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Abstract  Ecological theory predicts that movement 
by riverine fishes at the population level is charac-
terized by both stationary and mobile individuals 
together creating a leptokurtic distribution of move-
ment distances. However, studies testing this theory 
typically ignore spatial heterogeneity in riverscapes, 
and the theory has not been tested using Alligator Gar 
(Atractosteus spatula), a species of growing interest 
among anglers and fisheries managers alike. We char-
acterized movements and habitat associations of Alli-
gator Gar in the Brazos River, Texas, at fine (every 2 
h for 24 h) and coarse (every month for 16 months) 
spatiotemporal scales. We tested for the presence of 
leptokurtosis and relationships between movement 
distance, habitat dissimilarity, and time-at-large using 

multivariate and univariate statistical approaches. 
Dispersal by Alligator Gar revealed leptokurtosis 
at the coarse scale but not the fine scale. At the fine 
scale, mixed effects quantile regression revealed there 
was no relationship between habitat dissimilarity and 
dispersal distance, but dispersal was positively cor-
related with time. At the coarse scale, dispersal was 
positively correlated with increased habitat dissimi-
larity and time, but only for the most mobile individu-
als. Our work suggests that short-term movements 
by riverine Alligator Gar during warm seasons and 
at base flows increased with time but were unrelated 
to habitat, and long-term movements over an annual 
cycle during warm season flow pulses revealed highly 
mobile members of the population accessed distant 
and novel floodplain environments.

Keywords  Scale · Organizational complexity · 
Leptokurtosis · Dispersal · Telemetry

Introduction

Improving our understanding of the ecology of stream 
fishes requires multiscale assessments of movement, 
where movement is defined as change in individual 
location through time (Nathan et al. 2008). Organism 
movement occurs across a range of spatiotemporal 
gradients, including movement steps that occur over 
brief time periods; movement phases encompass-
ing basic life functions such as survival, growth, and 
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reproduction; and movement tracks that play out over 
the lifetime of organisms (sensu Nathan et al. 2008). 
Schlosser and Angermeier (1995) articulated this 
concept in their description of functional habitat units 
that fishes must access via dispersal to procure forag-
ing, refuge, and spawning resources. Here, habitat is 
defined as the presence of resources and conditions 
in an area necessary to produce occupancy, including 
survival and reproduction by a given organism (Hall 
et al. 1997). However, the spatial distribution, extent, 
and level of movement required to access these areas 
are not equivalent among species or populations. 
Many fluvial migratory fishes make broad-scale, uni-
directional movements en masse to access functional 
habitat units that may be separated by vast distances, 
while non-migratory small-bodied fishes tend to 
move less (Lucas and Baras 2008; Brönmark et  al. 
2014; Radinger and Wolter 2014). Therefore, investi-
gations of fish movement within lotic systems would 
benefit from consideration of multiple spatial and 
temporal scales that incorporate a diversity of habi-
tats and movement steps, phases, and tracks (Nathan 
et al. 2008). Although such landscape perspectives on 
fish ecology have existed for decades (e.g., Schlosser 
1991), new tracking techniques and multi-scale 
study designs in rivers have created opportunities to 
advance fish ecology (Torgersen et al. 2022).

Similar to Schlosser (1991), both Wiens (2002) 
and Ward et  al. (2002) were among the first to sug-
gest that basic principles of landscape ecology were 
applicable to riverine ecosystems. These “riverine 
landscapes” (hereafter riverscapes) possess their own 
inherent properties, processes, and dimensions that 
vary across time and space (Ward 1998). However, 
a persistent limitation to most fish movement stud-
ies is that habitats through which fishes move are 
assumed homogenous in terms of water depth, veloc-
ity, temperature, and geomorphic complexity, when 
instead they are heterogeneous and spatially complex 
(White et al. 2014). The earliest studies of stream fish 
movement assessed the distances moved by fishes 
marked by scientists and recaptured by anglers (Funk 
et  al. 1957), and a theme of analyzing fish move-
ments across riverscapes presumed to be homoge-
neous has persisted (e.g., Skalski and Gilliam 2000; 
Wells et  al. 2017). White et  al. (2014) suggested 
studies that account for riverscape heterogeneity 
when assessing movements by fishes stand a greater 
chance of uncovering mechanisms that link fishes 

to their environment. Advances, such as the increas-
ingly implemented dispersal model of Radinger and 
Wolter (2014), address riverscape heterogeneity by 
including a parameter for stream order, but this is 
a limited proxy for complex spatial heterogeneity. 
One potential approach to assessing the influence of 
spatial heterogeneity on fish movements is distance-
based analyses in which movement distance by fish is 
modeled as a function of differences in environmental 
settings between observations. That is, the distance 
of stepwise movements between locations could be 
related to the dissimilarity of habitats fish were occu-
pying upon capture and subsequent relocation. Here, 
we define relocation as an observation of a tagged 
fish after the fish freely moved between locations on 
its own and without human intervention. Though data 
required to fit such models are commonly collected, 
they generally are analyzed independently as either 
habitat associations or movement behavior (Gebhard 
et al. 2017; Wells et al. 2017). Development of meth-
ods that link fish movements to riverscape hetero-
geneity are needed to advance our understanding of 
stream fish movement ecology.

Another limitation among fish movement stud-
ies is a propensity to focus on subsets of available 
scales. Levin (1992) suggested dimensions of scale 
included space, time, and organizational complex-
ity. Organizational complexity describes the ecologi-
cal hierarchy in which ecosystems are organized into 
hierarchical levels such as communities, populations, 
and individuals (see Congreve et  al. 2018). Stream 
fish movement was historically regarded as essen-
tially stationary or restricted (Gerking 1959), largely 
because the spatial scale of movement studies focused 
too narrowly around areas where fishes were tagged 
(Gowan et  al. 1994). Recognition of this limitation 
(Rodríguez 2002) and subsequent broadening of the 
scales over which fish movements are tracked has 
revealed greater fish movement than expected (e.g., 
Steffensmeier et al. 2022). Consideration of multiple 
scales of organizational complexity has also yielded 
new insight. Skalski and Gilliam (2000) revealed that 
populations of stream fishes were composed of het-
erogeneous mixes of “stationary” and “mobile” indi-
viduals where most individuals exhibited little move-
ment and fewer mobile individuals moved relatively 
greater distances. These greater distance movements 
likely have evolutionary advantages linked to range 
expansion, gene flow, and recolonization (Nathan 
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et  al. 2008). A pattern of leptokurtosis (i.e., higher 
peak and longer tails compared to a normal distribu-
tion) emerges when stationary and mobile groups are 
modeled together as a population (Skalski and Gil-
liam 2000; Radinger and Wolter 2014). The resulting 
scale-dependent patterns of movement represent an 
emergent property only detectable when lower lev-
els (i.e., stationary and mobile individuals) are col-
lectively analyzed at the population level. However, 
analyses of fish movement generally focus on the 
population scale with less consideration for individ-
ual-scale patterns (see Radinger and Wolter 2014). 
Additional research is needed to link movement pat-
terns at individual versus population scales across the 
multitude of hierarchical ecosystem levels.

The Alligator Gar, Atractosteus spatula, (Lacépède, 
1803) can be used to assess the interaction between 
multiscale movement and habitat associations, while 
simultaneously advancing our understanding of their 
movement, conservation, and management. Alligator 
Gar exhibits a periodic life history strategy, meaning it 
is long lived, has high fecundity, and reaches maturity 
later in life (Winemiller and Rose 1992). The species has 
experienced population declines and extirpations due to 
anthropogenic overexploitation and habitat degradation 
(Smith et  al. 2020). Alligator Gar has unique require-
ments for reproduction, requiring open canopy and peri-
odically inundated terrestrial vegetation in floodplains 
for spawning during temperatures above 20 °C (Buck-
meier et al. 2017). These life history patterns are simi-
lar for other periodic strategist fishes such as Colorado 
Pikeminnow (Ptychocheilus lucius) and Atlantic Stur-
geon (Acipenser oxyrhynchus oxyrhynchus) that require 
specific hydrologic, temperature, and substrate condi-
tions for successful spawning (Tyus and McAda 1984; 
Chiotti et  al. 2008). Several studies tracking Alligator 
Gar movement have occurred for over 20 years across 
streams, reservoirs, and coastal areas throughout their 
range (Sakaris et al. 2003; Buckmeier et al. 2013; Sol-
omon et al. 2013; Kluender et al. 2017; Wegener et al. 
2017; Lochmann et al. 2021; Roberts et al. 2022). These 
studies have considerably advanced our understand-
ing of the spatial ecology of Alligator Gar and suggest 
broader ecological principles are relevant to the spe-
cies. Although not directly tested in previous studies, 
there is evidence for (1) leptokurtosis within populations 
(Solomon et al. 2013), (2) temporal differences in fine 
and coarse scale movement distances (Buckmeier et al. 
2013), and (3) linkages between movement distances 

and riverscape heterogeneity (Kluender et  al. 2017). 
These concepts could be tested through a multiscale 
assessment of Alligator Gar movements.

The goal of this study was to evaluate the multi-
scale movement and habitat associations of Alligator 
Gar. Our first objective was to test for the presence 
of leptokurtic dispersal at coarse (i.e., phase) and fine 
(i.e., step) scales across individual and population lev-
els. We hypothesized that individual-level movements 
would be mesokurtic (i.e., normally distributed) at the 
individual scale for fish that had consistent movement 
behaviors (i.e., do not switch their movement behav-
iors between stationary and mobile) and leptokurtic at 
the individual scale for fish that vary their movement 
behavior (e.g., switched their behaviors between sta-
tionary and mobile), but population-level collective 
movements would be leptokurtic (H1). We expected 
this pattern to be replicated with the coarse and fine 
spatiotemporal scales. Our second objective was to test 
whether dispersal was related to time or latent envi-
ronmental gradients (i.e., habitat associations) meas-
ured across each spatiotemporal scale. This objective 
included a test of multiple hypotheses for both time and 
latent environmental gradients that are summarized in 
Table  1 and illustrated in Fig.  1. For habitat dissimi-
larity, competing but not mutually exclusive hypoth-
eses included a null hypothesis (H2a), the distant novel 
habitat hypothesis (H2b; Fig. 1a), and the distant con-
sistent habitat hypothesis (H2c; Fig.  1b). Independent 
from habitat dissimilarity, we investigated the diffu-
sive spread hypothesis (H2d; Fig. 1c) and site fidelity 
hypothesis (H2e; Fig. 1d). Assessing these hypotheses 
across multiple spatiotemporal scales and levels of 
organizational complexity may provide a hierarchical 
framework for understanding the multiscale ecology 
of Alligator Gar (and other fluvial species) with direct 
implications for management and conservation efforts 
for freshwater fishes.

Methods

Study area

The Brazos River originates near the border of New 
Mexico and Texas and flows 2060 kilometers (rkm) 
southeast into the western Gulf of Mexico (Kam-
merer 1987). The lower basin is a low-gradient, mean-
dering river with several major tributaries, including 
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the Navasota River, Yegua Creek, and Little River 
(Winemiller et  al.  2000). We tracked movements of 
Alligator Gar within a 362 rkm section of the lower 
Brazos River, including 200 rkm of the mainstem 
Brazos River and 162 rkm of tributaries. Coarse-scale 
tracking took place across the entire study area. How-
ever, most of the mobile telemetry occurred along the 
reach of Brazos River just downstream of College 
Station, Texas, and within the Navasota River and 
Yegua Creek tributaries (Fig.  2a). For the fine-scale 
tracking, we focused on two small (<10 rkm) reaches 
of river within the larger study area. These two areas 
included a 3-rkm segment of the Navasota River 
(Fig. 2b) and an 8-rkm segment composed of portions 
of the mainstem Brazos River and the lower Navasota 
River (Fig. 2c). Dominant substrates in the study area 
included silt and sand with intermittent gravel bars 
and abundant woody debris.

Fish collection and tagging

Alligator Gar tracked as a part of this study were col-
lected and tagged as a part of another study consid-
ering movements between mainstem and tributary 
streams (Roberts et al. 2022). Fish were collected in 
late April, May, and July of 2020 (n = 27); December 
16–17, 2020 (n = 5); and March 15–16, 2021 (n = 13) 
for a total of 45 individuals. Alligator Gar were cap-
tured using large-mesh experimental gill nets (61-m 
long, 3-m deep, 76–127-mm mesh size) following 
protocols of Bodine et al. (2015) and Schlechte et al. 
(2016) in which nets were set for 30 min at locations 
where fish were identified on side scan sonar (Helix 
10 chirp GPS G2N sonar unit; Humminbird, Eufaula, 

Alabama) as described by Flemming et al. (2018). All 
captured gars approximately 120 cm in total length 
or greater were fitted with either ultrasonic transmit-
ters (Model CT-82-2-I; Sonotronics, Tucson, Ari-
zona) or combined acoustic radio transmitters (Model 
MM-RC-16-25; Lotek, Ontario, Canada) using a sin-
gle surgical incision in the non-scaled tissue directly 
posterior to the right pelvic fin and closed with a sin-
gle suture and tissue adhesive (Roberts et al. 2022).

Study design

We tracked Alligator Gar movements using mobile 
telemetry. Beginning in May 2020, we traversed the 
study area by boat during daylight hours in a down-
stream direction at a rate of ≤8 km/h to search for sig-
nal detections using a Sonotronics USR-14 receiver 
and a TH-2 omnidirectional hydrophone towed 10 
cm below the surface. Once a signal was detected, 
we used a DH-4 directional hydrophone to deter-
mine the location of the fish to an accuracy of 10 m 
(as specified by the manufacturer) where the loca-
tion was recorded using a portable global positioning 
system (GPS) device. We then measured a suite of 
environmental variables at the location of each fish, 
including distance to bank, geomorphology of the 
stream, mesohabitat, water depth, water temperature, 
and the identity of the waterbody inhabited by the 
fish (Table  2). Tracking continued monthly through 
August 2021, except when we could not access the 
entirety of the study area during July, August, and 
December 2020 due to weather events and extreme 
low flows. This resulted in 13 tracking events for the 
coarse scale of our study, but because some fish were 

Table 1   List of competing hypotheses, their abbreviation, the 
expected response (i.e., linear versus quadratic), and descrip-
tion of hypotheses used to assess the interaction between fish 

movement, time, and habitat associations for our multiscale 
study on Alligator Gar (Atractosteus spatula)

Hypotheses Abbreviation Response Description

Null H2a Linear Movement distance is unrelated to time or habitat dissimilarity
Distant novel habitat H2b Linear As habitat dissimilarity increases, movement distance increases. Fish move 

long distances to seek the most different habitats
Distant consistent habitat H2c Linear As habitat dissimilarity increases, movement distance decreases. Fish move 

long distances to seek the most similar habitats
Diffusive spread H2d Linear As time since the fish was tagged increases, so does movement distance
Site fidelity H2e Quadratic As time since the fish was tagged increases, movement distance increases 

to a certain point and then decreases demonstrating seasonal migration or 
site fidelity
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tagged later in the study or were not located each 
month, not all fish had 13 relocations. We repeated 
a similar tracking procedure on a subset of fish at 
finer spatiotemporal extents on two occasions. The 
first began the morning of May 14, 2021, and the 
second began the morning of August 6, 2021. Both 
tracking events were conducted continuously for a 
24-h period, and fish were relocated at 2-h intervals 
using a portable GPS device. Floodplain connectiv-
ity was limited during each fine scale tracking event 
as discharge level was near base flows defined by the 

Brazos Basin and Bay Expert Science Team (Brazos 
BBEST 2012).

The two spatiotemporal scales and levels of eco-
logical complexity for our study were defined using 
the scale definitions proposed by Fausch et al. (2002). 
The coarse scale was defined as having a mesohabi-
tat (101 m) spatial grain and stream subbasin (105 
m) spatial extent, with a 1-month temporal grain and 
16-month temporal extent. The fine scale was defined 
as having a mesohabitat (101 m) spatial grain and 
a stream segment (103 m) spatial extent, with a 2-h 

Fig. 1   Conceptual diagram illustrating multiple hypotheses 
for the relationship between dispersal distance and habitat dis-
similarity or time at large. The null hypothesis for this diagram 
is that dispersal distance is unrelated to habitat dissimilarity 
magnitude or time (H2a). a represents the distant novel habitat 
hypothesis (H2b), which posits that longer dispersal distances 
correlate positively with habitat dissimilarity; b represents the 
distant consistent habitat hypothesis (H2c), which posits that 

longer dispersal distances correlate negatively with habitat dis-
similarity; c represents the diffusive spread hypothesis (H2d), 
which posits that as time progresses so will dispersal distance; 
and d represents the site fidelity hypothesis (H2e), which pos-
its that as time progresses so does dispersal distance up until 
a certain point after which dispersal distance reduces. Created 
with BioRe​nder.​com (https://​biore​nder.​com/)

http://biorender.com
https://biorender.com/
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temporal grain and 24-h temporal extent. We defined 
ecological complexity levels as individual (i.e., a sin-
gle gar relocated multiple times) and population (i.e., 
all gar included in the study).

Statistical analyses

Kurtosis test

We tested our first hypothesis using frequency his-
tograms of fish movements. Hydrographic distance 
along the river centerline was calculated using the 
“riverdist” package in R (Tyers 2017). Fish disper-
sal was determined using the hydrographic distance 
from the tagging location and all subsequent reloca-
tions at the coarse scale, and distance from first relo-
cation and all subsequent relocations at the fine scale. 

Tagging location is most frequently used as the base-
line in movement studies (e.g., Radinger and Wolter 
2014; Wells et al. 2017) but was impossible for the fine 
scale experiment as fish were tagged several months 
prior to this study. We retained individuals for analy-
sis if they were relocated eight times or more during 
the coarse scale study. This decision was made to opti-
mize data for analysis such that the number of reloca-
tions was similar to the fine scale study yet retained 
a significant portion of the coarse scale dataset. We 
then generated dispersal histograms attributed with 
movement directionality for individual (i.e., single fish 
with multiple relocations) and population (i.e., pooled 
individuals) levels to test for the presence of leptokur-
tosis at coarse and fine scales. Kurtosis was assessed 
using the Anscombe-Glynn test where a statistic sig-
nificantly greater than three indicated leptokurtosis. 

Fig. 2   Map of the study area where Alligator Gar (Atractos-
teus spatula) were tracked on the lower Brazos River basin 
outside of College Station, Texas. Gray circles are coarse-scale 
relocations (n = 43 fish), and gray squares are fine-scale relo-
cations (n = 5 fish). a displays the entire study area consisting 
of 362 rkm including portions of the mainstem Brazos River 

and accompanying tributaries such as the Navasota River, 
Yegua Creek, and Little River. b is the subset area for a 24-h 
fine-scale tracking event on the Navasota River (n = 3 fish), 
and c is the subset area for a 24-h fine-scale tracking event on 
the Brazos River in connection with the Navasota River conflu-
ence (n = 2 fish)
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Kurtosis was tested using the “anscombe.test” function 
from the “moments” package in R (Komsta and Novo-
mestky  2015). We accepted H1 if mixtures of lepto-
kurtic, platykurtic, or mesokurtic movements existed 
at the individual level but movements were exclusively 
leptokurtic at the population level.

Multiple factor analysis

We tested our second hypothesis using latent envi-
ronmental gradients generated from a multiple fac-
tor analysis (MFA). Prior to analysis, we excluded 
fish with less than two relocations because our intent 
was to assess movement distances and differences 
in habitat associations between pairs of relocations. 
We reduced the dimensionality of the multiple envi-
ronmental variables collected during relocations 
(Table  2) using MFA rather than principal compo-
nent analysis because our dataset was composed 
of both continuous (distance to bank, water depth, 
water temperature) and categorical (geomorphology, 
mesohabitat, waterbody) variables. We included all 

observations from the coarse- and fine-scale experi-
ments together in a single MFA and fit the model 
using the “FactoMineR” (Lê et al. 2008) and “facto-
extra” (Kassambara et  al. 2020) packages in R. We 
extract scores from the first two dimensions of the 
MFA because these two dimensions explained the 
most variation, and subsequent dimensions showed 
similar or weaker patterns. The MFA axis scores rep-
resented a composite score of habitats and were used 
as input to calculate habitat dissimilarity between 
the first relocation and each subsequent relocation of 
each gar in the dataset. We calculated Euclidean dis-
tance in two-dimensional space from the MFA biplot 
using the “pointDistance” function from the “raster” 
package in R (Hijmans 2022) and retained the results 
to be used as an independent variable in mixed effects 
quantile regression (MEQR) models. In addition to 
quantifying habitat dissimilarity, we also calculated 
the amount of time elapsed from the first relocation 
and all subsequent relocations for the coarse and fine 
spatiotemporal scales to be used as an independent 
variable in MEQR models.

Table 2   Environmental variables collected as measures of 
Alligator Gar (Atractosteus spatula) habitat associations, 
including the variable class, abbreviation code, descriptions, 

and multiple factor analysis (MFA) scores along the first two 
dimensions, MFA 1 and MFA 2

Variable class Code(s) Description MFA 1 MFA 2

Distance to bank Dist_Bank Distance (m) to nearest bank from where fish was relocated 0.79 -0.004
Geomorphology IB Fish relocated on the inside third of a bend in the river channel 0.45 0.15
Geomorphology MB Fish relocated in the middle third at a bend in the river channel 1.66 0.095
Geomorphology OB Fish relocated on the outside third of a bend in the river channel 0.44 -0.37
Geomorphology ST Fish relocated in a straightaway river channel with no bend -0.36 0.085
Mesohabitat Confluence Fish relocated at the confluence of two rivers -1.56 2.85
Mesohabitat Floodplain Fish relocated within the inundated floodplain during high water -0.85 -1.81
Mesohabitat Minor_Trib Fish relocated in small channel temporarily inundated by high water -1.54 4.73
Mesohabitat Pool Fish relocated in deep (≥ 3 m), still water with calm surface 0.61 -0.54
Mesohabitat Riffle Fish relocated in shallow (≤ 1 m), flowing water with broken surface -0.57 0.46
Mesohabitat Run Fish relocated in flowing water without broken surface 0.36 -0.06
Mesohabitat Slack Fish relocated in shallow (< 3 m) still water adjacent to flowing water -1.63 -0.40
Water depth Depth Depth (m) of water where fish was relocated 0.48 -0.10
Water temperature Temp Water temperature (°C) measured at fish relocation -0.51 -0.34
Waterbody BR Fish relocated within the mainstem Brazos River 1.00 0.057
Waterbody FP Fish relocated within the floodplain outside of river channels -0.22 -2.62
Waterbody LR Fish relocated within the Little River 0.21 0.12
Waterbody MT Fish relocated within minor tributary -1.48 4.09
Waterbody NV Fish relocated within Navasota River -0.81 -0.31
Waterbody YE Fish relocated within Yegua Creek -1.13 -1.27
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Mixed effects quantile regression modelling

We fit MEQR models using habitat dissimilarity or 
time as explanatory variables, movement distances 
between the first and all subsequent relocations as 
the response variable, and individual fish identity as a 
random variable to address non-independence among 
multiple observations of the same fish. Initial plots 
of these relationships revealed “megaphone” shaped 
data clouds that violated assumptions of linear regres-
sion (i.e., homogenous variance). Consequently, we fit 
MEQR models using the “quantreg” package (Koen-
ker 2009). We selected the five quantiles used by 
Mims and Olden (2012) to represent fish that moved 
short distances (0.05, 0.25), median distances (0.50), 
and distances well above the median (0.75, 0.95). We 
interpreted the number of quantiles with significant (α 
= 0.05) slopes as an index of strength for support of 
environmental or temporal factors influencing move-
ment at each scale. For environmental factors, we 
used the direction and significance of slopes from our 
MQER models to determine which hypothesis was 
most supported. For temporal factors, we compared 
first and second order polynomial MEQR models to 
determine which hypothesis was best supported. We 
compared temporal models using Akaike informa-
tion criterion adjusted for small sample size (AICc) 
and considered models competing when ΔAICc < 2. 
Our MEQR models report an AICc for each quantile 
(n=5). Therefore, the model was considered superior 
if the majority of the AICc values across the quantiles 
had a ΔAICc value at least two units lower than the 
other models. All statistical analyses were conducted 
using R version 4.1.0 (R Core Team 2021; Supple-
mentary Material Online Resource 1) using a signifi-
cance threshold of (α = 0.05).

Results

Thirteen Alligator Gar had at least 8 relocations and 
therefore were included in the coarse-scale tests of 
kurtosis, while the 5 fish from two tracking events for 
the fine scale study had 12 relocations each and were 
analyzed for kurtosis (Table 3). For these individuals, 
coarse-scale movement distances ranged 0.01–141 
rkm throughout the study, and fine-scale move-
ment distances ranged 0.01–3 rkm during each 24-h 
period. Most coarse-scale relocations occurred on the 

mainstem Brazos River between College Station and 
just downstream of the confluence of the Navasota 
River, and in the lower reaches of the Navasota River 
and Yegua Creek tributaries (Fig.  2a). Fine-scale 
relocations occurred only within the Navasota River 
(Fig.  2b) or the Brazos River and lower Navasota 
River (Fig. 2c).

The presence of leptokurtosis was not consistent 
across the scales we analyzed. Among the 13 fish 
included in the coarse scale, individual movement 
distributions were mesokurtic for six and leptokur-
tic for seven individuals (Table  3). When pooled at 
population level, the distribution of movements was 
significantly leptokurtic (k = 9.81, Z = 5.26, P < 
0.01). This distribution was characterized by most 
movements being short (i.e., near zero) distances with 
fewer movements up to 60 rkm downstream or 141 
rkm upstream (Fig. 3a). Among the five fish included 

Table 3   Tests of kurtosis for Alligator Gar (Atractosteus spat-
ula) movements at coarse (C; n=13) and fine (F; n=5) scales 
and individual (unique Fish ID) and population (Fish ID = All) 
levels of organizational complexity, including kurtosis esti-
mates, test statistic, and P value for the difference from a nor-
mal (i.e., mesokurtic) distribution, and number of observations 
(sample size). Bolded lines represent significant leptokurtic 
relationships

 Scale Fish ID Kurtosis Z P  value Sample size

C 117 3.47 1.24 0.22 12
C 120 2.24 −0.24 0.81 12
C 125 4.12 1.74 0.08 12
C 129 8.77 3.65 <0.01 11
C 114 5.1 2.43 0.02 10
C 123 3.23 1.11 0.27 10
C 127 4.51 2.09 0.04 10
C 108 7.09 3.38 <0.01 9
C 110 4.95 2.44 0.02 9
C 118 1.95 −0.54 0.59 9
C 134 2.44 0.25 0.8 9
C 138 6.8 3.28 <0.01 9
C 126 5.78 3.02 <0.01 8
Total All 9.81 5.26 <0.01 130
F 108 2.4 0.018 0.1 12
F 133 5.03 2.28 0.02 12
F 21 2.98 0.76 0.45 12
F 10 1.8 −1.1 0.27 12
F 130 4.63 2.06 0.039 12
Total All 3.33 0.92 0.36 60
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in the fine scale, individual movement distributions 
were mesokurtic for three and leptokurtic for two 
individuals (Table 3). When pooled at the population 
level, the distribution of movements was mesokur-
tic (k = 3.33, Z = 0.92, P < 0.36). This distribution 
was characterized by large numbers of movements 
<1 rkm upstream or downstream and relatively few 
movements beyond these distances (Fig. 3b).

Of the 45 fish tagged during this study, 43 were 
used for the MFA analysis as they had at least 2 relo-
cations. Latent environmental gradients revealed 
movements across mainstem to tributary and flood-
plain waterbodies. The first two dimensions of the 

MFA explained 15.4% (MFA 1) and 10.3% (MFA 
2) of variation in habitats used by Alligator Gar. The 
latent gradient depicted by MFA 1 included a posi-
tive correlation with individuals occupying the main-
stem Brazos River in deeper water, greater distances 
to banks, and pool mesohabitats (Fig.  4). As MFA 
1 decreased, individual relocations were correlated 
with Navasota River and Yegua Creek tributaries 
and floodplains with more slack water mesohabi-
tats closer to the riverbank occupied during warmer 
temperatures. The latent gradient depicted by MFA 
2 included minor tributary and confluence meso-
habitats oriented positively, and floodplains oriented 
negatively.

Movement distances were correlated with environ-
mental gradients and time at the coarse scale but only 
time at the fine scale (Table 4). At the coarse scale, 
movement distance correlated positively with habitat 
dissimilarity for the 0.75 and 0.95 quantiles (Fig. 5a), 
but only correlated positively with time for the 0.95 
quantile (Fig.  5b). At the fine scale, movement dis-
tance was not correlated with habitat dissimilarity 
across any of the quantiles (Fig.  5c) but correlated 
positively with time for all but the smallest quantile 
tested (Fig.  5d). Model selection for the temporal 
MEQR models indicated that the linear model was 
superior (ΔAICc < 2) across most of the quantiles 
tested at the fine and coarse scales. The only excep-
tions were for the 0.75 quantile at the coarse scale 
where the two models were competing and the 0.50 
quantile at the fine scale where the quadratic model 
was superior (Table S1).

Discussion

Our study provides new insights to better understand 
the movement ecology of Alligator Gar and more 
broadly provides an empirical framework to link mul-
tiscale interactions between riverscape heterogeneity, 
time, and fish movement. We found that individual-
level fish movements were mixes of mesokurtic and 
leptokurtic distributions, but when scaled up to the 
population level, movements were leptokurtic only 
at the coarse scale. This finding is consistent with 
Wells et  al. (2017) who found that movements by 
individual banded sculpin (Cottus carolinae) varied 
between mobile and stationary, but a distinct pat-
tern of leptokurtosis emerged at the population level. 

Fig. 3   Frequency (i.e., number of movements) histograms 
illustrating movement of Alligator Gar (Atractosteus spatula) 
at a coarse and b fine scales. Negative values on the x-axis 
represent downstream movement and positive values represent 
upstream movements from a the coarse-scale tagging location 
or b the initial relocation during fine-scale tracking events
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Thus, our first hypothesis (H1) was supported at the 
coarse scale but not the fine scale. Support for our 
second set of hypotheses was again scale specific. 
There was support for the distant novel habitat and 
diffusive spread hypotheses for the largest quantiles 
tested at the coarse scale, suggesting only members 

of the mobile component of the population moved 
long distances to access discrete habitats over longer 
time periods. This finding supports previous work 
suggesting that Alligator Gar might engage in the 
process of partial migration, where some members 
of the population access floodplains and then return 

Fig. 4   Multiple factor analysis (MFA) biplot illustrating the 
multivariate relationships for habitats used by Alligator Gar 
(Atractosteus spatula). Habitat variables are defined in Table 2 
and represent vector loadings of continuous variables such 
as water temperature (Temp), water depth (Depth), and dis-
tance to bank (Dist_Bank) and categorical variables such as 
mesohabitat (e.g., Pool), waterbody (Brazos River = BR, Lit-

tle River = LR, Navasota River = NV, Yegua Creek = YE, 
minor tributaries = MT), and geomorphology (inside bend = 
IB, middle bend = MB, outside bend = OB, straightaway = 
ST, floodplain = FP). The inset scree plot illustrates variance 
explained by all 17 MFA dimensions, though only the first two 
dimensions were retained for analysis
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to mainstem waterbodies, but the entire population 
does not (Chapman et al. 2012; Roberts et al. 2022). 
These findings are similar to Stell et al. (2018), where 
a small proportion of tagged American paddlefish 
(Polyodon spathula) made long distance movements 
(1408–2433 km) during the study period compared 
to the remaining tagged population. At the fine scale, 
only the diffusive spread hypothesis was supported, 
suggesting both mobile and stationary members of the 
population moved over short spatiotemporal scales. 
This finding broadly matches patterns in fluvial fish 
movement characterized by increasing movement dis-
tance as time passes (Radinger and Wolter 2014). The 
differences in our observations at each scale provide 
further empirical evidence for the growing paradigm 
emphasizing the importance of understanding multi-
scale dynamics of fish populations, movements, and 
habitat associations (Scheurer et  al. 2003; Zampatti 
et al. 2018).

The presence of leptokurtosis in Alligator Gar 
movement at the population level supports the con-
cept of a mixture of mobile and stationary individu-
als within freshwater fish populations (Radinger and 
Wolter 2014; Wells et al. 2017). In our study, Alliga-
tor Gar tracked at the coarse scale represented mix-
tures of fish with individual movement distributions 
that were mesokurtic and leptokurtic. A leptokurtic 
distribution of movements at the individual level sug-
gests individuals exhibited two types of movements: 
frequent short movements around a single location 
and infrequent longer movements to multiple loca-
tions. Previous researchers have identified similar 
plasticity in individual-level movement, ultimately 

suggesting that movement behavior is not a fixed 
trait and that individuals might switch their move-
ment behaviors through time (Booth et  al. 2014; 
Wells et al. 2017). Individuals exhibiting mesokurtic 
distributions in their movement have a higher likeli-
hood of moving away from their baseline location 
relative to leptokurtic individuals and therefore are 
more likely to be consistent members of the mobile 
component of populations. Although the population-
scale pattern of mesokurtic movements at the fine 
spatiotemporal scale suggests fish were actively mov-
ing, the magnitude of these movements was smaller 
than the mobile portion of a population exhibiting 
leptokurtosis. Water levels remained consistent dur-
ing each fine-scale study, with little to no floodplain 
connectivity that would have allowed for movement 
to distant, novel floodplain environments. Alligator 
Gar, like other functionally similar migratory spe-
cies such as smallmouth buffalo (Ictiobus bubalus), 
make migrations associated with off-channel tributar-
ies and floodplains to spawning areas when increased 
seasonal water temperatures and high flow pulses 
coincide (Kluender et  al. 2017; Roberts et  al. 2022; 
White et  al. 2023). Given these conditions were not 
present during our fine scale movement studies, it is 
likely that the movement steps (sensu Nathan et  al. 
2008) we observed were not for reproduction and 
more likely for station keeping, where individuals are 
intermittently searching for food and structure within 
their typical home range (Dingle 2006). This consist-
ent station keeping may explain why there was sup-
port for the diffusive spread hypothesis at this scale, 
where Alligator Gar were roaming a small area of 
river within their home range across the 24-h cycle 
to accesses functional habitat units for foraging and 
refuge (Schlosser and Angermeier 1995). Many of the 
habitats used by Alligator Gar across the 24-h period 
were runs and low velocity slack water mesohabi-
tats with high densities of coarse woody debris and 
thus may be useful for defining critical areas for sta-
tion keeping that can be used for management of the 
species. Considering these findings and the efficacy 
of recreational side scan sonar (see Kaeser and Litts 
2010), future studies can also inform management 
action of these critical areas by assessing subsurface 
features (e.g., woody debris composition) in addition 
to our mesohabitat level observations to determine 
habitats critical for station keeping.

Table 4   Quantile regression results (P values) for tests of 
the relationship between Alligator Gar (Atractosteus spatula) 
dispersal distance (dependent variable) and either habitat dis-
similarity (habitat; independent variable) or cumulative time 
between relocations (time; independent variable) for five quan-
tiles (0.05, 0.25, 0.50, 0.75, and 0.95) at coarse and fine scales. 
Bolded values represent significant relationships

Quantile Coarse scale Fine scale

Habitat Time Habitat Time

0.05 0.17 0.14 0.83 0.68
0.25 0.66 0.28 0.95 <0.05
0.5 0.26 0.84 0.86 <0.01
0.75 <0.01 0.10 0.76 <0.01
0.95 0.02 <0.01 0.40 <0.01
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We found that distant and novel habitats correlated 
with movement by the most mobile Alligator Gar. 
The major gradient along the first dimension of the 
MFA was from large, deep mainstem rivers inhab-
ited by gar during cooler water temperatures to small, 
shallow tributaries or floodplains inhabited by gar 
during warmer water temperatures. Alligator Gar are 
known to be more stationary and inhabit deeper pool 
habitats during colder seasons (Kluender et al. 2017, 
Lochmann et al. 2021); however, as temperatures and 

Alligator Gar activity increase, gar associate with 
shallow water closer to the bank in tributaries and 
floodplains (Buckmeier et  al. 2013; Kluender et  al. 
2017). When temperature conditions coincide with 
hydrological conditions that are favorable for Alliga-
tor Gar reproduction, gar move into tributary streams 
to access floodplain resources (Roberts et  al. 2022). 
Movement for reproduction likely explains why Alli-
gator Gar recruitment is linked to floodplain access in 
the Trinity River of Texas (Robertson et al. 2018) and 

Fig. 5   Mixed effects quantile regression (MEQR) biplots for 
the relationship between a coarse-scale habitat dissimilar-
ity and dispersal distance, b coarse-scale cumulative days at 
large and dispersal distance, c fine-scale habitat dissimilarity 
and dispersal distance, and d fine-scale cumulative hours (h) 
at large and dispersal distance. Gray points represent observa-
tions from Alligator Gar (Atractosteus spatula) with repeated 

observations per fish. MEQR models were fit with habitat dis-
similarity or cumulative time at large as fixed effects and indi-
vidual fish identification as a random effect with five equally 
distributed quantiles (0.05, 0.25, 0.50, 0.75, 0.95). Lines repre-
sent quantiles with significant slopes (P < 0.05) for each of the 
four models fit
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why Kluender et al. (2017) detected similar changes 
in surrounding habitats used by Alligator Gar dur-
ing the spawning season when inundated floodplains 
were most used. Additionally, our fine-scale study 
was conducted during May and August which cor-
responds with the spawning and post-spawning sea-
sons as defined by Kluender et al. (2017). However, 
the timing of the diel observations fell during peri-
ods of low flow when the environment was relatively 
homogenized compared to higher flow periods when 
floodplains were accessible. Ultimately, our findings 
support placing Alligator Gar into a growing guild of 
other underappreciated North American freshwater 
fishes that rely on temporal alignment of water tem-
perature and flow magnitudes to cue spawning move-
ments for the most mobile members of their popula-
tions, including blue sucker (Cycleptus elongatus; 
Tornabene et al. 2020; Acre et al. 2023), Atlantic stur-
geon (Acipenser oxyrinchus; Vine et al. 2019), short-
nose sturgeon (A. brevirostrum; Vine et al. 2019), and 
razorback sucker (Xyrauchen texanus; Bogaard et al. 
2023), as well as fishes in other rivers worldwide 
(King et al. 2016).

Although this study provides a novel framework 
for linking fish dispersal, time, and habitat heteroge-
neity, there are caveats and limitations that need to be 
considered. The tradeoff between sampling frequency 
and spatial extent and their associated implications 
for inferences on movement behavior in animals is 
well documented (Postlethwaite and Dennis 2013; 
Edelhoff et  al. 2016). In our study, Alligator Gar at 
the coarse scale were tracked at primarily monthly 
intervals. It is possible that the temporal grain of our 
study design was not fine enough to capture relatively 
rapid movements into adjacent habitats between relo-
cation events. Future studies could consider the trade-
off between the number of individuals tracked (i.e., 
sample size) and how often individuals are relocated 
(i.e., sampling frequency) to design a logistically 
feasible telemetry study with a finer temporal grain 
to predict patterns of seasonal migration expected 
in Alligator Gar (see Togersen et  al. 2022 for some 
considerations). Furthermore, the use of very fine-
scale observations in future studies may necessitate 
analytical consideration of temporal autocorrela-
tion (Mitchell et al. 2020). Another limitation is that 
we only included five individuals in the fine-scale 
study. A combination of river navigability, temporal 
grain of our relocations, and limited equipment made 

it unfeasible to track more than 3 Alligator Gar at 
once for 24 h. Although this study is one of the first 
attempts to monitor Alligator Gar movement at such 
fine scales with mobile telemetry, the ability to track 
multiple Alligator Gar at fine scales may be enhanced 
by using stationary telemetry arrays. Wegener et  al. 
(2017) tracked up to 8 Alligator Gar for 24 h using 
stationary receivers, and advances in acoustic telem-
etry technology are likely to make similar approaches 
over broader extents more feasible (Meckley et  al. 
2014; Orrell and Hussey 2022). Alternatively, future 
studies could consider repeating fine scale movement 
observations on a regular basis over the annual cycle 
(e.g., every three months) to capture broader tempo-
ral variability in environmental conditions, namely, 
water temperature (Buckmeier et al. 2013).

Conclusions

In this paper, we demonstrate that (1) Alligator Gar 
dispersal follows a leptokurtic distribution at the pop-
ulation level over an annual cycle and thus the popu-
lation is composed of stationary and mobile indi-
viduals, (2) Alligator Gar movement was essentially 
continuous over diel periods during May and August, 
and (3) dispersal may be correlated with habitat dis-
similarity or time, particularly for coarse scales. Our 
results suggest the influences of habitat heterogeneity 
versus time trade-off between fine and coarse scales. 
Research aimed at short-term, frequent use of func-
tional habitat units (e.g., feeding, refuge; Schlosser 
and Angermeier 1995) might use study designs 
with finer spatiotemporal scales, whereas interest in 
broader scale and less frequent use of habitat units 
(e.g., spawning for periodic life history strategists) 
might use coarse spatiotemporal scales. Management 
actions that emerge from such multiscale assessments 
include at least four foci. First, leptokurtic move-
ment distributions suggest that most of the population 
could be managed on a local scale (e.g., reaches to 
segments) rather than at regional or basin-level scales 
(Buckmeier et  al. 2013). Second, continuous longi-
tudinal movements by Alligator Gar at the fine scale 
suggests that small barriers that block fish movement 
at base flows might require management to allow fish 
passage outside of periods of high flows that typically 
inundated small physical barriers (Lochmann et  al. 
2021). Third, ecological flow regimes characterized 
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by high flow pulses or floods that provide hydrologi-
cal connectivity to floodplain resources are necessary 
for long distance migrations to these habitat features. 
Recent works suggest floodplains offer substan-
tial suitable spawning habitat and can be accessed 
through tributary corridors in modern regulated riv-
erscapes (Roberts et  al. 2022; Meitzen et  al. 2023). 
Fourth, although only a small fraction of the popula-
tion might access inundated floodplains at any time, 
these mobile members of the population can con-
tribute substantially to recruitment success given the 
life history of periodic life history strategists (Wine-
miller and Rose 1992). Protection of fish while on 
floodplains through management of fishery access 
or length-based regulations during spawning periods 
might be a valuable management strategy (Snow et al. 
2022). Given the need to account for habitat heteroge-
neity in riverscapes to make predictions on fish move-
ment (e.g., White et al. 2014), our study methodology 
is a useful framework for integrating fish movement, 
habitat heterogeneity, and time that could be repeated 
in other systems and fish species. With the global 
pressures on freshwater availability, habitat degrada-
tion, and riverscape fragmentation (Grill et al. 2019), 
it is increasingly necessary to understand the multi-
scale processes that govern fish movement behavior. 
Using this approach, researchers and fisheries manag-
ers can develop a more holistic understanding of the 
multiscale dynamics of fish movement across a diver-
sity of freshwater fishes to improve management and 
ultimately conserve fish populations.
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