dempster et al. 1977). We assigned all individuals in the study their 

inferred genotype based on maximum likelihood. We calculated the inferred allele 

frequency of each sample from the inferred genotypes of individual fish in that 

sample and used these inferred allele frequencies as a response variable in our 

analyses.  

Data Analysis: 

 We used confirmatory path analysis (Shipley 2000) to model the effects of 

ecosystem size on predator presence and PVA and the effects of predator presence 

and PVA on inferred C allele frequency. All metrics of ecosystem size were log-

transformed to meet assumptions of normality. We transformed the inferred C allele 

frequency using the empirical logistic transformation to improve heteroscedasticity of 

model residuals, where logit(C) = log((C + ε) / (1 - C + ε)), and where ε is equal to 
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the minimum non-zero value of inferred C allele frequency (Warton and Hui 2011). 

We conducted the analysis using the R statistical environment version 4.0.0 (R Core 

Team 2020) using the packages lme4 version 1.1-23 (Bates et al. 2015) and 

piecewiseSEM version 2.1.0 (Lefcheck 2016) which accommodates complex model 

structures such as random effects and generalized linear models in the structural 

equation modeling framework (Shipley 2009; Lefcheck 2016). The effect of 

ecosystem size on predatory fish presence was modeled with logistic regression. The 

effect of ecosystem size on PVA was modeled using a linear regression. We then 

modeled the effect of predator presence and PVA on inferred C allele frequency using 

linear mixed models with a random effect of site. In piecewiseSEM we specified that 

there was no causal relationship, but allowed for the possibility of correlated error, 

between predator presence and PVA (Lefcheck 2016).  

 We used two different methods to test whether the effect of ecosystem size on 

inferred C allele frequency acted primarily through the predator presence or habitat-

mediated pathways. First, we used Shipley’s test of directed separation to determine 

whether a simpler path analysis, which dropped the effect of PVA on inferred C allele 

frequency, was adequate to explain the data. In Shipley’s test of directed separation 

the included causal links are a sufficient description of the data if the calculated value 

of Fisher’s C could have easily occurred by chance (p > 0.05) (Shipley 2000). 

Therefore, if the simpler model has a probability of p > 0.05, it is considered a 

sufficient explanation and the more complex model is rejected. As a second way of 

evaluating through which causal pathway ecosystem size influenced inferred C allele 
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frequency, we performed this path analysis separately for each of the four metrics of 

ecosystem size and compared the results (Post et al. 2007).  

Results 

 Predatory fish were more likely to be found in larger ecosystems regardless of 

the ecosystem size metric used (Figure 1.2). The standardized regression coefficient 

(βs) for the effect of ecosystem size on predator presence was strongest for Total 

Stream Length (βs = 0.8914, p < 0.0001) and Channel Area (βs = 0.7185, p < 0.0001), 

intermediate for Permanently Flooded Area (βs = 0.6004, p = 0.0003), and weakest for 

Total Wetland Area (βs = 0.3044, p = 0.0271) (Figure 1.3).  

The degree to which estuary area measurements were correlated to PVA varied as 

expected (Figure 1.4). The standardized regression coefficient (βs) for the effect of 

ecosystem size on PVA was largest for Log Total Wetland (βs = 0.4261, p = 0.0001), 

intermediate for Permanently Flooded Area (βs = -0.3280, p = 0.0023) and Channel 

Area (βs = -0.2243, p = 0.0402), and not significant for Total Stream Length (βs = 

0.1308, p = 0.2356) (Figure 1.3). Unexpectedly, PVA decreased with channel area 

and permanently flooded area (Figure 1.3).  

 The mixture model classified fish with plate counts of 3-8 as LL 

homozygotes, those from 9-21 as CL heterozygotes, and those from 22-28 as CC 

homozygotes (Figure A1.1). The overall misclassification rate for the fish with 

known genotypes was 19.9%. LL and CC fish were correctly matched to their known 

genotype 93% and 96% of the time, respectively (Table A1.1). CL fish were harder to 
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classify: they were only correctly classified 46% of the time (Table A1.1). Both the 

overall and the genotype-specific classification rates are in line with other estimates 

of the causal effects of Eda on plate counts (Colosimo et al. 2004; Paccard et al. 

2018). Taken together, these misclassification rates mean that our inferred genotypes 

likely underestimated the number of CL fish but overestimated the number of CC 

fish. They also underestimated the number of LL fish, but only slightly. There were 

differences in the genotype frequencies by site, but no clear seasonal pattern across 

time (Figure A1.2). 

 Inferred C allele frequency was higher in sites with predatory fish than in sites 

without them (βs = 0.7067, p = 0.0006, Figure 1.5) but the effect of PVA on inferred 

C allele frequency was small (βs = -0.0355, p = 0.8218) (Figure 1.3).  Shipley’s test of 

directed separation indicated that the simpler model, with only the predator presence 

pathway, was a sufficient explanation of the data for Channel Area (Fisher’s C = 

3.085, df = 4, p = 0.544), for Permanently Flooded Area (Fisher’s C =6.41, df = 4, p = 

0.171), and for Total Stream Length (Fisher’s C = 6.107, df = 4, p = 0.191), but not 

for Total Wetland Area (Fisher’s C = 11.698, df = 4, p = 0.02). Indeed, the full model 

with both paths was not a sufficient explanation of the data for Total Wetland Area 

(Fisher’s C = 9.688, df = 2, p = 0.008). So, we re-ran that model and included the 

only other possible path, a direct effect of Total Wetland Area on inferred C allele 

frequency. In this saturated model of the effects of Total Wetland Area on inferred C 

allele frequency, the effect of predator presence was even stronger (βs = 0.8522, p < 

0.0001); the effect of PVA on inferred C allele frequency was still not significant, 
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though it was now positive (βs = 0.2247, p = 0.1694); and the direct effect of Total 

Wetland Area on inferred C allele frequency was negative (βs = -0.4257, p = 0.0079) 

(Figure 1.6). The magnitude of the predator presence pathway (calculated by 

multiplying βsTWA->PP * βsPP->C = 0.2594) was smaller than the magnitude of the direct 

pathway (βsTWA->C = -0.4257).  

Discussion 

Predatory fish can have an important evolutionary effect on their prey, and yet 

they are often absent from the smallest ecosystems (Tonn and Magnuson 1982; 

Stanley et al. 1994; Sabo et al. 2010). Our results show that the presence of top 

predators is correlated with ecosystem size in bar-built estuaries in central California. 

Further, threespine stickleback populations sympatric with predatory fish are more 

armored and have higher frequencies of the Eda C allele than those that occur in the 

absence of predators. Therefore, in our study system, there is an effect of ecosystem 

size on the evolution of prey traits which occurs primarily through predator presence. 

Meanwhile, habitat complexity did not have a significant effect on inferred Eda C 

allele frequency. Indeed, PVA wasn’t even consistently related to ecosystem size 

across different metrics.  

  A growing number of studies describe a positive effect of ecosystem size on 

predator presence and food chain length, especially in freshwater ecosystems (Tonn 

and Magnuson 1982; Post et al. 2000; Sabo et al. 2010). We too found that increasing 

ecosystem size is correlated with an increased chance of predator presence (Figures 
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1.2, 1.3). The ecosystem size metric most strongly correlated with predator presence 

was Total Stream Length, as we predicted (Figures 1.2, 1.3). Salmonids and sculpins 

in the genus Cottus require adequate amounts of freshwater habitat for breeding in 

order to maintain viable populations (Moyle 2002; Williams et al. 2016). Total 

Stream Length would appear to account for this requirement well. Channel Area and 

Permanently Flooded Area also reflect this habitat requirement, whereas the Total 

Wetland Area metric includes a great deal of marginal habitat that is not necessary for 

the breeding of these predators.  

 The presence of these predators is correlated with increased inferred 

frequency of C alleles and associated armor phenotypes in bar-built estuary 

stickleback populations (Figure 1.3). This concurs with previous studies of these 

populations (Paccard et al. 2018). Stickleback armor traits have been shown to evolve 

in response to a wide range of predator selection regimes (Bell et al. 1993; Reimchen 

and Nosil 2002; Barrett et al. 2008; Spence et al. 2013). While we do not have direct 

evidence of selective predation by steelhead and sculpins in these estuaries, it has 

been shown elsewhere. Freshwater stickleback populations in British Columbia that 

live in sympatry with sculpins have two more plates, on average, than those that are 

allopatric to sculpin, and they have higher survival in mesocosms with sculpins 

present (Ingram et al. 2012, Miller et al. 2015, but see Maccoll and Chapman 2011). 

Stickleback from predominately low-plated populations in lakes in Washington state 

survived predation attempts by rainbow trout (the same species as our steelhead, 

Oncorhynchus mykiss) better with the modal 7-plated phenotype than with either 
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fewer or more plates (Hagen and Gilbertson 1973). Other trout species have also been 

shown to cause higher mortality of stickleback with fewer plates (Reimchen 1991, 

1992, 2000). It is therefore likely that predation by one or more of the predators in our 

system is causing natural selection on Eda. This selection may derive either from 

predators intentionally targeting prey based on plate phenotypes or because more 

heavily plated stickleback are more likely to survive unsuccessful predator attacks 

(Reimchen 1991).  

The correlation of stickleback armor to predator presence represents a proximate 

driver of armor evolution, but ecosystem size appears to be one of the ultimate 

drivers. Our path analyses show that the strongest effect of ecosystem size on 

stickleback armor was the predator-presence mechanism (Figure 1.3). For three out of 

four ecosystem size metrics, the predator-presence pathway was a sufficient 

explanation of C allele frequencies, as demonstrated with Shipley’s Test of directed 

separation. Only in the path analysis utilizing the fourth metric of ecosystem size, 

Total Wetland Area, was predator presence insufficient to explain the effect of 

ecosystem size on prey traits (Figure 1.3). However, to our surprise, PVA still was 

not significant, and Shipley’s Test of directed separation instead revealed that a direct 

effect of total wetland area was worth including (Figure 1.6). The largest direct effect 

on allele frequency in this model was the effect of predator presence. However, since 

Total Wetland Area so poorly predicted predator presence, the negative effect of 

Total Wetland Area was the stronger pathway (Figure 1.6).  



 23 

We did not find evidence that habitat complexity (as measured by PVA) was 

inversely correlated to the number of lateral plates in stickleback. This is in contrast 

to a recent survey of stickleback throughout California, which found climate-driven 

habitat change to be an important driver of platedness (Des Roches et al. 2020). Our 

sites are all at similar latitude and so do not vary widely in climate. Despite not 

finding evidence for an effect of PVA on inferred C allele frequency, perhaps other 

ecological changes associated with increased Total Wetland Area explain the 

decrease in C allele frequency. For example, Total Wetland Area may influence 

predator density or the relative importance of predators with different selectivities, 

such as grappling invertebrate predators, which preferentially consume stickleback 

with complete plates (Marchinko 2009), as opposed to the predatory fishes studied 

here which preferentially consume stickleback with low plates (Reimchen 2000). This 

could be due to differences in the relative abundance of the two types of predators, 

differences in stickleback space use as a function of total wetland area if the two 

predators are primarily active in different habitats, or a combination of the two. 

Stickleback armor polymorphisms have previously been shown to reflect a balance 

between alternative forms of predation (Reimchen 1997; Reimchen and Nosil 2002).  

Ecosystem size can also influence non-adaptive evolutionary processes such as 

genetic drift and gene flow. Genetic drift is unlikely to have created the correlation 

between mean C allele frequency and ecosystem size. If genetic drift strongly affects 

C allele frequencies, it should affect the variance of C allele frequency as a function 

of effective population size (which should increase monotonically with ecosystem 
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size) but not the mean C allele frequency as we show here. Gene flow between sites is 

substantial; analysis of microsatellite markers suggests that there is not much 

divergence between our focal populations (Paccard et al. 2018). If estuary size 

predicts the amount of time an estuary stays connected to the ocean because higher 

winter flows keep larger river mouths open longer, then it is possible that ecosystem 

size affects the opportunity for gene flow (Paccard et al. 2018). However, an analysis 

of neutral microsatellite loci reveals that individuals which are homozygous for  

complete allele are well mixed into the local population rather than being 

associated with marine fish; therefore, gene flow from marine stickleback is not likely 

to be meaningfully altering C allele frequencies (Paccard et al. 2018). 

When, more generally, might we expect adaptive evolutionary responses to 

variation in ecosystem size? We might expect evolutionary effects when abiotic and 

biotic correlates of ecosystem size alter the selective landscape. Broadly, we expect 

ecosystem size may influence trait evolution when it alters the presence (Nosil and 

Reimchen 2005, this study), the diversity (Recknagel et al. 2017), or the relative 

importance (Bolnick and Ballare 2020) of selective agents. Those sources of natural 

selection on the focal species might include resources, natural enemies, abiotic 

stressors, or the relative importance of the three (Hiltunen et al. 2014; Lawrence and 

Barraclough 2016).  

In this study, we measured multiple mechanisms to determine how ecosystem size 

affects antipredator trait distributions in prey. Our results suggest that ecosystem size 

can affect the evolutionary consequences of predator-prey interactions as well as 
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those of competitive interactions (Nosil and Reimchen 2005; Lucek et al. 2016; 

Recknagel et al. 2017; Doenz et al. 2019; Bolnick and Ballare 2020). As in the 

competition examples, ecosystem size acts indirectly on trait evolution by altering the 

community structure. In the case of competition, resource diversity is correlated to 

ecosystem size and therefore impacts competitor trait evolution. Here ecosystem size 

affects prey traits primarily by determining predator presence. Many of the ecological 

consequences of ecosystem size are due to indirect effects on community structure or 

material and energy processing (Spencer and Warren 1996; Wardle et al. 2003). 

Future work investigating the selective impacts of these indirect effects of ecosystem 

size could give us a greater understanding of their potential for affecting adaptive 

evolution. 
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Tables and Figures 

Table 1.1. Previous studies that report significant effects of ecosystem size on trait 
evolution. Comparison of methods proposed and tested. 

Ecosystem 
Size 
Mechanisms 
Proposed 

Alternative 
Mechanisms 
Proposed 

Mechanisms 
Measured 

Significant 
Responses 

Taxa References 

Habitat 
(resource) 
heterogeneity 

  Variation in 
individual diet 
specialization 

Stickleback Bolnick 
and Ballare 
2020 

Habitat 
(resource) 
heterogeneity 

  Number of 
trophically 
and 
genetically 
distinct 
morphotypes 

Arctic 
charr 

Doenz et 
al. 2019 

Habitat 
(resource) 
heterogeneity 

  Trophic trait, 
defensive 
trait, neutral 
genetic 
divergence 

Stickleback Lucek et al. 
2016 

Habitat 
(resource) 
heterogeneity 

  Trophic trait 
variation 

Arctic 
charr 

Recknagel 
et al. 2017 

Habitat 
heterogeneity 

Productivity Productivity Tropic trait 
min, mean, 
max 

Arctic 
charr 

Recknagel 
et al. 2017 

Habitat 
heterogeneity 

  Trophic 
diversification 

Whitefish Siwertsson 
et al. 2010 

Predator 
presence 

 Predator 
presence 

Trophic trait 
variation 

Stickleback Nosil and 
Reimchen 
2005 

Predator 
presence 

 Predator 
presence 

Defensive 
trait 
polymorphism 

Stickleback Moodie 
and 
Reimchen 
1976 

Predator 
presence 

  Defensive 
trait mean 

Stickleback Reimchen 
1994 

Unspecified  Presence of 
other fish 
species 

Defensive 
trait variation 

Stickleback Nosil and 
Reimchen 
2005 
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Table 1.2. Site characteristics and stickleback sample sizes for 20 bar-built estuaries 
in Santa Cruz and San Mateo Counties, California, sorted in order from north to south 
along the coast. Stickleback samples with fewer than 10 fish are not reported here or 
included in our analyses. In 2016 and 2017, fish were only sampled at six sites. 
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Figure 1.1. Schematic Diagram of estuary wetland habitat types. We used the 
Cowardin et al. (1979) wetland classification system to create three nested metrics of 
estuary size. Channel Area (light blue fill and outline in inset) is comprised of all 
wetland polygons of ‘Estuarine Deepwater’ and ‘Tidal Riverine’ habitats that were 
part of the main river channel, as opposed to side-channels, ponds, and lakes. 
Permanently Flooded Area (dark blue fill and outline in inset) includes all polygons 
in the Channel Area plus any estuarine, riverine, or palustrine deep-water polygons 
within the floodplain below the upstream extent of tidal riverine habitat. Total 
Wetland Area (light green fill and dark green outline in inset) includes all polygons in 
the Permanently Flooded Area plus any estuarine, riverine, or palustrine wetland 
polygons that were immediately adjacent to the Channel and Permanently Flooded 
Areas. Thus, Channel Area is nested within Permanently Flooded Area, which is 
nested within Total Wetland Area. Finally, we measured the Total Stream Length 
(black lines, main panel) of all stream segments in the river network. In the inset, 
brown represents upland habitat that does not flood and yellow represents the sandbar 
that closes the stream off from the ocean seasonally. 
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Figure 1.2. Predatory fish presence as a function of ecosystem size. Points show the 
raw data as a binary: either present (1) or absent (0), and lines show the fits of the 
logistic regressions. Ecosystem size measured as (a) Channel Area (km2), (b) 
Permanently Flooded Area (km2), (c) Total Wetland Area (km2), (d) Total Stream 
Length (km). 
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Figure 1.3. The results of the path analyses for empirical-logistic transformed C 
allele frequency, predatory fish presence, proportion vegetated area (PVA) and log-
transformed ecosystem size. The widths of the arrows are scaled to the standardized 
coefficients which are also reported with the corresponding p-values next to each 
arrow. Significant relationships are shown in black, while non-significant 
relationships are shown in gray. Ecosystem size measured as (a) Channel Area (km2), 
(b) Permanently Flooded Area (km2), (c) Total Wetland Area (km2), (d) Total Stream 
Length (km). 
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Figure 1.4. Proportion Vegetated Area (PVA) as a function of ecosystem size. Points 
show the raw data. Only significant regression lines are shown. Ecosystem size 
measured as (a) Channel Area (km2), (b) Permanently Flooded Area (km2), (c) Total 
Wetland Area (km2), (d) Total Stream Length (km). 
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Figure 1.5. Inferred C allele frequency as a function of ecosystem size and predatory 
fish presence with ecosystem size measured as (a) Channel Area (km2), (b) 
Permanently Flooded Area (km2), (c) Total Wetland Area (km2), (d) Total Stream 
Length (km). Small points represent the C allele frequency of an individual temporal 
sample; large points represent the mean of all samples from a given site. Solid 
regression lines represent the predicted value of inferred C allele frequency for 
estuaries of a given size with predators present, and dashed lines the predicted values 
of estuaries of a given size with predators absent. We fit the model in each panel that 
is best supported by Shipley’s test of directed separation. Therefore panels (a) 
Channel Area, (b) Permanently Flooded Area, and (d) Total Stream Length show 
model fits with only the indirect effect of ecosystem size (via predator presence) on 
inferred C allele frequency, whereas panel (c) Total Wetland Area, shows the full 
model fit with a direct effect and an indirect effect (via predator presence) of 
ecosystem size on inferred C allele frequency. 
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Figure 1.6. The results of the saturated path analyses for empirical-logistic 
transformed C allele frequency, predatory fish presence, proportion vegetated area 
(PVA), and log-transformed ecosystem size. The widths of the arrows are scaled to 
the standardized coefficients which are also reported with the corresponding p-values 
next to each arrow. Significant relationships are shown in black, while non-significant 
relationships are shown in gray. 
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Chapter 2: Predator life history and prey ontogeny interact to limit 

selection on threespine stickleback armor genotypes 

Abstract  

Natural selection shapes the evolution of antipredator traits in prey. However, 

selection in the wild depends on ecological context, including features of predator and 

prey populations, making field studies of selection critical to understanding how 

predators shape selection on prey defenses. In threespine stickleback (Gasterosteus 

aculeatus), salmonid predators are thought to selectively consume low plated 

phenotypes and genotypes. We directly measured selection by predatory salmonids 

on the armor gene Ectodysplasin-A (Eda) in estuary stickleback from California. 

Despite previous studies showing a positive correlation between predator presence 

and frequency of the Eda ‘complete’ allele in estuary populations and a greater 

vulnerability of less armored stickleback to salmonid predators, Eda ‘low’ genotypes 

were not more frequent in predator diets. Further, we found no evidence of changes in 

Eda genotype frequencies across generations that would suggest directional selection 

driven by predators. Prior selection studies have examined the effects of large 

resident trout on adult stickleback armor phenotypes and genotypes. In contrast, 

predators in this study were juvenile anadromous individuals, which only ate juvenile 

stickleback whose plate phenotypes had not fully developed. Thus, in this case, 

predator life history and stickleback ontogeny interact to preclude strong selection on 

stickleback armor. Our results underscore the importance of selection studies in the 
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wild for understanding the context-dependent nature of selection in natural 

populations.  

Introduction  

Antipredator traits include some of the most impressive examples of evolution by 

natural selection. Weapons, armor, toxins, crypsis, and a wide variety of behavioral 

tactics all evolved to help organisms evade their predators (Vermeij 1982). Yet 

natural selection is often context-dependent (Wade and Kalisz 1990). Differences in 

the environment, or differences between populations of the interacting species may 

alter the ecology of species interactions, and thus the potential for evolutionary 

responses (Thompson 1997, 2005). Here we test whether predation of threespine 

stickleback (Gasterosteus aculeatus) by predatory fishes is selective in an intermittent 

estuary environment, as it has been shown to be in lake and riverine habitats (Hagen 

and Gilbertson 1973; Bańbura et al. 1989; Reimchen 1994). 

 Predators that are inefficient (i.e. those that don’t capture every prey pursued) 

can cause natural selection of defense traits in prey (Vermeij 1982; Reimchen 1994). 

Several lines of evidence suggest that armor, including bony lateral plates and spines 

in stickleback, is selected for by predators, including fish (reviewed in Bell, 2001; 

Barrett, 2010). Large differences in plates are found repeatedly between marine and 

freshwater populations (Bell and Foster 1994; Colosimo et al. 2005). Marine 

populations have a full complement of lateral plates along their entire body and large 

spines; whereas freshwater populations are more variable, but most show marked 
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reduction in spines, plates, or both (Bell and Foster 1994). Approximately 80% of 

variation in lateral plate expression is explained by variation at the Ectodysplasin-A 

(Eda) locus, with homozygous ‘complete’ genotypes (CC) having a full complement 

of plates along their entire body, homozygous ‘low’ (LL) genotypes having just a few 

plates at the anterior end of the body, and heterozygotes (CL) being either partially or 

completely plated (Colosimo et al. 2004). Stickleback juveniles do not achieve their 

full phenotypic complement of bony lateral plates until they reach a standard length 

of about 30 mm (Bell 1981). Variation in plate phenotypes and Eda genotypes has 

been found to correspond closely with the suite of coexisting predators (Hagen and 

Gilbertson 1972; Gross 1978; Reimchen et al. 2013; Paccard et al. 2018). Analyses of 

the diets of predatory fishes including rainbow trout (Oncorhynchus mykiss) in lakes 

and northern pike (Esox lucius) in streams show that less armored fish are more 

readily eaten (Hagen and Gilbertson 1973; Bańbura et al. 1989). 

 Plate phenotypes and Eda genotypes are associated with a variety of other 

morphological and behavioral traits, complicating efforts to pinpoint the target of 

selection (Rennison et al. 2015). Increasing numbers of plates are associated with 

decreased burst swimming speed in adult fish (Taylor and McPhail 1986; Bergstrom 

2002). Eda ‘complete’ genotypes are more adept at schooling (Greenwood et al. 

2016) and have a different number and arrangement of neuromasts in their lateral line 

which is a key sensory organ (Mills et al. 2014). These traits may also contribute to 

success or failure in surviving encounters with predators and therefore modify 

selection on Eda.  
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 Experimental studies of cutthroat trout (Oncorhynchus clarkii) predation on 

stickleback in lakes have shown the functional role of armor to predator defense 

(Reimchen 1983, 1991, 1992, 2000). The anterior plates serve as a buttress between 

the dorsal and pelvic spines during predator manipulation (Reimchen 1983, 1992). 

Posterior plates interfere with ease of swallowing and lead to longer handling time, 

which means more opportunity for the stickleback to escape (Reimchen 2000). All 

plates contribute to protecting the soft tissue from injuries sustained during ultimately 

failed predation attempts (Reimchen 1992, 2000). Predation success is dependent on 

relative body size of predator and prey (Reimchen 1991). Stickleback whose effective 

diameter (including erected spines) was close to or exceeded the gape width of 

predators were extremely likely to escape and were slightly less likely to even be 

pursued by the predator (Reimchen 1992). Posterior plates were especially useful in 

increasing opportunities for escape when the prey were large relative to predator gape 

(Reimchen 2000). 

 The aforementioned studies of stickleback in lakes and streams support the 

hypothesis that fish act as a strong agent of directional selection on stickleback plates 

and the underlying Eda gene. The nature of that selection may depend on the 

ecological context, such as the availability of refuge habitat (Leinonen et al. 2011), 

the types of predators (Reimchen 1997), or the body size of either predator or prey 

(Reimchen 1991, 2000). Stickleback populations in bar-built estuaries in central 

California face their predators, including several species of salmonids and sculpins in 

a somewhat different ecological context. Bar-built estuaries, or lagoons, are 
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intermittently connected to the ocean due to seasonal rainfall and vary from a 

flowing, river-like state in winter, to a pond-like state during the summer dry period 

(Behrens et al. 2013; Rich and Keller 2013; Williams and Stacey 2016). Stickleback 

in these sites are polymorphic for Eda genotype and plate morph unlike many 

monomorphic low or complete populations that have previously been studied (Hagen 

and Gilbertson 1973; Baumgartner and Bell 1984; Bańbura et al. 1989; Paccard et al. 

2018; Des Roches et al. 2020). Increased plate numbers and Eda ‘complete’ allele 

frequencies are associated with the presence of fish predators in bar-built estuaries 

(Paccard et al. 2018; Wasserman et al. 2020). The salmonid predators in bar-built 

estuaries include coho salmon (Onchorhynchus kisutch), and steelhead trout 

(Onchorhynchus mykiss). The common name steelhead typically refers to the 

anadromous form of O. mykiss, but in central California, life history is variable, and 

while most individuals are anadromous, some complete their life cycle entirely in the 

stream and/or estuary without ever entering the ocean (Shapalov and Taft 1954; Bond 

et al. 2008; Hayes et al. 2008). Importantly, unlike the cutthroat trout and rainbow 

trout in other studies of stickleback predation, the salmonid predators in these 

estuaries are mostly anadromous juveniles, which emigrate from the estuary well 

before reaching their adult size (Shapalov and Taft 1954; Moodie 1972; Hagen and 

Gilbertson 1973; Hayes et al. 2008). 

 In the current study, we investigate the effect of predator-induced selection in 

this novel ecological context by comparing the Eda genotype frequencies of live-

caught stickleback to stickleback recovered from the diets of predatory salmonids. 
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After determining the selectivity of predators, we ask whether that selectivity could 

explain any changes in Eda genotype frequency observed in the population across 

generations. 

Materials & Methods  

We conducted this study in Scott Creek estuary, the terminus of a short, coastal river 

system on the central California coast, USA (37.0404N, 122.2297W). In May 2015, 

we captured 121 adult stickleback from the parent generation using a combination of 

minnow traps (3.0 mm mesh) and small beach seines (3.0 m long × 1.2 m deep, 9.5 

mm mesh). Forty-nine Predated juvenile stickleback were collected from the 

stomachs of 344 juvenile steelhead and 147 coho salmon captured during monthly 

surveys of the lower Scott Creek estuary from June to December 2015. Salmonids 

were collected using a large beach seine (35 m long × 2.0 m deep [8.0 mm mesh], 

with a 2.0 m2 bag [4.0 mm mesh]), identified to species, and measured for fork length 

(mm) as described by Osterback et al. (2018). Gastric lavage was performed on a 

subset of individuals to remove stomach contents. Gastric lavage is a non-lethal 

technique to collect stomach contents from live fish, whereby a weak stream of water 

is introduced to the stomach via a tube to irrigate the stomach cavity and dislodge 

consumed material out through the mouth. Fish were anesthetized using tricaine 

methanesulfonate (MS-222) prior to gastric lavage and allowed to fully recover 

before being released back into the wild. Stomach contents were transferred to 

polyethylene bags, preserved using 95% ethanol, and stored at -13°C until analysis. 
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Lastly, 113 recruited juvenile stickleback were collected on November 10, 2015 

during the salmonid survey. Live-caught stickleback (spring parents and fall recruited 

juveniles) were euthanized with an overdose of MS-222 and frozen until they could 

be processed. 

 In the laboratory we measured the standard length of live-caught stickleback 

and preserved a small piece of fin tissue in 95% ethanol. We counted the left lateral 

plates of each live-caught stickleback under a dissecting microscope. The stomach 

contents of each salmonid predator were likewise examined under magnification and 

all diet items were sorted, identified to the lowest possible taxonomic unit and 

enumerated. We collected tissue samples from the subset of consumed stickleback for 

which there was sufficient tissue (46 out of 49 stickleback) to preserve in 95% 

ethanol that included both bone and soft tissue when possible. The presence of 

stickleback parts that could not be reliably associated to an individual (e.g. loose 

spines) were not included in our estimate of the number of fish consumed, given 

unique specimen IDs, or genotyped. We measured or estimated the standard length of 

predated juvenile stickleback, except for 3 individuals which were too incomplete to 

do so. 

 To extract DNA from unique specimens (both adult and juvenile stickleback), 

we placed the tissue sample from each specimen into a microcentrifuge tube using 

forceps sterilized with 50% ethanol. Chelex® 100 Resin (BIO RAD, USA), which 

binds to Mg2+ for DNases, was used to extract genomic DNA from the samples. To 

prepare the Chelex slurry, 5 g of Chelex Resin and 50 ml of water were added into a 
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conical centrifuge tube, of this, 400 μl of the Chelex slurry was then pipetted into 

each tube. Each tube was then vortexed (Fisher Vortex Genie 2™; Scientific 

Industries, USA) for approximately 10 seconds and spun for 5-10 seconds at high 

speed in a centrifuge (eppendorf® centrifuge 5415 D, #037001672; MilliporeSigma, 

USA) until the centrifuge reached 8,000 rpm. The samples were incubated for 20 

minutes at 95°C in a water bath (Isotemp 205; Fisher Scientific™, USA). The vortex 

and centrifuge steps were repeated afterwards to separate the Chelex Resin and 

extracted DNA.  

 The marker Stn382 was used to identify the Eda genotype and amplified using 

polymerase chain reaction (PCR) (Colosimo et al. 2005). The PCR solution was 

composed of 2 μl of the supernatant from each sample extraction pipetted into PCR 

tubes with 5 μl of GoTaq® (Promega, USA), 1 μl of 1:10 forward primer (Stn382f), 

and 1 μl of 1:10 reverse primer (Stn382r). Each sample was amplified using a PCR 

machine (GeneAmp® PCR System 9700, #017001106, PE Applied Biosystems, 

USA) with the cycling conditions starting at 95°C for 4 minutes, immediately 

followed by 35 cycles of 30 seconds at 95°C, 45 seconds at 55°C, and 45 seconds at 

72°C, afterwards they were held at 72°C for 10 minutes until finally kept cool at 4°C. 

The PCR products were visualized on 2% agarose gels with gelred® (Biotium, USA) 

and a 100 bp size standard (Thermo Fisher Scientific, USA) by electrolysis for 60 

minutes. Homozygous ‘complete’ and homozygous ‘low’ genotypes are represented 

by a single 218 bp allele or 158 bp allele respectively (Zeller et al. 2012). Individuals 

were scored as heterozygous when both the ‘low’ and ‘complete’ bands were present. 
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We repeated the extraction and PCR process for fin clips from 5 steelhead from this 

population as a negative control. We were only able to amplify DNA from 76 spring 

adults, 39 predated juveniles, and 45 fall recruited juveniles. Since our spring adult 

and fall recruited juvenile samples suffered from poor DNA preservation, we 

conducted a Kolmogorov-Smirnov Test to compare the distributions of lateral plate 

count (the primary phenotypic effect of Eda genotype) distributions of fish whose 

DNA amplified versus those who whose DNA did not amplify in those samples.  

 We first tested whether each sample (i.e. Spring Parents, Predated Juveniles, 

Fall Recruited Juveniles) was in Hardy-Weinberg equilibrium using multinomial 

exact tests with Log-Likelihood Ratio as the test statistic (Engels 2009). Then, in 

order to determine if salmonids preyed selectively on stickleback, we used a chi-

squared test of independence to compare the genotype frequencies between the spring 

parents and the predated juveniles. We also used a chi-squared test of independence 

to determine whether the genotype frequencies changed between the spring parents 

and the fall recruited juveniles, representing a response to selection on Eda from all 

sources, not just salmonid predators. We recovered fewer predated individuals than 

we had expected based on previous studies of salmonid predation on stickleback (e.g. 

Hagen & Gilbertson, 1973; Reimchen, 1990), so we conducted a power analysis to 

determine if we had sufficient sample sizes to detect selection. Given our sample size 

of 115 genotyped individuals and significance threshold α = 0.05, the comparison of 

springs parents to predated juveniles had a 99.9% chance of detecting a large effect 

(w = 0.5), an 82.9% chance of detecting a medium effect (w = 0.3) and a 14.6% 
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chance of detecting a small effect (w = 0.1) (Cohen 1988). We used the change in 

genotype frequencies from spring parents to fall recruited juveniles to calculate the 

viability selection coefficients for each Eda genotype (Hartl and Clark 2006). 

 Since salmonid predation of stickleback has previously been shown to be 

gape-limited (Reimchen 1990, 1991), we conducted two tests for each predator 

species to understand the effect of predator and prey body size on prey selectivity. 

We used Wilcoxon rank sum (WRS) test to compare the lengths of individuals that 

consumed stickleback to those that did not because the length of predators was not 

normally distributed. If a predator was sampled on more than one occasion and never 

ate stickleback we used the mean of their length. No individual predators consumed 

stickleback on more than one occasion. For individual predators that consumed 

stickleback on one occasion and were also encountered not consuming stickleback on 

other occasions, we only used the length measured when it was encountered 

consuming stickleback. 

Lastly we regressed prey length against predator length. Our analyses were conducted 

in R version 4.0.0 and utilized the pwr Package version 1.3-0 and the XNomial 

Package version 1.0.4 (Engels, 2015; R Core Team, 2019; Champely, 2020). 

Results 

Based on length (SL) distributions of collected individuals, the spring fish were 

largest (mean = 44.0 mm, standard deviation [SD] = 7.4 mm), followed by the fall 

fish (mean = 32.3 mm, SD = 4.3 mm), and lastly by the predated fish (mean = 13.2 



 

 45 

mm, SD = 5.8 mm) (Figure 2.1). Size distribution differences among groups 

conforms to the notion that spring sample represented breeding adults, the predated 

fish were primarily juveniles, and that the fall sample represented recruited juveniles 

born during spring and summer of 2015 (Snyder and Dingle 1989; Raeymaekers et al. 

2014). We were only able to amplify DNA from 76 spring adults, 39 predated 

juveniles, and 45 fall recruited juveniles. However, within both the spring parent and 

fall recruited juvenile samples, lateral plate count distributions of fish whose DNA 

amplified versus those who whose DNA did not amplify were similar (Kolmogorov-

Smirnov tests; Spring: D = 0. 10, p = 0.92, Fall: D = 0.24, p = 0.09) and we therefore 

consider the genotype distributions to be a representative sample. 

 In both collections of live stickleback, spring adults and fall recruited 

juveniles, heterozygote was the most common genotype and homozygous complete 

was the least common genotype (Figure 2.2). In the predated juveniles, homozygous 

low was the most common genotype, followed by heterozygote, and then by 

homozygous complete (Figure 2.2). Eda genotype frequencies were not significantly 

different from Hardy-Weinberg Expectations in all three samples according to the 

Multinomial Exact Tests (spring parents p = 0.29, predated juveniles p = 0.30, fall 

recruited juveniles p = 0.94). Eda Genotype frequencies of the predated juveniles 

were not significantly different from spring adults (χ2 = 1.37, p = 0.51). Similarly, 

Eda genotype frequencies of the fall recruited juveniles were not significantly 

different from spring adults (χ2 = 2.87, p = 0.24). When we calculated the selection 

coefficient between spring adults and fall recruited juveniles, we normalized to the 
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most fit genotype (i.e. the genotype with the largest proportional increase) which was 

the heterozygote. The selection coefficient against the homozygous low (s = 0.12) 

was small, indicating that homozygous low fish were almost as fit as heterozygotes. 

In contrast, the selection coefficient against the homozygous complete (s = 0.57) was 

considerably stronger. 

 We recovered 27 stickleback from the stomachs of juvenile coho salmon and 

22 stickleback from the stomachs of juvenile steelhead. While all of the 147 coho 

salmon stomach samples examined contained discernable prey items (i.e. were non-

empty), only 11 (7.5%) contained stickleback. Juvenile coho salmon that predated on 

stickleback had a mean fork length of 160.6 mm (SD = 7.8 mm) and their stomachs 

contained between one and 15 individuals (mean = 2.5 stickleback, SD = 4.2). 

Stickleback were found to be a prey item of coho salmon during all months from July 

to November. By contrast, only 10 of 344 (2.9%) juvenile steelhead stomachs 

examined contained stickleback. Steelhead that had eaten stickleback consumed 

between one and six individuals (mean = 2.2 stickleback, SD = 1.5). The steelhead 

that ate stickleback had a mean fork length of 184 mm (SD = 38.4 mm). Steelhead 

were caught with stickleback in their stomachs during all months between July and 

December, except September. Only two predated juveniles were recovered in 

December. While these two fish are from after the date of our fall recruited juvenile 

sampling, we retained them since they were still juveniles at the time they were eaten. 

 Predator size was indicative of patterns of stickleback consumption. Coho 

salmon that ate stickleback were larger than those that did not eat stickleback (WRS 
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test, W = 235, p = 0.002); the median difference between coho samples that ate 

stickleback and those that did not was 19 mm (95% confidence interval: 7-81 mm), 

(Figure 2.3a). Steelhead that ate stickleback were also larger than those that did not 

eat stickleback (WRS test, W = 629, p = 0.004); the median difference between 

steelhead samples that ate stickleback and those that did not was 47 mm (95% 

confidence interval: 17–84 mm), (Figure 2.3b). Predator body size was significantly 

related to prey body size for coho salmon (Linear Regression, F1,22 = 13.04, p = 

0.002, R2 = 0.37), but not for steelhead (Linear Regression, F1,17 = 0.0175, p = 0.896, 

R2 = 0.001), (Figure 2.3c). 

Discussion  

  We asked whether salmonids in a bar-built estuary in California selectively 

preyed on stickleback based on their genotype at the major armor gene Eda. We 

found that the genotype frequencies of predated juveniles were not significantly 

different from the genotype frequencies in the parental generation, suggesting that 

predators were not selective with respect to Eda. The predators (juvenile anadromous 

salmonids) were smaller than those in previous studies of salmonid predation on 

stickleback (Moodie 1972; Reimchen 1990, 1994), and the stickleback consumed 

were relatively small juveniles. The life history of the predators likely constrained 

them to consuming small, juvenile stickleback, which did not yet have fully 

developed plate phenotypes. Consistent with the lack of predator selectivity, we 

found that the Eda genotypes of juvenile stickleback recruiting into the population in 
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the fall did not significantly differ from their parents caught in the spring. These 

results suggest that salmonids in this environment were not a major selective driver 

for stickleback plates during the year of our study, and that no evolutionary change 

occurred at the Eda locus between stickleback generations.  

Without enough developmental time to fully form their plates, the Eda 

‘complete’ allele appears unable to aid in predator defense.  While stickleback in this 

population grow up to 70 mm SL (Paccard et al. 2018), the predated stickleback were 

all juveniles <30 mm SL. Many complete and partial morphs of this size range will 

not have developed their full complement of plates (Bell 1981). The majority of 

predated juveniles were below 14 mm SL, the size at which complete morphs begin 

to show more plates than similarly-sized low morphs (Bell 1981). Even if salmonids 

selected on plate number in these juveniles, that would not translate directly into 

selection on Eda genotype because individuals with similar plate numbers would not 

reliably have the same genotype.  

Juvenile stickleback were most likely to be predated upon, probably because 

the salmonids in the Scott Creek estuary are mostly smaller than those in previous 

studies (e.g. Moodie, 1972; Reimchen, 1990). Cutthroat trout that predated on 

stickleback in Drizzle Lake (British Columbia, Canada) ranged from 120–410 mm 

standard length (Reimchen 1990, 1994) and those that predated on stickleback in 

Mayer lake ranged from approximately 170–400 mm standard length (Moodie 1972). 

The vast majority of salmonids that consumed stickleback in previous studies were 

greater than 200 mm standard length (Moodie 1972; Reimchen 1990). In contrast, all 
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of the coho salmon and 86% of the steelhead encountered in our study were less than 

200 mm fork length (Figure 2.3). Most salmonid predators in our study were smaller 

than the resident trout of previous studies because they are juveniles of anadromous 

(coho salmon) or partially anadromous (steelhead) populations, most of which will 

leave the estuary before reaching their adult size and do not feed on reentry to spawn 

(Hayes et al. 2008, 2011). Thus, stickleback in Scott Creek rarely face salmonid 

predators with large enough gape sizes to take adult stickleback, as in the British 

Columbia lakes (Moodie 1972; Reimchen 1990, 1994). Salmonids generally function 

as gape-limited predators of stickleback and their ability to consume fish increases 

with body size (Moodie 1972; Reimchen 1991; Keeley and Grant 2001). In previous 

studies there was a significant effect of salmonid predator size on the size of 

stickleback consumed (Moodie 1972; Reimchen 1990). We found a significant effect 

of predator size on the size of prey for coho salmon but not for steelhead (Figure 

2.3c). The predators available in our focal populations appeared to straddle the 

ontogenetic transition to piscivory. For both species of predators in the Scott Creek 

estuary, individuals that ate stickleback were significantly larger than those that 

didn’t. Each predator that consumed a stickleback (with the exception of one 95 mm 

FL steelhead) was in the upper half of the predator size distribution for its respective 

species.  

Thus, in this study predators are unlikely to be able to eat stickleback that are 

larger than the juvenile life stage and that may limit their ability to select on Eda 

since the major phenotypic effect of Eda, lateral plates, are not fully manifested in 
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juvenile stickleback (Bell 1981; Reimchen 2000). By the time stickleback in our focal 

population develop their adult plate phenotypes (>30 mm SL), they will have escaped 

predation into a size refuge. Indeed, in a comprehensive study of sources of 

stickleback mortality in Drizzle Lake, British Columbia (Reimchen 1990, 1994) 

found that larger resident cutthroat trout (range 120–410 mm standard length) were 

the major predator of stickleback, and approximately 80% of trout had consumed 

stickleback, whereas juvenile coho salmon (size range 40-130 mm standard length) 

were an insignificant predator of stickleback, with less than 1% of coho salmon 

juveniles having consumed stickleback. The juvenile coho salmon in the present 

study may be larger, and have a slightly higher rate of stickleback predation because 

early closure of the seasonal sandbar during the year of this study trapped many 

individuals in freshwater for several months beyond their normal migratory window 

(Osterback et al. 2018). 

The Eda genotypes of predated juvenile stickleback trended in the direction 

we predicted, with overrepresentation of homozygous ‘low’ genotypes as compared 

to the parental generation, though the trend was not significant (Figure 2.2). Our 

study only measures a single prey population over one year. It is possible that these 

predators are indeed selective, and that our sample sizes were insufficient to detect a 

significant but small effect. While direct selection on lateral plates seems unlikely due 

to stickleback ontogeny, Eda does also impact other traits. Individuals with Eda 

‘complete’ genotypes are more adept at schooling (Greenwood et al. 2016) and have a 

different number and arrangement of neuromasts in their lateral line which is a key 
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sensory organ (Mills et al. 2014). These traits may also contribute to success or 

failure in surviving encounters with predators and modify selection on Eda by 

predators. Nonetheless, even if salmonids were selective, our results indicate that they 

likely are not a large source of selection on stickleback in these populations since we 

saw no changes in Eda genotype frequencies present in the estuary from spring to fall 

(Figure 2.2).  

We found no significant difference in Eda genotype frequencies between 

spring parents and fall recruited juveniles (Figure 2.2), and therefore no evidence of 

selection (from salmonid predators or other sources) on Eda in this population during 

this study. Stickleback were a minor prey item in the diets of our salmonid predators 

(frequency of occurrence = 2.9 to 7.5%). This low frequency of occurrence stands in 

contrast to other studies where stickleback were reported in 89% of non-empty 

cutthroat trout stomach samples (Reimchen 1990). Likewise, Hagen & Gilbertson 

(1973) reported stickleback as a prey item in 10% of rainbow trout (the same species 

as steelhead in this study) stomachs during spring, and up to 80% during the winter. It 

is therefore unlikely that selection by salmonid predators directly explain the 

difference in Eda genotypes and plate phenotypes between estuary populations in this 

region. However, sites with salmonids differ from those without salmonids in other 

ways; there are predatory sculpins present, and the amount of freshwater and estuary 

habitat is generally larger (Paccard et al. 2018; Wasserman et al. 2020). 

Ecological context is important for understanding if and how species 

interactions will lead to selection and evolution (Hatfield and Schluter 1999; 
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Thompson 2005). Patterns of geographical variation in antipredator defenses in 

stickleback are often associated with predator presence and assumed to indicate 

adaptation to divergent predator regimes (Hagen and Gilbertson 1972; Reimchen et 

al. 2013). Here we tested directly whether steelhead and coho salmon selectively 

preyed upon stickleback based on their Eda genotype. Results indicate that juvenile 

anadromous salmonids were not selective with respect for Eda genotype, perhaps 

because juvenile stickleback do not fully develop their lateral plates until they reach a 

size larger than those preyed upon in this study. Therefore, ecological context, 

including features of the predator and prey populations, is critical for drawing 

inferences about the importance of predators as selective agents on antipredator traits 

in prey. 
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Tables and Figures 

 

Figure 2.1. Histograms of standard length (mm) of stickleback rom the three 
collections: spring parents, predated juveniles, and fall recruited juveniles. 
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Figure 2.2. Bar charts of Eda genotype frequencies of stickleback in the three 
collections: spring parents, predated juveniles, and fall recruited juveniles. Sample 
sizes are listed above each bar. Genotypes: LL – homozygous low, CL – 
heterozygous, CC – homozygous complete. 
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Figure 2.3. Histogram of the size of individual predator fork length for coho salmon 
(A) and steelhead (B). The relationship between predator fork length and standard 
length of stickleback consumed. Regression line plus 95% confidence intervals in 
gray (C). 
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Chapter 3: Applying empirical dynamic modeling to distinguish 

abiotic and biotic drivers of population fluctuations in sympatric 

fishes 

Abstract   

Fluctuations in the population abundances of interacting species are widespread. Such 

fluctuations could be a response to abiotic factors, biotic interactions, or a 

combination of the two. Correctly identifying the drivers are critical for effective 

population management. However, such effects are not always static in nature. 

Nonlinear relationships between abiotic factors and biotic interactions make it 

difficult to parse true effects. We used a type of nonlinear forecasting, empirical 

dynamic modeling (EDM), to investigate the context-dependent species interaction 

between an endangered fish (tidewater goby) and a common one (threespine 

stickleback) in a fluctuating environment: a central California bar-built estuary. We 

found little evidence for competition, instead both species largely responded 

independently to abiotic conditions. Stickleback were negatively affected by sandbar 

breaching. The strongest predictor of tidewater goby abundance was stickleback. This 

effect wasn’t a uniform negative effect of stickleback on goby as would be 

hypothesized under interspecific competition. The effect of stickleback on gobies was 

positive, though it was temporally restricted. Tidewater goby abundance in the 

summer was strongly positively correlated to stickleback abundance in the spring. 

This represents an offset in the reproductive and recruitment peaks in the two species 
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that may help minimize competition and promote coexistence. We used a novel 

analytical technique to understand drivers of population abundance in putative 

competitors, including an endangered species. Such knowledge can be used to choose 

amongst management alternatives for the endangered species.  

Introduction  

Both abiotic and biotic factors can drive population fluctuations (Grant et al. 2016; 

Šipoš et al. 2017; Morris et al. 2020). Understanding which drivers are acting on a 

given population is important for estimating population viability and managing 

endangered species (Sinclair and Byrom 2006; Traill et al. 2010). Abiotic factors such 

as climate and habitat degradation may limit population abundance or cause 

fluctuations in population size (Chavez et al. 2003; Lemoine et al. 2007; Kearney et 

al. 2010). Alternating population cycles of pairs of species may be taken as evidence 

for alternative responses to abiotic forcing variables such as climate (Chavez et al. 

2003). Alternating cycles may be due to populations having different optimal values 

of fluctuating environmental variables, different seasonal patterns, or a combination 

thereof.  

 Biotic interactions, such as competition, predation, or parasitism may also 

influence the abundance of a focal population (Bardsley and Beebee 2001; McGraw 

and Furedi 2005; Rogowski and Stockwell 2006). However, disentangling abiotic and 

biotic drivers, especially when those potential drivers fluctuate can be challenging 

(Sugihara et al. 2012; Gabaldón et al. 2019). Mirage correlations can occur when the 
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relationship between predictor and population response is state-dependent (Deyle et 

al. 2013). For example, determining whether abiotic conditions or biotic interactions 

are driving population fluctuations may be difficult if the presence of an interacting 

species depends on certain abiotic conditions (Rogowski and Stockwell 2006) or if 

interaction strength changes as a function of those abiotic conditions (Alcaraz et al. 

2008; Jiao 2009; Deyle et al. 2016a).  

 The magnitude of interaction strengths such as competition coefficients, and 

even the identity of the dominant competitor can change as a function of the 

environment (Stewart and Levin 1973; Dunson and Travis 1991; Muench and Elsey-

Quirk 2019). Coexistence may depend on the identity of the competitive dominant 

changes under fluctuations in environmental conditions (Hutchinson 1961). 

Typically, understanding such context-dependent species interactions requires 

conducting manipulative experiments under diverse environmental conditions which 

may be impractical when threatened and endangered species are concerned (Costanzo 

et al. 2005; Muench and Elsey-Quirk 2019).  

 Empirical dynamic modeling (EDM), a type of nonlinear state space 

reconstruction can be used to overcome these challenges using time series data 

(Sugihara et al. 2012). Such time series of abundance data is regularly collected for 

monitoring of some threatened and endangered species. Multivariate S-Map 

projection, a type of EDM analysis, sequentially estimates the partial derivatives of 

the response variable with respect to each predictor variable over time. When 

response and predictors are the abundance of two species, these partial derivatives 
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can be interpreted as a measure of time-varying interaction strength such as 

competition coefficients (Sugihara 1994; Deyle et al. 2016b).  

 Northern tidewater gobies (Eucyclogobius newberryi) are a federally 

endangered species that is a habitat specialist adapted to living in bar-built estuaries 

(Swenson 1999). Such specialization does not mean they are immune from mortality 

during extreme environmental conditions such as hypoxia or breaching (Williams and 

Stacey 2016; Swift et al. 2018). Tidewater goby populations fluctuate dramatically 

(Swenson 1999).  

 The habitat and abiotic conditions in bar-built estuaries in California undergo 

dramatic seasonal fluctuations. Bar-built estuaries, or lagoons, are intermittently 

connect to the ocean during the wet seasons but will dry up when the rains stop and 

the runoff runs out; then a sandbar or berm will form, disconnecting the estuary from 

the open ocean (Behrens et al. 2009, 2013; Rich and Keller 2013). The bathymetry 

can change extensively during cycles of breaching and closing (Webb et al. 1991; 

Elwany et al. 1998; Orescanin and Scooler 2018). These physical changes to the 

shape of the estuary basin, from flowing and river-like during the winter to still and 

pond-like during the summer are accompanied by changes in the physico-chemical 

properties of the estuary such as temperature, dissolved oxygen, and temperature and 

may include changes to stratification (Williams and Stacey 2016). Dissolved oxygen 

can reach anoxic conditions during the summer dry period.  

 Threespine stickleback (Gasterosteus aculeatus) may function as competitors 

for tidewater gobies. In bar-built estuary habitats both species primarily consume 
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benthic macroinvertebrates (Swenson and McCray 1996; Sánchez-Gonzáles et al. 

2001). In laboratory experiments stickleback presence negatively affected tidewater 

goby survival, but only when food resources were limiting (Chase and Todgham 

2016; Chase et al. 2016). Threespine stickleback are a common and widespread 

species, not restricted to bar-built estuary habitats (Bell and Foster 1994). 

 Here we use EDM to separate the effects of abiotic and biotic drivers on 

tidewater goby and threespine stickleback abundance. We ask whether stickleback 

and goby interact (compete) or are independently responding to environmental 

drivers. Second, we ask whether environmental conditions influence the interaction 

strength between stickleback and gobies. For example, the relationship between 

stickleback and goby abundance may depend on a third value, such as temperature, 

with competition stronger during warm weather, but weaker during cool weather.  

Materials & Methods 

We surveyed fish in Younger Lagoon monthly from February 2014 through 

September 2020. Younger lagoon is a 10 hectare bar built estuary, which is 

noteworthy in being unimpeded by habitat alteration such as channelization or 

anthropogenic breaching (Clark and O’Connor 2019). We placed 12 minnow traps 

(3.0 mm mesh) along the western shore of the lagoon in the evening and retrieved 

them the next morning. Minnow traps were not placed in fixed locations. Instead, 

location was allowed to vary along the shoreline in order to prevent fish mortality 

since fluctuating water levels led to seasonal changes in habitat and anoxia risk. We 
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counted the number of each species of fish encountered in each trap and report the 

average catch per unit effort for each survey. Starting in September 2014, we 

measured the surface water temperature, salinity, and dissolved oxygen (percent 

saturation) using a YSI Pro2030 at a subset of the trap locations, usually every other 

trap. We used linear interpolation to fill in missing data due to equipment failure (1 

salinity measurement and 2 dissolved oxygen measurements). 

 Rainfall data was provided by the University of California Natural Reserve 

System (https://ucnrs.dendra.science/). Rainfall was summarized for the water years 

1991-2020 (water year starts on October 1st of the preceding calendar year,  

https://water.usgs.gov/nwc/explain_data.html). Data on the breaching was taken from 

an automated camera that photographed the lagoon mouth every 15 minutes during 

daylight hours. Photos were available for water years 2014-2020. We manually 

searched all photos available during the wet season to identify breaches. The lagoon 

does not breach during the dry season. Overnight breaches were detected by 

observing of differences in mouth morphology from evening until morning photos. 

We augmented missing data with personal observations taken during the surveys and 

other visits to the lagoon. In order to determine whether breaching dynamics are 

primarily driven by within-year variation in rainfall, or cumulative effects of rainfall 

(such as multi-year droughts) we used an analysis of variance (ANOVA) to test for 

the effect of total rainfall and Accumulated Drought Severity and Coverage Index 

(ADSCI, https://droughtmonitor.unl.edu/) on the log-transformed total number of 
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days open in a given water year; because the interaction term was not significant we 

removed it.    

Drivers of Fish Abundance 

 In order to understand which environmental drivers influence stickleback and 

goby abundances we used empirical dynamic modeling (EDM), a set of tools for 

understanding nonlinear processes from time series data (Sugihara and May 1990; 

Sugihara 1994; Sugihara et al. 2012; Ye and Sugihara 2016). EDM uses time-lagged 

values of the measured variables to reconstruct the attractor of the underlying 

dynamic system based on generalized Taken’s theorem (Sugihara and May 1990; 

Deyle and Sugihara 2011). We can then use this graphical model to make predictions 

and use measures of cross-validated prediction accuracy (rho, R2) to compare 

alternative models (Deyle et al. 2013). For EDM analysis we used a time series from 

September 2014 – September 2020. Our focal variables were the mean number of 

tidewater goby and stickleback caught per trap (TWG, TSS, respectively). Potential 

environmental drivers included the total amount of precipitation that had fallen (rain), 

the total number of days the lagoon was documented as open (Breach) since the last 

survey, and the mean of temperature, dissolved oxygen, and salinity weighted by the 

number of traps associated with each measurement. We normalized all variables to 

mean 0 and standard deviation 1 in order to compare the relative importance of 

drivers measured on very different scales. 

 We used convergent cross-mapping (CCM) to identify which, if any, of the 

environmental variables, including the abundance of the other species, influence the 
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abundance of the two focal species (Sugihara et al. 2012). In CCM, lags of the focal 

variable are used to make predictions about the state of a hypothesized driver (target 

variable) via simplex projection. If that target variable’s states can be predicted by 

using lags of the focal variable then we say the focal variable cross-maps onto the 

target and that is evidence that the target variable exerts causal influence on the focal 

variable (Sugihara et al. 2012). We used this procedure to evaluate which target 

variables causally influence the abundance of each fish species. The embedding 

dimension (number of lags we used) for each species was the optimal embedding 

dimension for predicting the abundance of that species using a Simplex Projection 

model (Sugihara and May 1990). To test whether the cross-mapping was significant, 

we compared the forecast accuracy for the target variable (cross-map skill, measured 

as rho) from the model to cross-map skills derived from a null distribution (Deyle et 

al. 2016a). We create the null distribution of cross-map skills from 1000 surrogate 

time series by extracting a mean seasonal trend with a smoothing spline and then 

shuffling the residuals.  

 If the abundance of a focal species (e.g. gobies) is driven primarily by abiotic 

factors, then we would expect it to only cross-map onto abiotic factors (e.g. 

temperature or dissolved oxygen). Alternatively, if competition is important in 

driving focal species abundance, then we would expect it to significantly cross-map 

onto the abundance of the other species (e.g. stickleback). If the focal species 

abundance significantly cross-maps to both abiotic factors and biotic factors then both 
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are important for driving the abundance of the focal species and we can use S-Map 

regression to determine whether those effects are merely additive, or whether they are  

interactive (i.e. context-dependent competition) (Deyle et al. 2016b).  

Drivers of Interaction Strength 

 To test whether interaction strength between the two fish species varies with  

environmental conditions, we used another EDM technique, S-Map regression 

(Sugihara 1994). Multivariate S-Map projection sequentially estimates the Jacobian 

matrix of partial derivatives of the response variable with respect to each predictor 

variable over time and can be interpreted as a measure of time-varying interaction 

strength (May 1973; Deyle et al. 2016b). For each species we ran a number of 

multivariate S-Map projections to predict species abundance at time t+1. All models 

included two ‘seasonal predictors’: st and st-3, to account for seasonal variation 

(Rogers et al. 2020). The seasonal predictors were two sine functions (mean 0, 

variance 1) offset by three months, with a period of a year and a timestep of one day 

which used the sample date and the sample date from three samples earlier as input 

variables (for example, if st was the date of the April sample, then st-3 was the date of 

the January sample). We then searched through a set of candidate models that 

included all possible combinations of those two seasonal predictors, lags of the two 

species abundance, and lags of any other predictors variables that the focal species 

was found to significantly cross-map to. We ran all possible combinations of lags for 

each predictor up to E, the univariate embedding dimension for the focal species. (e.g. 

with 2 variables, we could have 2 + 3E predictors: 2 seasonal variables, and E lags of 
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2 variables + E lags of the species itself). S-Map projection requires a nonlinear 

tuning parameter, θ, that indicates the relative weighting of points nearby in predictor 

space (Sugihara 1994). A value of θ = 0 represents an unweighted global model 

where all points contribute equally to predictions, whereas a larger value of θ means 

points nearby in predictor space are more heavily weighted. For each model (set of 

predictor lags) we chose the best value of θ between 0 and 20 based on prediction 

accuracy (R2). We then picked the best model for predicting the focal species by 

choosing the one with the highest prediction accuracy (R2). 

 We extracted the coefficients from this best model for each species, which 

represents a time series of partial derivatives for the focal species with respect to each 

predictor. Coefficients describing the relationship between species represent time-

varying interaction strengths between them (Deyle et al. 2016b). However, since the 

variables were normalized in order to compare the relative importance of drivers 

measured on very different scales, they are not exactly interchangeable with per-

capita interaction strengths determined experimentally, rather they are more 

analogous to standardized regression coefficients and are useful in determining the 

relative importance of (Paine 1992; Laska and Wootton 1998). We used an analysis 

of variance to determine if either of the season variables or any of the environmental 

variables we measured were associated with the interaction strengths between the two 

species. Significant effects of environmental variables on interaction strengths would 

be considered evidence of context-dependent competition. We checked for 

multicollinearity using variance inflation factors, all were less than 5.    
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Results  

 Tidewater goby and stickleback catch per unit effort fluctuated by three orders 

of magnitude (Figure 3.1a,b), generally increasing in the spring and summer and 

crashing in the late summer, fall, or winter. No stickleback were encountered for 6 

months from September 2018 through March 2019. It is not possible to distinguish 

whether the population persisted at low levels or whether it truly went extinct in fall 

of 2018 and was recolonized during the open phase of winter 2018-2019. In the 

spring of 2019, after several months with no stickleback captures, two species of 

amphibians, Pacific Chorus Frogs (Pseudacris regilla) and California Red-legged 

Frogs (Rana draytonii) were captured and swarming cladocerans (Daphnia magna) 

were observed in the shallows but were not observed at any other time during this 

survey. 

 Rainfall varied seasonally as expected (Figure 3.1f). Winters were 

characterized by rainfall that led to decreased salinity, and temperature, and 

eventually led to one or more breaching events (Figure 3.1). Dry summer seasons 

were characterized by increased temperature, increased salinity as water evaporated 

from the isolated lagoon, and, in some cases, anoxia (Figure 3.1c-f). Our fish surveys 

span most of the range of variation in annual rainfall at Younger Lagoon; they ranged 

from the 4th wettest to the very driest years in the 25 years with sufficient data (Figure 

A2.1a). Additionally, drought monitor data reveals that of the 20 water years since 

2001, our fish surveys ranged from the 1st to the 16th drouthiest years on record 

(Figure A2.1b). The lagoon was open between 2 and fourteen days per water year 
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(mean = 5.3, sd = 4.2). We observed 32 days total where the lagoon was open. During 

the winters of 2015-2017 there were a total of 133 days during the wet season for 

which no photo data was available split across several distinct periods, however our 

direct observations identified at least one breaching event during each of those 

periods. It’s therefore possible (but not certain) that the counts of days open in the 

winters of 2015-2017 are slightly underestimated. The log-transformed total numbers 

of days the lagoon breached in a water year was more closely related to rainfall 

within a year than to ADSCI which measures cumulative drought conditions (Table 

3.1, Figure A2.2). Therefore, breaching is largely a function of within-year conditions 

rather than multi-year droughts. 

Drivers of Fish Abundance 

 In general, stickleback were more easily predictable than gobies and we found 

one significant predictor for each species using CCM. The optimal Simplex univariate 

embedding dimension for tidewater gobies was 4, with R2 = 0.03, while the optimal 

embedding dimension for stickleback was 2, with R2 = 0.21. Stickleback abundance 

was the only significant predictor of tidewater goby abundance (CCM p = 0.025) 

(Figure 3.2a). Tidewater goby abundance was positively correlated with stickleback 

abundance. Breaching was the only significant predictor of stickleback abundance 

(CCM p = 0.002) (Figure 3.2b). Stickleback abundance was negatively related to the 

first two lags of breaching (Figure 3.3). 

Drivers of Interaction Strength 

Effects on Tidewater Goby 



 

 69 

 The best model for predicting the abundance of tidewater goby at time t+1 

included the seasonal predictors, the second and third lags of stickleback (TSSt-2 and 

TSSt-3), and the first lag of tidewater goby (TWGt-1). This model had an R2 of 0.13, 

considerably better than the univariate model for tidewater goby. The tidewater goby 

model was highly nonlinear, optimal θ = 13.8, meaning that interaction strengths 

change as a function of system state. 

 The largest mean coefficient in the model was for the third lag of stickleback 

abundance (Table 3.2). The only significant predictor of this coefficient was season, 

st-3 (ANOVA F1,61 = 6.68, p = 0.012). During June and July dTWGt/dTSSt-3 had a 

large positive value, whereas during other times of the year the value was close to 

zero, usually slightly negative (Figure 3.4). There were no significant predictors for 

the coefficient for the second lag of stickleback abundance (dTWGt/dTSSt-2) (Table 

3.2). 

Effects on Stickleback 

 The best model for predicting the abundance of stickleback at time t+1 

included the seasonal predictors and the current time points of stickleback (TSSt), 

tidewater goby (TWGt), and breach (Breacht), but no time lags from further back. This 

model had an R2 of 0.28, slightly better than the univariate stickleback model. The 

optimal value for θ, the nonlinear tuning parameter, in this model was 0.1 ad this 

means that the model was only weakly nonlinear, that is, interaction strengths did not 

change much as a function of ecosystem state. The mean magnitudes of the 

coefficient for the effect of tidewater goby abundance and breaching on stickleback 
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abundance, were similar and slightly negative; they were smaller than the coefficients 

for either seasonal predictor or stickleback abundance itself (Table 3.2).  

 Even though seasonal variables were included as predictors in the S-Map 

projections, the interaction coefficient for the effect of gobies on stickleback was 

primarily associated with season, st, (ANOVA, F1,59 = 6.22, p = 0.015), and tidewater 

goby abundance (ANOVA, F1,59 = 12.75, p < 0.001) (Table 3.3). The interaction 

strength of tidewater gobies on stickleback was highest (least negative) in March and 

when tidewater goby abundance was highest (Figure 3.5). 

Discussion 

Our results support the hypothesis that fluctuations in endangered tidewater goby and 

stickleback abundance reflect independent responses to environmental fluctuations 

rather than to interspecific competition. Stickleback abundance was negatively 

affected by sandbar breaching. Tidewater goby abundance was affected by threespine 

stickleback abundance. However, when we used S-Map regression to investigate the 

nature of that relationship, we found that the pattern was primarily driven by a large 

positive coefficient for the effect of time-lagged stickleback abundance in the spring 

on tidewater goby abundance in the summer, rather than by fluctuations in the 

magnitude of negative interaction strengths that we would expect if state-dependent 

competition was occurring.  

 Although prior experiments have indicated the potential for competition 

(Chase and Todgham 2016; Chase et al. 2016) and the dynamics of population 
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fluctuations in our study system seem to imply competition, EDM revealed little 

evidence of competition. In our best model for explaining variation in goby 

abundance positive effects of the third lag of stickleback (dTWGt/TSSt-3) outweighed 

the negative effect of the second lag of stickleback (dTWGt/dTSSt-2), and so the 

overall mean effect of stickleback on goby was positive (Table 3.2). Conversely, the 

mean effect of gobies on stickleback (dTSSt/dTWGt) was negative, but had a very 

small magnitude, smaller than either seasonal effects or the effects of lagged 

stickleback abundance. Therefore, tidewater goby did not have a major impact on 

stickleback. Taken at face value, this suggests a commensalism whereby stickleback 

have a positive effect on gobies, but we do not know of a plausible mechanism by 

which this would occur.  

 Using S-Map regression we investigated the temporal variation in interaction 

strength to better understand the relationship between the two species. Compared to 

the small effect of gobies on stickleback, stickleback were the primary driver of goby 

abundance in our models. For most of the year the magnitude of the effect was quite 

small. However, counter to our expectations, during the time periods when that effect 

was large, magnitudes were positive: in June and July, the lagged effect of 

stickleback on gobies was positive and very large (dTWGt/dTSSt-3) (Figure 3.4). 

Therefore, for most of the year, there is not much meaningful effect of stickleback on 

gobies in either, but in these two months there is a distinct, but lagged, positive effect 

of stickleback. The lagged effect corresponds to a positive correlation between the 

abundance of stickleback in March and April with the abundance of gobies in June 
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and July. When stickleback have a good spring, gobies are predicted to have a good 

summer. Most likely, this reflects the season when juveniles of each species recruit to 

a size large enough to be caught in our traps and it may point towards the mechanisms 

for coexistence of these two species that share a resource base. Perhaps then, 

stickleback and gobies are responding similarly to an unmeasured environmental 

driver, such as the onset of spring productivity, but stickleback respond earlier or 

more quickly. The major reproductive period of the two species appear to be offset, 

so niche partitioning is achieved across seasons. Such allochrony has been shown to 

help limit the potential for competition by offsetting peak resource use (Trivelpiece et 

al. 1987; Spilseth and Simenstad 2011; Clewlow et al. 2019).  

 Another important direct effect of the environment we detected was a negative 

effect of breaching on stickleback abundance. Breaching appears to be a major 

mortality event for stickleback, with 90% or more reduction in abundance following 

the first breach in most years (Figure 3.1b). Goby abundance was not impacted by 

breaching in the same way (Figure 3.1a). Although goby mortality in response to 

artificial, out-of-season breaches has been documented, our data reaffirm that natural 

breaching is not a major source of mortality for gobies and that they are well adapted 

to this feature of the environment (Swift et al. 2018). When we observed fish 

mortality following breaches, the majority of fish stranded on dewatered mud or sand 

flats were stickleback, and the few tidewater goby observed were alive, and many 

were on a section of mudflat that would likely rewater at the next high tide (B.A.W. 

pers. obs.). 
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 Empirical dynamic modeling has been used to make predictions and infer 

causality, and it is now starting to be used to improve forecasting of commercially 

valuable fish stocks (Anderson et al. 2008; Ye et al. 2015; Giron-Nava et al. 2020) 

and to answer questions in community ecology such as determining the effect of 

biodiversity on stability and the drivers of bottom-up and top-down effects (Sugihara 

et al. 2012; Ushio et al. 2018; Rogers et al. 2020). As opposed to computing such 

community-wide metrics, our goal was to understand the environmental factors that 

affect a particular species of conservation concern and it’s interspecific interactions 

(Deyle et al. 2016a). We think there is a real opportunity in using these methods for 

such studies when monitoring data are available but manipulative experiments are 

impractical, whether that be for cost, logistical, or ethical reasons. 

 We used empirical dynamic modeling to understand the interaction between 

two putative competitors in a seasonally fluctuating environment. We showed 

fluctuations in interaction strength but rarely showed competition. Instead, our data 

revealed that seasonal cycles of both species reflect their unique responses to 

environmental conditions including annual pulses of recruitment that were offset by 

approximately three months. Empirical dynamic modeling can be used to understand 

the context dependence in interactions, especially in cases like ours utilizing 

endangered species, when the usual methods: manipulative experiments are not an 

option. Our method allows us to understand the drivers of variation in abundance of 

the endangered goby and rule out competition from threespine stickleback as a threat. 

This information can be used to make decisions about the management of the focal 
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species. We suggest that restoration of bar-built estuaries should take precedence over 

efforts to eliminate the interaction with stickleback (Zedler 1996; Clark and 

O’Connor 2019). Similarly EDM can be used to decide between alternative 

conservation actions in other cases. 
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Tables and Figures 

Table 3.1. ANOVA table for log-transformed number of days open per water year. 

Predictor SS Df F p 
ADSCI 0.30411 1 1.9031 0.2398 
Annual Rainfall 1.15491 1 7.2273 0.0548* 
Residuals 0.63919 4   
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Table 3.2. Time-averaged S-map coefficients for the best model for (a) Tidewater 
goby, and (b) threespine stickleback. 

(a) TWG  (b) TSS 
Predictor Coefficient  Predictor Coefficient 

st 1.8286  st 0.1593 
st-3 2.3331  st-3 0.304 
TSSt-2 -0.1225  Breacht -0.0551 
TSSt-3 4.8555  TSSt 0.8565 
TWGt-3 -0.07423  TWGt -0.0758 
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Table 3.3. ANOVA tables testing for the effects of environmental predictors on the 
interaction strengths recovered from the multivariate S-Map projections. 
Response Predictor Sum Sq Df F value p   
dTSSt/dTWGt SeasonalSinet 0.039663 1 12.753 0.000715 * 
 SeasonalSinet-3 0.00083 1 0.2667 0.607463  
 Raint 0.006451 1 2.0741 0.155101  
 Breacht 0.000218 1 0.07 0.792255  
 Tempt 0.00503 1 1.6174 0.208439  
 Salinityt 0.004559 1 1.4658 0.230839  
 DOt 0.000784 1 0.2522 0.617381  
 TSSt 0.000738 1 0.2373 0.627961  
 TWGt 0.019336 1 6.217 0.015477 * 
 Residuals 0.183495 59    
       
dTSSt/dBreacht SeasonalSinet 0.002927 1 7.4788 0.008231 * 
 SeasonalSinet-3 0.0014218 1 3.6329 0.061525  
 Raint 0.0003395 1 0.8675 0.355444  
 Breacht 0.0000116 1 0.0297 0.863681  
 Tempt 0.0000027 1 0.007 0.933605  
 Salinityt 0.0009945 1 2.5411 0.116264  
 DOt 0.0002456 1 0.6275 0.43146  
 TSSt 0.0016207 1 4.141 0.046357 * 
 TWGt 0.0013232 1 3.381 0.070986  
 Residuals 0.0230911 59    
       
dTWGt/dTSSt-2 SeasonalSinet 41.8 1 0.3124 0.5782  
 SeasonalSinet-3 118.7 1 0.8861 0.3502  
 Raint 22.9 1 0.1711 0.6806  
 Breacht 10.9 1 0.0813 0.7765  
 Tempt 110.4 1 0.8245 0.3674  
 Salinityt 0.9 1 0.0065 0.936  
 DOt 9.7 1 0.0726 0.7886  
 Residuals 8169.3 61    
       
dTWGt/dTSSt-3 SeasonalSinet 0.6 1 0.0045 0.9468  
 SeasonalSinet-3 822.5 1 6.6793 0.01216 * 
 Raint 6.2 1 0.05 0.8238  
 Breacht 0 1 0.0002 0.98848  
 Tempt 1 1 0.008 0.92912  
 Salinityt 8.1 1 0.0659 0.7983  
 DOt 0.7 1 0.0058 0.93933  
  Residuals 7511.6 61         
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Figure 3.1. Time series from monthly fish surveys and water quality monitoring. 
Blue shading indicate days for which known breaches occurred. Points show mean 
values, error bars depict one standard error. (a) tidewater goby catch per unit effort 
(CPUE), (b) stickleback CPUE, (c) Temperature (ºC), (d) Salinity (parts per 
thousand), (e) dissolved oxygen (percent saturation), (f) daily rainfall (mm).  
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Figure 3.2. Convergent cross-map forecast skill (rho), red symbols, circles are not 
significant and triangles are significant (p < 0.05) when compared to seasonally-
matched null distributions (black boxes and scatterplots) for (a) tidewater goby, and 
(b) stickleback. 
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Figure 3.3. Normalized stickleback catch per unit effort vs normalized number of 
days open (a) at the same time step, and (b) at the previous time step. Lines are 
LOESS smoothing curves to help visualization, they are not outputs of the CCM 
model. 
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Figure 3.4. Effect of stickleback on tidewater gobies (dTWGt/dTSSt-3 solid line) over 
time compared to the seasonal variable (st-3, dashed line) over time for the best 
multivariate S-Map model of tidewater goby. Note the magnitude of the seasonal 
variable is increased 10-fold to aid in ease of interpretation. 
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Figure 3.5. Effect of tidewater gobies on stickleback (dTSSt/dTWGt as a function of 
(a) season st (minimized in mid-September and maximized in mid-March), and (b) 
tidewater goby density, TWGt.  
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Synthesis 

 

Environmental fluctuations can alter the ecological and evolutionary outcomes of 

interspecific interactions (Hansen et al. 1999; Gabaldón et al. 2019; Bernhardt et al. 

2020). They may limit the presence of an interactor, the strength, or even the 

direction of interaction strengths (Rogowski and Stockwell 2006; Alcaraz et al. 2008; 

Muench and Elsey-Quirk 2019). Environmental fluctuations may prevent species 

interactions from reaching equilibrium conditions, thereby rendering their dynamics 

to be transient local phenomena (Hutchinson 1961). Under those conditions, field 

observations may not match theoretical expectations (Sugihara et al. 2012; Deyle et 

al. 2016b). In this dissertation, I investigated competition and predation in a 

fluctuating environment: bar-built estuaries along the central coast of California. I 

found little evidence of strong ecological interactions over short, monthly or seasonal 

time scales; rather, I found evidence of their importance over evolutionary time. 

   In Chapter 1, I found that threespine stickleback had higher frequencies of 

an allele coding for the more armored complete morph in estuaries where they co-

occurred with piscivorous fish such as salmonids and sculpins than they did in 

estuaries where piscivores were absent. The intermittent nature of the streams feeding 

smaller estuaries prevents predator reproduction and therefore releases the prey from 

the need for the antipredator structures. However, in Chapter 2, when I directly 

tested for selection on Eda by salmonid predators by comparing reproducing adults in 

the spring to juveniles consumed by the predators in the spring and fall, there was no 
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significant genotypic difference. Therefore, over the course of a single generation at a 

single site, there was no evidence of predator-induced selection on Eda. This suggests 

that the adaptation to predators detected in Chapter 1 built up slowly over multiple 

seasons and years in such a fluctuating environment.  

 In Chapter 3, I investigated whether there was competition between 

stickleback and tidewater goby from a 6 year-long monthly time series of abundance. 

I also characterized environmental fluctuations including rainfall, breaching, 

temperature, dissolved oxygen, and salinity. Our analysis of time-varying interaction 

strengths showed that for most of the year, the magnitude of the interaction strengths 

between gobies and stickleback were small, but both positive and negative values 

were observed. In June and July, there was a large, positive, but time-lagged effect of 

stickleback on goby abundance. This likely represents offset periods of breeding and 

recruitment which suggest that their reproductive outputs in a given year are 

determined by similar environmental conditions and resources. When stickleback 

have a good spring, gobies have a good summer. The only other significant predictor 

of fish abundance was a negative effect of breaching on stickleback abundance.  

 These results support the hypothesis that the fluctuations in abundance 

between the two species represent their independent responses to environmental 

fluctuations rather than competition or interactions between the species. There are 

several mechanisms that could explain this pattern. The first mechanism is 

allochrony, or temporal niche partitioning. The evolution of allochrony might allow 

the two species to offset their period of maximal resource use and limit the 
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opportunity for competition (Trivelpiece et al. 1987; Spilseth and Simenstad 2011; 

Clewlow et al. 2019). However, further studies, such as comparisons of allopatric and 

sympatric populations would be necessary to confirm this mechanism (Schluter and 

Mcphail 1992). Alternatively, environmental fluctuations may limit the abundance of 

one or both species in a way that limits their ability to have negative impacts on the 

other species (Hutchinson 1961; Muench and Elsey-Quirk 2019). The most likely 

dominant competitor based on previous research and overwhelming abundance is 

threespine stickleback (Chase and Todgham 2016; Chase et al. 2016). We detected a 

strong negative impact of breaching on stickleback abundance and it is possible that 

this limit on stickleback prevents them from achieving the population sizes necessary 

to impose a strong negative effect on tidewater goby. 

 These studies merely scratch the surface of the many ways in which the 

environmental fluctuations in bar-built estuaries might affect species interactions. For 

example, bar-built estuaries are an important growth habitat for endangered 

salmonids, and the provisioning  of that ecosystem function may vary among seasons 

and years (Bond et al. 2008; Hayes et al. 2008; Osterback et al. 2018). In Chapter 1, 

I focus on the effects of ecosystem size on prey adaptation. In addition to predator 

presence and wetland area, ecosystem size also influences the nature of the breaching 

disturbances and the physico-chemical cycles they dictate (i.e. compare physico-

chemical profile of Younger Lagoon in Chapter 3 to those of Scott Creek from 

Hayes et al., 2011). Large estuaries spend more time open than small estuaries (but 

drain less catastrophically) and this affects seasonal changes in salinity, temperature 



 

 86 

and dissolved oxygen. All of these aspects of the disturbance regime have the 

potential to influence species interactions and community ecology. This dissertation 

intentionally focused on estuaries within a narrow geographic and climactic range, 

but related gradients in disturbance regime occur along the full range of bar-built 

estuaries on the west coast (Heady et al. 2014; Des Roches et al. 2020). 

 Bar-built estuaries, with their varied disturbance regimes, offer myriad 

opportunities to study the impacts of fluctuating environments on species interactions. 

In this dissertation, I explored the impacts of environmental fluctuations in bar-built 

estuaries on predation and competition in threespine stickleback. In some sites, large 

environmental fluctuations such as stream intermittency limit the presence of 

predators, releasing prey from selection. However, that selection was not detected 

over short time scales. Similarly, reproductive allochrony between stickleback and 

their putative competitor, the tidewater goby appears to limit the potential for 

competition. In both cases, environmental fluctuations seem to blunt the impact of 

antagonistic interactions involving stickleback. Further work on the subject could 

determine whether this pattern holds for other types of antagonistic or beneficial 

interactions and in other ecosystem types. 
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Appendices  

A1: Supplemental Material for Chapter 1 

Table A1.1. Gaussian Mixture Model Classification Rates. Each row represents true 
genotypes and the columns represent the proportion of individuals of that genotype 
which were assigned to each of the three genotypes: LL – low homozygote, CL - 
heterozygote, CC – complete homozygote. Total number of individuals in 
parentheses. 

 LL CL CC 

LL 0.932 (124) 0.023 (3) 0.045 (6) 

CL 0.072 (6) 0.458 (38) 0.470 (39) 

CC 0.014 (1) 0.028 (2) 0.958 (68) 
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Figure A1.1. (a) Histogram of left lateral plate counts for all fish in the study. Each 
box is colored by the genotype to which individuals with that plate count were 
assigned by the mixture model. The histogram is overlaid with the probability density 
functions of the posterior probability of group membership weighted by the 
proportion of individuals assigned to that genotype by the mixture model. (b) Box and 
dot plots of the distribution of plate counts for individuals of known Eda genotype. 
LL – low homozygote, CL -heterozygote, CC – complete homozygote. 
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Figure A1.2. Time series of inferred Eda genotype frequencies of threespine 
stickleback at 20 intermittently-open estuaries from spring 2014 through fall 2017. 
Sites are ordered from top-left to bottom-right from smallest to largest total stream 
length. LL – low homozygote, CL - heterozygote, CC – complete homozygote. Sites 
with predators are labeled with white text on a black background, sites without 
predators are labeled with black text on a white background. 
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A2: Supplemental Material for Chapter 3 

 

 
Figure A2.1. (a) Total rainfall (mm) per water year from 1991 to 2020, arranged 
from wettest to driest. Water years covered by our monthly surveys are labeled and 
shown in black. We excluded water years 1996-1998, 2003, and 2005 due to large 
amounts of missing data. (b) Accumulated Drought Severity and Coverage Index for 
the Santa Cruz, CA urban area, which includes Younger Lagoon reserve for each 
water year from 2001 to 2020, arranged from most to least drouthy. Water years 
covered by our monthly surveys are labeled and shown in black. 
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Figure A2.2. Log transformed number of days open per water year vs (a) total 
rainfall in mm, (b) accumulated drought severity and coverage index. Trendline and 
95% regression coefficient shown only for significant relationship. 
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