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Abstract

L.

Animal. movement at localized scales is often modulated by competing pressures such as avoiding
predators while acquiring resources and mates. The relative magnitude of these trade-offs may
affect'males and females differently, often resulting in sex-specific differences in movement.
Sex-biases in movement have been linked to mating systems (e.g., monogamy or polygamy) in
birds and mammals; however, this relationship has received less attention among fishes. Using
passive integrated transponder (PIT) tags and a series of stationary antennas, we evaluated the
movement'dynamics of a small-bodied, sexually-dimorphic stream fish Fundulus olivaceus over a
30-daysperiod in a fourth-order tributary to the Pascagoula River in Mississippi (USA).
Wefdocumented dissimilar sex-specific movement behaviors at different spatial scales that were
likely*facilitated by differential resource demands and competitive pressures. Females exhibited
an increased propensity to engage in longer, exploratory moves (>30 m); whereas most males
remained active within an established territory, making few long-distance longitudinal
movements.

Loealactivity levels (proportion of individuals moving) were positively related to density
(manipulated during the study), and density was found to affect the magnitude of sex-specific
movement. In contrast to females, males increased local activity and movement distance at the
reduced,density, presumably to expand territory size or mate-searching behaviors, suggesting
local mate competition may suppress the movement distance of males.

Despitessome evidence substantiating a relationship between movement and mating system, our
results,suggest that the documented sex-specific differences may be related to traits that co-
evolveswith mating systems, rather than the mating system per se. Our findings also highlight the

importance of spatial scale when evaluating patterns of sex-biased movement tendencies.

Introduction

Reeent technical and analytical methods (Schick et al., 2008) have increased our ability to

document movement at finer spatial and temporal scales, allowing for tests of hypotheses regarding how

movement affects population processes (Nathan et al., 2008; Stevens, Pavoine, & Baguette, 2010; Mueller

et al., 2011; Rasmussen & Belk, 2017). For example, at smaller, localized scales, movement and activity

levels are largely associated with foraging and mate-searching activities (i.e., resources), often
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characterized by a series of routine movements within an established home range (Van Dyck & Baguette,
2005; Baguette & Van Dyck, 2007; Rasmussen & Belk, 2017). However, the population heterogeneity
hypothesis (Skalski & Gilliam, 2000) suggests that individuals likely respond to exogenous cues
differently (e.g., resource availability, predators, habitat quality). This variability in individual-based
movements is presumably shaped by tradeoffs linked to individual movement behavior (Bergerot,
Merckx, Van Dyck, & Baguette, 2012). If tradeoffs differ markedly between the sexes (Gandon, 1999;
Perrin & Mazalov, 2000; Lehmann & Perrin, 2003; Gros, Hovestadt & Poethke, 2008; Gros, Poethke, &
Hovestadt, 2009), one would expect natural selection to yield sex-biased movement. In fact, this has been
empirically demenstrated in a number of taxa (Greenwood, 1980; Sandell, Agrell, Erlinge, & Nelson,
1990; Croft'et al.,22003; Bowler & Benton, 2009).

Sexdbiasesiin movement have been linked to mating systems and unbalanced sex-specific
competitive mtensities (Greenwood, 1980; Dobson, 1982; Clarke, Saether, & Roskaft, 1997; Croft et al.,
2003; Lawson Handley & Perrin, 2007; Cano, Makinen, & Merila, 2008; Marentette et al., 2011; Shaw &
Kokko, 2014). Much of our current understanding results from studies on birds and mammals, which
have provided a general framework for evaluations across taxa (Greenwood, 1980; Dobson, 1982; Clarke,
Saether, & Roskaft; 1997; Lawson Handley & Perrin, 2007). Movement tends to be female-biased in
monogamous mating systems (e.g., birds) where parental investment is shared between the sexes and the
benefits of-helding a territory outweigh those of dispersal in males. In contrast, males are often more
mobile in polygyhious or promiscuous systems where females invest more in direct reproductive costs
(Perrin & Mazalow; 2000). Similarly, asymmetries in resource competition between the sexes may also
contribute to the evolution of sex-biased movement (Perrin & Mazalov, 2000; Gros, Poethke, &
Hovestadt, 2009)=Inter-sexual resource competition may be weakest (stronger intra-sexual competition)
in polygynous or promiscuous species where females compete for local resources (e.g. food or spawning
habitat) and males compete for territories and/or access to females (resource competition hypothesis;
Clarke, 1978; Greenwood, 1980). This may also include the strength of intra-sexual competition (Dobson,
1982) with the sex experiencing more intense competition being more mobile (local mate competition
hypothesis; Hamilton, 1967).

One of the most well established drivers of animal movements is local density (Bowler & Benton,
2005; Matthysen,2005; Clobert, Le Galliard, Cote, Meylan, & Massot, 2009). Local competition among
individuals.is expected to promote movement (Aars & Ims, 2000; French & Travis, 2001; Matthysen,
2005), thus acting to reduce density dependent effects (Bowler & Benton, 2005). In contrast, some have
noted negative density-dependent relationships (Roland, Keyghobadi, & Fownes, 2000; Gilliam & Fraser,
2001; Alldredge et al., 2011) that could increase reproductive success (Gascoigne, Berec, Gregory, &

Courchamp, 2009). Such responses are presumably due to the ability of individuals to perceive local
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environmental conditions and respond accordingly (“informed dispersal”; Clobert, Le Galliard, Cote,
Meylan, & Massot, 2009). As the spatiotemporal scale of the environment may be viewed differently
between sexes, local population densities may exert stronger influences on one sex over the other (De
Meester & Bonte, 2010; Clark & Schaefer, 2016).

Animal movements are often quantified using one metric (e.g., the proportion moving, movement
rates, total distance moved) generalized across spatial or temporal scales (Clarke, Saether, & Roskaft,
1997; Frair et al. 2005). However, such generalities can mask important scale dependent behaviors, thus
providing an incomplete picture of the subtleties of movement (Bergerot, Merckx, Van Dyck, & Baguette,
2012; Pennock, €athcart, Heddon, Weber, & Gido, 2018). Furthermore, movement studies are often
evaluated at coarse spatial and temporal scales (Fausch, Torgersen, Baxter, & Li, 2002; Albanese,
Angermeier/& Gowan, 2003; Holyoak, Casagrandi, Nathan, Revilla, & Spiegel, 2008) that may limit our
understanding ofithe mechanisms and motivations driving fine-scale movements (Rasmussen & Belk,
2017; Pennock, Cathcart, Heddon, Weber, & Gido, 2018). Although localized movements often consist of
a series of repeated circular movements, their cumulative effect through space and time could have
important evolutionary implications (Van Dyck & Baguette, 2005; Rasmussen & Belk, 2017). Thus, our
understanding of determinants of individual variation in movement behaviors depends on our
understanding of pertinent ecological and evolutionary consequences of such events. Despite the
challenges-of-studying animal movement, advances in tagging and monitoring technologies have enabled
researchers to continuously quantify individual movement at increasingly finer spatial and temporal scales
(Hussey et-al52015; Wilmers et al., 2015).

In contrast to other taxa (birds: Greenwood, 1980; mammals: Dobson, 1982; Clarke, Saether, &
Roskaft, 1997xinsects: Bowler & Benton, 2009), empirical data demonstrating sex-biased movement in
stream fishes 1s limited (Hutchings & Gerber, 2002; Croft et al., 2003; Clark & Schaefer, 2016). The goal
of this study was'to assess sex-specific movement and activity patterns in a species exhibiting a
promiscuous mating system by quantifying the natural movements of passive integrated transponder
(PIT) tagged fish in the field. Our primary objective was to assess sex-specific movement metrics and
predicted contrasting sex-specific movement dynamics at different spatial scales. If female movement is
driven by locating high quality patches to utilize resources, we expected females to exhibit an increased
propensity to engage in lengthier (distance) movement bouts, but to minimize movement once a suitable
habitat was.encountered. Conversely, we expected males to be more locally active, monitoring an
established territory, and to engage in fewer long-distance moves. Secondly, we were interested in the
interactive effects of density on sex-specific movement patterns. Because density is a strong predictor of
animal movement tendencies (Bowler & Benton, 2005; Matthysen, 2005; Clobert, Le Galliard, Cote,

Meylan, & Massot, 2009), and density may exert differential effects on the sexes (De Meester & Bonte,
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2010), we examined how density influenced movement behavior by manipulating population size and

assessing the response of the focal tagged fish.

Methods
Study Organism

Fundulus olivaceus (blackspotted topminnow) is a broadly distributed, small-bodied stream fish
(maximum reported size 97 mm total length; Braasch & Smith, 1965) that exhibits a promiscuous,
female-choigce mating system (Schaefer et al., 2012). Adults are sexually-dimorphic (distinguished by
median fin merphology), reaching reproductive maturity within one year at approximately 35-40 mm
(Blanchard, 19965 Vigueira, Schaefer, Duvernell, & Kreiser, 2008) and a maximum lifespan of 2-3 years
(Ross, 2001)7"Fémales spawn daily (mean of 1.6 eggs/day; Vigueira, Schaefer, Duvernell, & Kreiser,
2008) throughout‘a protracted spawning period that extends from March to September among southern
populations (Blanchard, 1996). Territorial male behavior has been observed among Fundulus species in
both laboratory and natural settings (Carranza & Winn, 1954; Baugh, 1981; Berdan & Fuller, 2012). For
instance, males of a closely-related species, F. notatus, have been observed to exhibit a territorial
patrolling behavior; actively monitoring a 6-12 meter stretch of stream parallel to the bank, driving away
conspecific'males entering the territory (Carranza & Winn, 1954). Thus, if males are indeed holding
territoriespwesexpected they would exhibit decreased longitudinal movement compared to females, but
remain active within their established patches.
Study Location

This study was conducted from July to September 2014 in a 180 m section of Big Creek, a fourth-
order tributarysef-Black Creek, located within the Pascagoula River drainage (Mississippi, USA) (Figure
1). We chosé thislength based on movement rates and population estimates observed from a previous
mark-recapturesstudy of F. olivaceus (70 males and 74 females, tagged with elastomers and recaptured
weekly) at the same locality (Alldredge et al., 2011). Mean daily movement rates were less than 1 m day!
and the maximum distance detected was 230 m over the course of 49 days (Alldredge et al., 2011). No
sex-specific patterns were identified in that study, but data were based on weekly surveys that could not
detect movement on a finer temporal scale. Our study design using PIT tags allowed us to measure
multiple daily movement metrics throughout the study reach to provide a more accurate assessment of
potentiallsex bias in movement.
Fish Collection and Tagging

We collected adult fish (>50 mm standard length; SL) by dipnet (Vigueira et al., 2008; Alldredge
et al., 2011; Schaefer et al., 2012; Clark & Schaefer, 2016; N & K Dip Nets, Viola, Wisconsin, USA;

frame dimensions 46 x 44 cm) from areas of Black Creek below the confluence of Big Creek, where they
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are locally abundant, in mid/late June 2014 (Figure 1). Fish were anesthetized using MS-222, measured
(SL), weighed (grams, g), and tags were injected into the posterior portion of the peritoneal cavity (Clark,
2016; Clark & Schaefer, 2016). We fitted 27 males (55.5 = 3.8 mm SL; 2.11 &+ 0.46 g) and 27 females
(54.1 £3.7mm SL; 2.01 £ 0.51 g) with 12 mm PIT tags (Oregon RFID, Portland, Oregon, USA). Tagged
fish were held in tanks and monitored daily for survival, tag retention, external signs of infection, and
normal feeding behavior for a period of two weeks.
Stream Setup and Fish Introduction

Four pairs of pass-through antennas were placed approximately equidistant (30 meters)
throughout the study reach, which would allow for detection of infrequent, longer distance moves (85%
of moves were less than 31 m; Alldredge et al., 2011) (Figure 1). The paired antennas were set
approximately 2 myapart to assess directionality and to capture fine-scale movement. Stream widths
precluded constriction of antennas spanning the entire width in some areas, thus we utilized in-stream
habitat features (stteam constrictions or natural barriers [e.g. large woody structure]) to funnel individuals
through the antenna fields. Antennas were connected to two multiplexing HDX PIT readers (Oregon
RFID, Portland, Oregon, USA) that continuously logged data throughout the study period (30 days of
data collection). Each antenna scanned at an average rate of 2.3 (+ 0.2 SD) scans second™! with a detection
range of approximately 40 cm across each antenna (20 cm in both the up- and downstream directions).
We deployed:block nets at the up- and downstream ends of the reach to prevent emigration of focal fish
or immigration of conspecifics into the study reach. Block nets (steel hardware cloth; 1.2 m tall; 0.635 cm
mesh) wére:constructed to span the entire stream width and anchored into the substrate at the up and
downstream termini of the study reach. After block-nets were set, we removed 88 adult F. olivaceus (>40
mm SL; 46 malesy42 females) on 18 July 2014 that were subsequently released downstream of the study
reach.

On 30duly 2014 we introduced 90 F. olivaceus (54 PIT tagged, 36 untagged; equal sex ratio) into
the study reach to maintain ambient density. Untagged individuals (collected from Black Creek; Figure 1)
were added simultaneously in order to allow manipulation of population density during the study period
and to ensure they experienced the acclimation regime as the tagged fish (see below). We evenly
distributed individuals (sex and tagging treatment) between the three interior sections of the study reach.
Fish were allowedsto distribute and acclimate throughout the study reach for three days prior to data
collection (data loggers were operational to track activity). Following the fifteenth day of data collection,
four passes (two upstream, two downstream) were made with a two-person crew, dip-netting as many F.
olivaceus as possible. All fish were temporarily housed in streamside buckets according to the capture
section and subsequently scanned for PIT identification. Captured fish within each section were

enumerated and PIT tagged individuals were released back into their section of capture. Untagged
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individuals were released downstream of the study reach, effectively reducing population density for the
second 15-day period of data collection. Following collection and handling, we allowed one day prior to
resuming data collection.

To determine if focal fish might escape the study reach, we sampled above and below the block
nets every five days and scanned each for PIT identification. Multiple passes through approximate 75-100
m stretches ((above and below the study reach) were sampled by one or two individuals. Following the
completion of the study, the entire reach was sampled periodically over two days in an attempt to recover
remaining focal fish. We continued to run the PIT loggers throughout these days to account for any
remaining individuals not recaptured.
Movement Metrics

Using thetindividual detection data, we generated a suite of movement metrics to characterize
daily movement patterns at two spatial scales across the 30 days of data collection. To first assess a
general daily activity level, we assigned presence (coded as 1/0) to individuals that were detected at least
once by any antenna. Secondly, we calculated the daily movement distance for each individual by
summing the distance (absolute value in meters) between successive detections (minimum total distance
moved) within each day (defined as 0700-0700 h). We then used the signed movement distances
(negative for downstream, positive for upstream) to calculate daily net displacement as a measure of
longitudinal-mevement. Inclusion of this metric allowed us to differentiate between a highly mobile fish
that remained within a local area (small net displacement) or moved longitudinally within the reach (large
net displacement)=We further classified movement into two qualitative categories (Figure 2) based on the
longitudinal distance between detections representing one movement event. Moves of 0 or 2 m (absolute
distance) were:defined as local moves (successive detections at an antenna pair). Larger moves that
represented individuals traversing, at minimum, an entire antenna section (minimum distance >30 m)
were characterized as exploratory moves. The daily presence or absence (scored as a 1/0, respectively) of
each qualitative metric (local and exploratory) was assessed for each individual, along with summing the
total number of each type of move daily. We used factor analysis (FA) with Promax (oblique) rotation to
reduce the seven daily movement metrics (Table 2) across individuals into interpretable factor scores
(hereafter “movement behaviors”). Although there was no observed mortality or emigration from the
study reach, we opted for a conservative approach and restricted the number of days an individual was
included/in.the data set based on its last known occurrence (either a detection or post-study recapture).
For example, if an individual last appeared in the detection log on day 18 and was not captured following
completion of the study, movement metrics for that individual throughout days 19-30 were not included

in analyses.
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To assess the contribution of individual attributes and density on the movement behaviors, we
used a series of generalized linear mixed effects models (GLMM) using the Ime4 package (Bates,
Maechler, Bolker, & Walker, 2015) in the R statistical language (R Core Team, 2017). We first built a
series of competing models that included a movement behavior as the response variable with sex, SL
(log-transformed), body condition (residuals from the log length-weight relationship), density (high and
low), and the two-way interactions with sex as fixed effects (Table 1). To facilitate fitting GLMMs with a
log-link function, we added the minimum value to all factor scores to produce positive values. Individuals
and days (1230) were included as random effects in all models. We used Akaike’s information criteria
(AIC) to ranksthe,candidate models for each movement behavior. To account for uncertainty in assessing
the most appropriate model(s) for interpretation, we used weighted model-averaging based on AIC,
model weights (W;) to assess the influence of fixed effects present in models with reasonable support

(AAIC <2.0 and W, >0.10) (Burnham & Anderson, 2002).

Results
Detections and Recaptures

A total of 19,115 detections were logged from 47 individuals (24 females; 23 males) throughout
the 30-day period (Supporting Table S1). We reduced the density by approximately one-third following
the fifteentheday-by collecting 39 adults (20 females, 19 males) from the study reach, 12 (6 females, 6
males) of which were focal PIT fish (tagged individuals returned to the study reach). Following the
completionrof thesstudy, we recovered 50 adults (17 PIT fish; 7 females, 10 males). One male not
captured remained in the detection logs two days post-study and was thus considered to have been present
for the entire 30:days. Collectively, the section where tagged fish were recaptured corresponded to the
assumed location (based on detection records) for 28 of the 29 PIT captured fish. The lone individual that
did not match'was captured in an adjacent section. Moreover, less than 1% of consecutive detections from
individual fish occurred at non-adjacent antennas, likely a result of tag collision (multiple fish
simultaneously entering the detection field). Thus, we are confident that the majority of individuals were
detected while crossing antenna fields. During periodic sampling to assess fish escaping the block nets,

we collected 76 individuals outside the study reach and none were positively identified as tagged PIT fish.

General Movement Patterns

The movement distribution was highly leptokurtic (98.7% of moves were local) and neither sex
indicated an up- or downstream bias in movement distance (net signed movement not different from zero;
females: V=191, p =0.97; males: V=155, p = 0.90) or direction (Chi-square; both p >0.96). Across the

study period, males were more active (locally and overall), engaged in a greater number of daily local
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moves, and moved greater daily distances (Table 2, Supporting Table S1). However, males showed a
higher degree of territory fidelity with 87.5% (& 18.3% SD) of all detections for individuals logged at one
antenna pair compared to 69.0% (£ 19.9% SD) for females, and a mean daily net displacement (=1 SD)
that was lower, and less variable (4.0 + 4.8 m) than females (6.8 + 7.1 m). Of the 47 focal PIT fish
detected throughout the study, 16 (12 of which were female) occupied all stream sections (minimum of
100 m displacement) based on detection histories, with three individuals (two females and one male)

traversing this stretch within 24 h.

Summarizing.Movement Behaviors

Individuals varied in the number of days they were present in the data set (range = 1-30) and
collectivelygesulted in 755 movement days (unique individual/day combinations) evaluated with FA
(Supporting Table'S1). The seven movement metrics loaded along three factors that collectively
explained 77.8% of the variability in daily movement behaviors (Table 3). Factor I (31.6% of variance,
hereafter “Exploratory Behavior”) was associated with exploratory activity, number of exploratory moves
and net displacement. Factor II (24.3% of variance, hereafter “Activity”) included activity and local
activity. The number of daily local moves and total movement distance loaded on Factor III (21.9% of

variance, hereafter “Movement Magnitude”).

Model Selection of Movement Behaviors

Thereswere more competing models with reasonable support (AAIC.<2.0 and w; >0.10)
predicting Exploratory Behavior and Activity than for Movement Magnitude. The top candidate models
predicting Exploratory Behavior included sex, along with the additive effect of body condition and
interactive combination of density (Table 4). Model-averaged parameter estimates (Table 5) indicated
mean Exploratery Behavior (+ 95% CI) was greater for females (3.26 + 0.11) than for males (2.86 +
0.10), and decreased from high (3.16 = 0.11) to low density (2.88 + 0.10). The sex x density interaction
had weak effects on exploratory movement as confidence intervals overlapped zero (Table 5). Competing
models predicting Activity included density and the additive and interactive combinations of sex (Table
4). Mean Activity was greater across days of high density (3.68 = 0.11) compared to low density (3.33 +
0.13), while sex had a negligible effect on Activity (Table 5). Movement Magnitude was best predicted
by two models that included sex, density, body condition and combinations of their interactions (Table 4).
Parameter estimates indicated significant sex-specific interactions with both density and body condition.
Mean male Movement Magnitude was greater in low (3.97 £ 0.21) compared to high density (3.41 +

0.15), while female movement remained relatively consistent, increasing slightly from high (3.22 £ 0.10)
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to low density (3.43 = 0.17) (Figure 3, Table 5). Male Movement Magnitude was positively related to
body condition, but only weakly related in females (Figure 4, Table 5).

Discussion

Continuous monitoring of F. olivaceus demonstrated sex-specific movement behaviors at two
spatial scales. A pervasive pattern among animals with a polygynous or promiscuous mating system is
that the underlying competitive and resource asymmetries generally result in male-biased movement
(Greenwood; 1980; Dobson, 1982; Perrin & Mazalov, 2000). While our findings are largely consistent
with this, it was dependent on the spatial scale considered. At smaller, local scales, males tended to be the
more mobilesex,.consistent with higher movement centered within an established territory (Carranza &
Winn, 1954)7Incontrast, at larger spatial scales, females were more likely to make longer distance,
exploratory movéments, possibly to gain access to higher quality habitats for foraging and spawning
activities. Finally,as noted in other studies (De Meester & Bonte, 2010; Clark & Schaefer, 2016), density
of conspecifics can differentially affect sex-specific movement behaviors, and males showed increased
activity (greater Movement Magnitude) in response to reduced density.

Sex-specific movement presumably reflects differences in underlying energetic strategies. Among
polygynous|or promiscuous species, females generally invest more in direct reproductive costs (Perrin &
Mazalovy2000)=While larger, exploratory moves of females could be directly related to resource
acquisition (e.g., foraging, spawning habitats), the magnitude or frequency of these movements may not
be energéticallysadvantageous, and may reduce survival (Fraser, Gilliam, Daley, Le, & Skalski, 2001;
Gilliam & Fraser, 2001) or reproductive potential. For example, Crossin et al. (2004) showed that pre-
dispersal energysstores were positively-related to dispersal distance; however, this resulted in fewer eggs
once individirals reached spawning grounds. Although that study involved a migratory salmonid, it
illustrates howsmovement costs can directly affect the balance between energy allocation and individual
fitness. While we are unsure of potential fitness costs of movement on females, we presume the protracted
spawning period of fundulids (Blanchard, 1996; Cashner et al., in press) is energetically expensive, thus
requiring females to feed often to fuel egg production and development (Thomerson & Wooldridge,
1970). Nonetheless, the differences and intensity of resource and competitive asymmetries likely
contributed to the.sex biases in movement found in F. olivaceus.

Sexual dimorphism can pose differential fitness costs and benefits of movement that could
promote sex-biased dispersal (Stevens et al., 2013). For species exhibiting secondary sexual characters, a
balance exists between sexual and natural selective pressures (i.e. handicap principle; Zahavi, 1975;
Isawa, Pomiankowski, & Nee, 1991; Iwasa & Pomiankowski, 1999; Cotton, Small, Hashim, &

Pomiankowski, 2009), which generally favors movement in the sex lacking the exaggerated trait(s)
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(Trochet et al., 2016). Such traits may impose substantial energetic and reproductive costs directly
associated with transit (Kinnison, Unwin, & Quinn, 2003), while also increasing susceptibility to
predation; however, these traits are often those preferred by females (Rosenthal, Flores Martinez, Garcia
de Leon, & Ryan, 2001; Schaefer et al., 2012). For instance, male F. olivaceus are larger than females and
exhibit a suite of secondary sexual characteristics such as dorsolateral spots and nuptial coloration that are
preferred by females (Schaefer et al., 2012). Male F. olivaceus with higher dorsolateral spot densities
sired a disproportionately greater number of offspring in mate choice trials, but also suffered increased
predation pressure (Schaefer et al., 2012). Whether these secondary sexual characters are correlated with
behavioral traits in F. olivaceus is unknown (e.g., boldness; Fraser, Gilliam, Daley, Le, & Skalski, 2001);
this nonetheless demonstrates sexually dimorphic traits pose differential costs (e.g. predation risk) and
benefits (e.gfincreased mating opportunities) at the individual level that could explain our differences in
sex-specific movement. Thus, the underlying mechanisms driving sex biases may be linked more to sex-
specific traits related to, or co-evolving with, mating systems, rather than the mating system in itself
(Ronce & Clobert, 2012; Stevens et al., 2013; Trochet et al., 2016).

Activity levels, but not movement distance, were greater in the high density portion of the study,
consistent with positive density-dependent movement (Andreassen & Ims, 2001; Matthysen, 2005;
Clobert, Le'Galliard, Cote, Meylan, & Massot, 2009). Our data also suggest that changes in population
density influenecedsmale movement more so than females. Despite the decline in daily proportion of active
males at low density, the number of local moves and movement distances increased by approximately
90% andl50%yrespectively. In polygynous or promiscuous species, the relative intensity of mate
competition among males is assumed to exceed resource competition among females (Perrin & Mazalov,
2000; Gros,Poethke, & Hovestadt, 2009). As male aggression can relate to conspecific densities and sex
ratios (Jirotkul, 1999; Spence & Smith, 2005), the probability of aggressive encounters likely increases as
a function of'therlocal intra-sexual density. The male site fidelity documented in this study likely reflects
the territorial nature of fundulids (Carranza & Winn, 1954; Baugh, 1981, Berdan & Fuller, 2012) and the
greater tendency of females to invest in longer distance moves. Male F. olivaceus may optimize
reproductive success by limiting their movement to a restricted segment of stream. This would minimize
aggressive encounters with other males as they attempt to court females passing through their territory. At
reduced densities-however, competition for mates may be lessened (Jirotkul, 1999; Spence & Smith,
2005), releasing males to occupy larger territories or become more expansive in searching behaviors that
may benefit mobile males by increasing the probability of mating success (Gros, Poethke, & Hovestadt,
2009). However, individual males may vary in their capacity to respond to lower density conditions. For
example, body condition of male F. olivaceus is a predictor of reproductive investment (Schaefer et al.,

2012) and was positively related to male Movement Magnitude in this study. While it is important to note
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that our levels of density (high and low) were not necessarily fixed through time as some mortality likely
occurred throughout the study, this would have enhanced any density effects. Such condition-dependent
responses may be important in mitigating population declines (i.e., Allee effects; Gascoigne, Berec,
Gregory, & Courchamp, 2009) and when colonizing new habitats (Lonzarich, Warren, & Lonzarich,
1998; Adams & Warren, 2005; Kokko & Lopez-Sepulcre, 2006; Marentette et al., 2011; Le Galliard,
Massot, & Clobert, 2012).

As our study evaluated movement in a relatively short longitudinal reach at one locality, we
cannot discount the possibility that the movement behaviors were stream- or individual-specific. At larger
spatial scalesgindividuals undoubtedly face various environmental pressures that may drive population-
specific movement tendencies (Bowler & Benton, 2009; Clobert, Le Galliard, Cote, Meylan, & Massot,
2009; WoolnoughyDowning, & Newton, 2009; Bergerot, Merckx, Van Dyck, & Baguette, 2012).
However, population density was implicated as a putative mechanism influencing inter-year movement
differences in F. notatus (Alldredge et al., 2011) and similar sex and density effects influenced seasonal
movement of F. olivaceus (Clark & Schaefer, 2016). We also acknowledge that the placement of block
nets may have constrained movement; however, for several reasons we do not believe this jeopardized our
ability to make interpretations. First, similar to Alldredge et al. (2011), individuals in our study moved
very little (longitudinally), thus the block nets would have only affected a small number of individuals
representingsthe=“mobile” portion of the population (sensu Skalski and Gilliam, 2000). Second, our
primary objectiveéwas not to specifically quantify absolute movement distances, but instead differences in
movement-behaviors between the sexes. Accordingly, we feel our findings accurately represented
movement behaviors as the documented patterns were not inconsistent with previous studies (Alldredge et
al., 2011), butwather provided higher resolution to capture potential sex-specific differences.

Ourfestimates of movement metrics were conservative to avoid overestimating patterns due to the
assumed unaccountability (detection or capture) of individuals throughout the study period. One way
movement ¢ould have been underrepresented would be if highly mobile fish left the study area, although
we note that no marked fish were captured outside the block nets. We also could have failed to detect
movement if there was a moderate degree of PIT tag expulsion post-release. While we cannot rule this
out, we believe it unlikely as we have extensive tagging experience with this species (Clark, 2016; Clark
& Schaefer, 2016)and any tag loss generally occurs within the first 7-10 days post-tagging. We feel the
more likely explanation for our failure to detect some individuals within the study reach was the result of
mortality due to senescence or predation. As with many small-bodied stream fishes, F. olivaceus is a
generally short-lived species (~2 years; Ross, 2001) and mortality of senescent adults is known to follow
peak spawning (Alldredge et al., 2011). Alternatively, some individuals may have displayed high degrees

of context-specific fidelity within the study reach, dependent on local biotic or abiotic factors over time.
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Indeed, one-third of the individuals present for the entire study were detected on four or fewer days
(Supporting Table S1), and coupled with documented movement patterns (Alldredge et al., 2011; this
study), would support the possibility of extended periods of local fidelity.

Movement behaviors of F. olivaceus were generally consistent with the prediction of male-biased
movement driven by mate competition as seen in other taxa that exhibit polygynous or promiscuous
mating systems (mammals: Greenwood, 1980; Dobson, 1982; fishes: Croft et al., 2003). However, this
pattern was contingent on the scale considered, as the sexes displayed different behaviors when evaluated
at increasing spatial scales, emphasizing that scale may be an important consideration when interpreting
sex-based differences in the direction or magnitude of movement. Traditional views of polygynous or
promiscuous,species generally assume that one sex (typically males) reproduces with a greater number of
partners thanthé other, which may favor male-biased movement. However, most fundulids spawn
frequently throughout an extended spawning period (several months to nearly year-round) and exhibit no
parental care (Cashner et al. in press), potentially normalizing the number of partners for each sex.
Consequently, infrequent exploratory movements by females may facilitate resource utilization and the
number of males encountered, thereby maximizing reproductive success while distributing offspring
throughout a reachsor home range.

Utilizing various movement metrics, we documented contrasting sex-specific movement
behaviorsiinsaspromiscuous, small-bodied stream fish. While mating systems have been implicated as
drivers of sex biases in movement across a variety of taxa (birds: Greenwood, 1980; Clarke, Saether, &
Roskaft, 1997ymammals: Dobson, 1982; fishes: Hutchings & Gerber, 2002; Croft et al., 2003, Marentette
et al., 2011; insects: Beirinckx, Van Gossum, Lajeunesse, & Forbes, 2006: Bowler and Benton, 2009),
patterns are.certainly not universal (Lawson Handley & Perrin, 2007; Shaw & Kokko, 2014). Instead,
traits that pofentially coevolve with mating systems (e.g., parental care, sexual dimorphism, territoriality)
that result in “dispersal syndromes’ (Clobert, Le Galliard, Cote, Meylan, & Massot, 2009; Ronce &
Clobert, 2012; Stevens et al., 2013) may be the underlying drivers of sex-biased movement (Trochet et
al., 2016). Furthermore, as with many other putative drivers of movement (reviewed in Bowler & Benton,
2005), the prevalence and magnitude of movement responses is likely dependent on a combination of
local extrinsic (biotic and abiotic conditions) and intrinsic (sex, physiological condition) factors (Nathan
et al., 2008; Clobert, Le Galliard, Cote, Meylan, & Massot, 2009). Notably, our data provide evidence
that the spatial and temporal scales at which movement is evaluated should be considered when
addressing the nature of sex-biased tendencies. Understanding the evolutionary and ecological
consequences of sex-specific movement may be, in large part, contingent on the ability to document the

pervasiveness of such patterns across various taxa and spatiotemporal scales.

This article is protected by copyright. All rights reserved



427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

Acknowledgments

We thank C. Champagne, J. Lamb, B. Schmidt, and T. Sevick for assistance in the field. Funding was
provided by the National Science Foundation (DEB no. 0716985, awarded to JFS). All procedures were
conducted in accordance with The University of Southern Mississippi Institutional Animal Care and Use
Committee protocol #13041102. Collection permits were issued by the Mississippi Department of
Wildlife, Fisheries, and Parks.

Conflict of interest

The authors declare no conflict of interest.

Literature Cited

Aars, J., & Ims, RUA. (2000). Population dynamic and genetic consequences of spatial density-dependent
dispersal 1 patchy populations. The American Naturalist, 155, 252-265.

Adams, S. B., & Warren, M. L. (2005). Recolonization by warmwater fishes and crayfishes after severe
drought in upper Coastal Plain hill streams. Transactions of the American Fisheries Society, 134,
1173-1192.

Albanese, B., Angermeier, P. L., & Gowan, C. (2003). Designing mark-recapture studies to reduce effects
of distanece weighting on movement distance distributions of stream fishes. Transactions of the
AmericanFisheries Society, 132, 925-939.

Alldredge, PapGutierrez, M., Duvernell, D., Schaefer, J., Brunkow, P., & Matamoros, W. (2011).
Variability in movement dynamics of topminnow (Fundulus notatus and F. olivaceus)
populations. Ecology of Freshwater Fish, 20, 513-521.

AndreassengH. P;)& Ims, R. A. (2001). Dispersal in patchy vole populations: role of patch configuration,
densitysdependence, and demography. Ecology, 82,2911-2926.

Baguette, M., & Van Dyck, H. (2007). Landscape connectivity and animal behavior: functional grain as a
key determinant for dispersal. Landscape Ecology, 22, 1117-1129.

Bates, D. M., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models using
lme4. Journal of Statistical Software, 67, 1-48.

Baugh, T. M. (1981). Notes on the reproductive behavior of five species of the genus Fundulus in aquaria.
Journal of Aquariculture, 2, 86—89.

Beirinckx, K., Van Gossum, H., Lajeunesse, J., & Forbes, R. (2006). Sex biases in dispersal and
philopatry: insights from a meta-analysis based on capture-mark-recapture studies of damselflies.

Oikos, 113, 539-547.

This article is protected by copyright. All rights reserved



460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

Berdan, E. L., & Fuller, R. C. (2012). A test for environmental effects on behavioral isolation in two
species of killifish. Evolution, 66, 3224-3237.

Bergerot, B., Merckx, T., Van Dyck, H., & Baguette, M. (2012). Habitat fragmentation impacts mobility
in a common and widespread woodland butterfly: do sexes respond differently? BMC Ecology,
12,5.

Blanchard, T. A. (1996). Ovarian cycles and microhabitat use in two species of topminnow, Fundulus
olivaceus and F. euryzonus, from the southeastern United States. Environmental Biology of
Fishes, 47, 155-163.

Bowler, D. E; & Benton, T. G. (2005). Causes and consequences of animal dispersal strategies: relating
individual behaviour to spatial dynamics. Biological Reviews, 80, 205-225.

Bowler, D. E!, & Benton, T. G. (2009). Variation in dispersal mortality and dispersal propensity among
individuals: the effects of age, sex and resource availability. Journal of Animal Ecology, 78,
1234-1241.

Braasch, M. E., & Smith, P. W. (1965). Relationships of the topminnows Fundulus notatus and Fundulus
olivaceus in the upper Mississippi River valley. Copeia, 1965, 46-53.

Burnham, K. P., &Anderson, D. R. (2002). Model selection and multimodel inference: a practical
information-theoretic approach. New York, New York: Springer Verlag.

Cano, J. MezMakinen, H. S., & Merila, J. (2008). Genetic evidence for male-biased dispersl in the three-
spined stickleback (Gasterosteus aculeatus). Molecular Ecology, 17, 3234-3242.

Carranza, Jip& Winn, H. E. (1954). Reproductive behavior of the blackstripe topminnow, Fundulus
notatus. Copeia, 1954, 273-278.

Cashner, R.;:Schaefer, J., Warren, M.L., Echelle, A., Galvez, F., & Ghedotti, M. (in press). Fundulidae:
Topminnows. In M. Warren & B. Burr (Eds.), Diversity of North American freshwater fishes:
Naturalhistory, ecology conservation, Vol. 2. Baltimore, Maryland: John Hopkins University
Press.

Clark, S. R. (2016). Effects of passive integrated transponder tags on the physiology and swimming
performance of a small-bodied stream fish. Transactions of the American Fisheries Society, 145,
1179-1192.

Clark, S. R., & Schaefer, J. F. (2016). Ecological influences on the local movement dynamics of the
blackspotted topminnow, Fundulus olivaceus. Behavioral Ecology and Sociobiology, 70, 557—
567.

Clarke, A. B. (1978). Sex ratio and local resource competition in a prosimian primate. Science, 201, 163—

165.

This article is protected by copyright. All rights reserved



493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

Clarke, A. L., Saether, B.-E., & Roskaft, E. (1997). Sex biases in avian dispersal: a reappraisal. Oikos, 79,
429-438.

Clobert, J., Le Galliard, J.-F., Cote, J., Meylan, S., & Massot, M. (2009). Informed dispersal,
heterogeneity in animal dispersal syndromes and the dynamics of spatially structured populations.
Ecology Letters, 12, 197-2009.

Cotton, S., Small, J., Hashim, R., & Pomiankowski, A. (2009). Eyespan reflects reproductive quality in
wild stalk-eyed flies. Evolutionary Ecology, 24, 83-95.

Croft, D. P.gAlbanese, B., Arrowsmith, B. J., Botham, M., Webster, M., & Krause, J. (2003). Sex-biased
movement in the guppy (Poecilia reticulata). Oecologia, 137, 62—68.

Crossin, G. T., Hinch, S. G., Farrell, A. P., Higgs, D. A., Lotto, A. G., Oakes, J. D., & Healey, M. C.
(2004) /Energetics and morphology of sockeye salmon: effects of upriver migratory distance and
elevation:. Journal of Fish Biology, 65, 788-810.

De Meester, N., & Bonte, D. (2010). Information use and density-dependent emigration in an agrobiont
spider. Behavioral Ecology, 21, 992-998.

Dobson, F. S. (1982). Competition for mates and predominant juvenile male dispersal in mammals.
Animal Behaviour, 30, 1183—-1192.

Fausch, K. D., Torgersen, C. E., Baxter, C.V. & Li, H.W. (2002). Landscapes to riverscapes: bridging the
gap-between research and conservation of stream fishes. BioScience, 52, 483—498.

Fraser, D. F., Gilliam, J. F., Daley, M. J., Le, A.N., & Skalski, G. T. (2001). Explaining leptokurtic
movement:distributions: intrapopulation variation in boldness and exploration. American
Naturalist, 158, 124—-135.

Frair, J. L., Memrill; E. H., Visscher, D. R., Fortin, D., Beyer, H. L., & Morales, J. M. (2005). Scales of
moyementby elk (Cervus elaphus) in response to heterogeneity in forage resources and predation
risk. Landscape Ecology, 20, 273-287.

French, D. R., & Travis, J. M. (2001). Density-dependent dispersal in host-parasitoid assemblages. Oikos,
95, 125-135.

Gandon, S. (1999). Kin competition, the cost of inbreeding and the evolution of dispersal. Journal of
Theoretical Biology, 200, 345-364.

Gascoigne, J., Berec, L., Gregory, S., & Courchamp, F. (2009). Dangerously few liaisons: a review of
mate-finding Allee effects. Population Ecology, 51, 355-372.

Gilliam, J. F., & Fraser, D. F. (2001). Movement in corridors: enhancement by predation threat,
disturbance, and habitat structure. Ecology, 82, 258-273.

Greenwood, P. J. (1980). Mating systems, philopatry and dispersal in birds and mammals. Animal
Behaviour, 28, 1140-1162.

This article is protected by copyright. All rights reserved



527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558

Gros, A., Hovestadt, T., & Poethke, H. J. (2008). Evolution of sex-biased dispersal: the role of sex-
specific dispersal costs, demographic stochasticity, and inbreeding. Ecological Modelling, 219,
226-233.

Gros, A., Poethke, H. J., & Hovestadt, T. (2009). Sex-specific spatio-temporal variability in reproductive
sucecess promotes the evolution of sex-biased dispersal. Theoretical Population Biology, 76, 13—
18.

Hamilton, W. D. (1967). Extraordinary sex ratios. Science 156, 477—488.

Holyoak, My, Casagrandi, R., Nathan, R., Revilla, E., & Spiegel, O. (2008). Trends and missing parts in
the study,of movement ecology. Proceedings of the National Academy of Sciences, 105, 19060—
19065.

Hussey, N. E, Kessel, S. T., Aarestrup, K., Cooke, S. J., Cowley, P. D., Fisk, A. T., ... Whoriskey, F. G.
(2015). Aquatic animal telemetry: a panoramic window into the underwater world. Science, 348,
1221-1231.

Hutchings, J. A., & Gerber, L. (2002). Sex-biased dispersal in a salmonid fish. Proceedings of the Royal
Society of London Series B: Biological Sciences, 269, 2487-2493.

Iwasa, Y., & Pomiankowski, A. (1999). Good parent and good genes models of handicap evolution.
Journal of Theoretical Biology, 200, 97-1009.

Iwasa, YizPomiankowski, A., & Nee, S. (1991). The evolution of costly mate preferences II. The
“handicap? principle. Evolution, 45, 1431-1442.

Jirotkul, Mix(1999). Population density influences male-male competition in guppies. Animal Behaviour,
58, 1169-1175.

Kinnison, MayFsUnwin, M. J., & Quinn, T. P. (2003). Migratory costs and contemporary evolution of
reproductive allocation in male chinook salmon. Journal of Evolutionary Biology, 16, 1257-1269.

Kokko, H., &=6pez-Sepulcre, A. (2006). From individual dispersal to species ranges: perspectives for a
changing world. Science, 313, 789-791.

Lawson Handley, L. J., & Perrin, N. (2007). Advances in our understanding of mammalian sex-biased
dispersal. Molecular Ecology, 16, 1559—1578.

Le Galliard, J.-F., Massot, M., & Clobert, J. (2012). Dispersal and range dynamics in changing climate: a
review. Ind. Clobert, M. Baguette, T. G. Benton, & J. M. Bullock (Eds.), Dispersal Ecology and
Evolution (pp. 317-336). Oxford, United Kingdom: Oxford University Press.

Lehmann, L., & Perrin, N. (2003). Inbreeding avoidance through kin recognition: choosy females boost

male dispersal. The American Naturalist, 162, 638—652.

This article is protected by copyright. All rights reserved



559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591

Lonzarich, D. G., Warren Jr, M. L., & Lonzarich, M. R. E. (1998). Effects of habitat isolation on the
recovery of fish assemblages in experimentally defaunated stream pools in Arkansas. Canadian
Journal of Fisheries and Aquatic Sciences, 55, 2141-2149.

Marentette, J. R., Wang, G., Tong, S., Sopinka, N. M., Taves, M. D., Koops, M. A., & Balshine, S.
(201T1). Laboratory and field evidence of sex-biased movement in the invasive round goby.
Behavioral Ecology and Sociobiology, 65, 2239-2249.

Matthysen, E. (2005). Density-dependent dispersal in birds and mammals. Ecography, 28, 403—416.

Mueller, T.5Olson, K. A., Dressler, G., Leimgruber, P., Fuller, T. K., Nicolson, C., ... Fagan, W. F.
(2011). How landscape dynamics link individual- to population-level movement patterns: a
multispecies comparison of ungulate relocation data. Global Ecology and Biogeography, 20,
683694.

Nathan, R., GetzW. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & Smouse, P. E.. (2008). A
movementiecology paradigm for unifying organismal movement research. Proceedings of the
National Academy of Sciences, 105, 19052—19059.

Pennock, C! A., Cathcart, C. N., Heddon, S. C., Weber, R. E., & Gido, K. B. (2018). Fine-scale
movementsand habitat use of a prairie stream fish assemblage. Ecology of Freshwater Fish, 186,
831-842.

Perrin, Negx&=-Mazalov, V. (2000). Local competition, inbreeding, and the evolution of sex-biased
dispersal:iThe American Naturalist, 155, 116—127.

R Core Team«(2017). R: A language and environment for statistical computing, version 3.4. Vienna,
Austria: R Foundation for Statistical Computing. Retrieved from https://www.R-project.org/

Rasmussen,duEm& Belk, M. C. (2017). Individual movement of stream fishes: linking ecological drivers
with'evolutionary processes. Reviews in Fisheries Science and Aquaculture, 25, 70-83.

Roland, J., Keyghobadi, N., & Fownes, S. (2000). Alpine Parnassius butterfly dispersal: effects of
landscape and population size. Ecology, 81, 1642-1653.

Ronce, O., & Clobert, J. (2012). Dispersal syndromes. In J. Clobert, M. Baguette, T. G. Benton, & J. M.
Bullock (Eds.), Dispersal Ecology and Evolution (pp. 119-138). Oxford, United Kingdom:
Oxford University Press.

Rosenthal, G. G.,Flores Martinez, T. Y., Garcia de Leon, F. J., & Ryan, M. J. (2001). Shared preferences
by, predators and females for male ornaments in swordtails. American Naturalist, 158, 146—154.

Ross, S. T. (2001). Inland fishes of Mississippi. Jackson, Mississippi: University Press of Mississippi.

Sandell, M., Agrell, J., Erlinge, S., & Nelson J. (1990). Natal dispersal in relation to population density

and sex ratio in the field vole, Microtus agrestis. Oecologia, 83, 145—-149.

This article is protected by copyright. All rights reserved



592 Schaefer, J. F., Duvernell, D. D., Kreiser, B. R., Champagne, C., Clark, S. R., Gutierrez, M., ... Coleman,

593 C. (2012). Evolution of a sexually dimorphic trait in a broadly distributed topminnow (Fundulus
594 olivaceus). Ecology and Evolution, 2, 1371-1381.

595 Schick, R. S., Loarie, S. R., Colchero, F., Best, B. D., Boustany, A., Conde, D. A., ... Clark, J. S. (2008).
596 Understanding movement data and movement processes: current and emerging directions.

597 Ecology Letters, 11, 1338—1350.

598 Shaw, A. K., & Kokko, H. (2014). Mate finding, Allee effects, and selection for sex-biased dispersal.
599 Journal of Animal Ecology, 83, 1256-1267.

600  Skalski, G. Ty &,Gilliam, J. F. (2000). Modeling diffusive spread in a heterogeneous population: a

601 movement study with stream fish. Ecology, 81, 1685-1700.

602  Spence, R., & Smith, C. (2005). Male territoriality mediates density and sex ratio effects on oviposition in
603 the zebrafish, Danio rerio. Animal Behaviour, 69, 1317-1323.

604  Stevens, V. M., Pavoine, S., & Baguette, M. (2010). Variation within and between closely related species

605 uncovers high intra-specific variability in dispersal. PLoS One, 5, 1-10.

606 Stevens, V.'M., Trochet, A., Blanchet, S., Moulherat, S., Clobert, J., & Baguette, M. (2013). Dispersal
607 syndromes;and the use of life-histories to predict dispersal. Evolutionary Applications, 6, 630—
608 642,

609  Thomersongdu=Es& Wooldridge, D. P. (1970). Food habits of allotopic and syntopic populations of the
610 topminnows Fundulus olivaceus and Fundulus notatus. American Midland Naturalist, 84, 573—
611 576.

612  Trochet, A., Courtois, E. A., Stevens, V. M., Baguette, M., Chaine, A., Schmeller, D. S., & Clobert, J.
613 (2016)=Evolution of sex-biased dispersal. The Quarterly Review of Biology, 91, 297-320.

614  Van Dyck, H., & Baguette, M. (2005). Dispersal behaviour in fragmented landscapes: routine or special
615 movements? Basic and Applied Ecology, 6, 535-545.

616  Vigueira, P| A., Schaefer, J. F., Duvernell, D. D., & Kreiser, B. R. (2008). Tests of reproductive isolation
617 among species in the Fundulus notatus (Cyprinodontiformes: Fundulidae) species complex.

618 Evolutionary Ecology, 22, 55-70.

619  Wilmers, C. C., Nickel, B., Bryce, C. M., Smith, J. A., Wheat, R. E., & Yovovich, V. (2015). The golden
620 age of bio=logging: how animal-borne sensors are advancing the frontiers of ecology. Ecology,
621 96,.1741-1753.

622  Woolnough, D. A., Downing, J. A., & Newton, T. J. (2009). Fish movement and habitat use depends on
623 water body size and shape. Ecology of Freshwater Fish, 18, 83-91.

624  Zahavi, A. (1975). Mate selection — a selection for a handicap. Journal of Theoretical Biology, 53, 205-
625 214.

This article is protected by copyright. All rights reserved



626  Table 1. List of candidate generalized linear mixed effects models and number of model parameters (K)
627  used to evaluate the influence of individual attributes and density on movement behaviors derived from
628  factor analysis. Individual predictor variables include sex, standard length (SL) and body condition

629  (residuals of log length-weight relationship). Individual and day were modeled as random effects.

Model
Null

Sex

Density

SL

Condition

Sex + Density

Sex + SL

Sex + Condition

Sex + Density + Sex x Density

Sex + SL +'Sex<"SL

Sex + Condition +Sex x Condition

Sex + Density + SL

Sex + Densityast: Condition

Sex + SL +@6éndition

Sex + Density + SL + Sex x Density + Sex x SL
Sex + Density + Condition + Sex x Density + Sex x Condition

Sex + SL + Condition + Sex x SL + Sex x Condition

o N N N e N B L B I I - - Y Y Y Y N NS

Sex + Density + SL + Condition

—_—
[

Sex + Density=:SL + Condition + Sex x Density + Sex x SL + Sex x Condition

630

This article is protected by copyright. All rights reserved



631
632
633
634

635

Table 2. Mean (+ 1 SD) daily movement metrics, averaged across densities and sex, used to evaluate movement behaviors of F. olivaceus. Daily
ranges are provided below in parentheses. Activity metrics are represented by proportions and the qualitative movement categories reflect counts.

Distancesmoved represents the total minimum daily distance moved (summed absolute meters) and net displacement describes the magnitude of

longitudinal movement (summed signed meters).

High Density Low Density Total
Movement Metric
Females Males Females Males Females Males
Activi 0.41+£0.14 0.56=+0.10 0.29+0.17 0.42+0.08 0.35+£0.16 0.49+0.11
ctivity
(0.23-0.71)  (0.36-0.69) (0.0-0.60)  (0.27-0.55) (0.0-0.71)  (0.27-0.69)
248+ 144 352+14.1 209+£20.5 50.8+16.3 228+ 175 43.0+17.0
Distance Moved
(7.0-52.7)  (11.1-59.7) (0.0-64.8) (24.5-87.1) (0.0-64.8) (11.1-87.1)
11.2+6.8 6.4+5.1 24+40 1.5+£3.0 6.8+7.1 4.0+£438
Net Displacement
(3.1-25.6)  (0.0-16.3) (0.0-12.5) (0.0-8.9) (0.0-25.6)  (0.0-16.3)
045=+0.12 0.61£0.09 0.33+0.16 0.50+0.08 0.39+0.15 0.56+0.10
Local Activity
(0.31-0.67) (0.50-0.81) (0.10-0.60)  (0.36-0.64) (0.10-0.67) (0.36-0.81)
73+£99 305+11.6 33£3.0 56.0+14.5 53+75 433+£183
Number of Local Moves
(0.7-29.9)  (16.4-58.0) (0.1-9.2)  (36.5-77.1) (0.1-29.9)  (16.4-77.1)
0.22+0.13 0.15+0.11 0.10+0.08 0.05+0.05 0.16+0.12 0.10+0.10
Exploratory Activity
(0.08-0.50)  (0.0-0.36) (0.0-0.30)  (0.0-0.17) (0.0-0.50)  (0.0-0.36)
04+0.3 03+0.2 04+04 02+0.2 04+0.3 02+0.2
Number of Exploratory Moves
(0.1-1.2) (0.0-0.7) (0.0-1.4) (0.0-0.6) (0.0-1.4) (0.0-0.7)
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Table 3. The percent variance explained by each factor and loadings from factor analysis (FA)

summarizing movement metrics. Bolded terms indicate the associated factor of each variable.

Daily Movement Metric Factor I Factor II Factor III
(31.6%) (24.3%) (21.9%)

Activity 0.979

Distance Moved 0.380 0.860

Net Displacement 0.677

Local Activity 0.857

Number of Local Moves -0.264 0.872

Exploratory Activity 0.838 0.132

Number of Exploratory Moves 0.930

Table 4. Generalized linear mixed effects models, ranked by corrected Akaike’s information criteria

(AIC,) scores, explaining movement behaviors derived from factor analysis. Only models with AAIC,

<2.0 and w; >0.10.are presented.

Cumulative w;

Model K AIC, AAIC. w;
Exploratory Behavior (Factor I)
Sex + Density 6 2128.8 0.00 0.36
Sex + Density + Sex x Density 7 21304 1.64 0.16
Sex + Density + Condition 7 21305 1.66 0.15
Activity (Factor.1I)
Density 5 2219.1 0.00 0.30
Sex + Density 6 22194 029 0.26
Sex + Density=+:Sex X Density 7 2220.8 1.74 0.13

Movement Magnitude (Factor III)
Sex + Density +Condition + Sex x Density + Sex x Condition 21652 0.00 0.48
Sex + Density + Sex x Density 7 2166.6 138 0.24

o)

0.36
0.52
0.67

0.30
0.56
0.69

0.48
0.72

Table 5. Model averaged estimates, standard errors (SE) and 95% confidence intervals (CI) for predictor

variables in interpretable models (AIC.<2.0 and AIC weight >0.10; Table 4). Coefficients of categorical

predictors are relative to females and high density.
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Parameter Estimate SE Lower Upper

Factor I — Exploratory Movement

Sex -0.18 0.05 -0.28  -0.08
Density -0.07 0.03 -0.14  -0.01
Condition 0.01 0.03 -0.04  0.06
Sex x Density -0.03 0.05 -0.13  0.06
Factor II — Activity
Sex 0.08 0.06 -0.03  0.20
Density -0.09 0.03 -0.13  -0.04
Sex x Density -0.03 0.04 -0.12  0.05
Factor II1 #“Movement Magnitude
Sex 0.03 0.05 -0.07  0.12
Density 0.07 0.03 -0.01 0.14
Condition -0.01 0.02 -0.06  0.05
Sex x Density 0.11 0.04 0.03 0.20
Sex x Condition 0.09 0.04 0.01 0.18
Figure Legends

Figure 1. Map of study location in south Mississippi. The shaded rectangle depicts the study reach in Big
Creek. Detail map below indicates the position of the paired PIT antennas (dashed lines) and block nets

(dotted lines) enclosing the study area.

Figure 2. Schematic illustration depicting potential movement behaviors, detection pattern, and
interpretation=Displacement (meters) represents the summed minimum absolute distance an individual

moved duringsa.single movement event.

Figure 3. Mean daily Movement Magnitude (£ 95 CI) of females (open circles) and males (closed circles)

across days 'of'the study. The vertical dashed line indicates when population density was reduced.
Figure 4. Relationship between body condition (residuals of log length-weight relationship) and mean

Movement Magnitude (£ 95 CI) of females (open circles) and males (closed circles). Plotted regression

lines are derived from the predicted values from the top-ranked GLMM model.
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