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Abstract

Characterizing drivers of estuarine fish assemblages provides valuable insights into estuarine ecology and how each
species may react to stressors such as climate change and anthropogenic disturbances. Although they are known to
inhabit estuaries, gars are managed as freshwater species and little is known about their movements, reproduction, or
other ecological requirements. This study quantitatively describes and compares spatiotemporal dynamics of Alligator
Gar (Atractosteus spatula), Spotted Gar (Lepisosteus oculatus), and Longnose Gar (Lepisosteus osseus) in two subtropi-
cal estuaries in the northwestern Gulf of Mexico. Thirty-three years of data from a long-term monitoring program were
used in hurdle models to identify abiotic factors that impacted gar presence and abundance and to map spatial hot spots
to find spatiotemporal patterns within the species assemblage. Within both Galveston Bay and Sabine Lake, season and
salinity were the primary drivers of gar presence and abundance for all three species. Alligator Gar were more abundant
in higher salinity areas than Spotted Gar and Longnose Gar. Longnose Gar were most abundant in areas with the lowest
salinity. All species were most abundant in the spring on the eastern side of both estuaries, correlating strongly with the
spring spawning season and marshes and tidal creeks that are less anthropogenically disturbed and frequently flooded. The
results of this study suggest potential niche partitioning through species-specific salinity thresholds and the importance of
undisturbed marsh habitat and tidal creeks.
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Introduction

Estuaries provide important habitats for a wide range of
fish life stages, either for obligate or facultative use (Able,
2005; Barletta et al., 2005). They provide nursery grounds,
shelter, and food resources, which shape population and
community level ecological processes (Able, 2005; Mos-
man et al., 2023; Whitfield, 2021). Estuaries are also highly
dynamic in nature, experiencing multiscale environmental
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changes (e.g., season, tides, wind) and anthropogenic influ-
ences (e.g., shipping channels, material processing plants,
agricultural runoff), requiring resident and migratory spe-
cies to adapt to environmental fluctuations (Hu et al., 2023;
Ogbodo et al., 2024; Whitfield, 2021).

A suite of species navigates the challenges associated
with estuarine environments, and gars are increasingly of
interest to fisheries managers and researchers (Bartnicki et
al., 2021; Daugherty et al., 2018; Lackmann et al., 2024;
Marsaly et al., 2023; Smith et al., 2018, 2020). There are
five extant species of gars in the United States, three of
which have overlapping distributions in the riverine and
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estuarine habitats of the northern Gulf of Mexico: Alliga-
tor Gar (Atractosteus spatula), Spotted Gar (Lepisosteus
oculatus), and Longnose Gar (Lepisosteus osseus) (Ferarra,
2001). Despite knowledge that some populations use both
river and estuarine habitats, sometimes traversing between
the two areas, gars in the northern Gulf of Mexico are man-
aged on a broad state level as a freshwater species (Bohn
et al., 2023; Buckmeier et al., 2013; Daugherty et al.,
2017; Livernois et al., 2021; Love, 2004; McAllister et al.,
2022; O’Connell et al., 2007; Schwartz, 2003; Smylie et
al., 2016). Populations with home ranges spanning across
rivers and estuaries may link freshwater and marine food
webs through habitat coupling dynamics (Livernois et al.,
2024; Sheaves et al., 2013; St. George et al., 2023). Their
use of both freshwater and saltwater habitats highlights their
adaptability and underscores the need to better understand
what drives their spatiotemporal presence and abundance.

Identifying patterns of species distribution and species
assemblages is a critical component of community ecol-
ogy as various environmental and anthropogenic factors
influence species populations over space and time (Bach-
eler et al., 2009; Barletta et al., 2005; Bi et al., 2021; Fer-
nandes et al., 2014; Fontaine et al., 2024; Gonzalez et al.,
2021; Matich et al., 2017). Species assemblages, defined as
groups of species occurring in a particular area with com-
mon environmental preferences, provide valuable insights
into community relationships, habitat use, and ecological
mechanisms like competition and resource partitioning
(Amundsen et al., 2003; Kleisner et al., 2016; Livernois et
al., 2024). For gars, abiotic factors like salinity, temperature,
dissolved oxygen, and turbidity as well as flooding mag-
nitude and inundation period are known to influence vari-
ous ontogenetic processes and behaviors (Bartnicki et al.,
2021; Gray et al., 2012; Long et al., 2020; Martinez et al.,
2021). Identifying abiotic factors that drive spatiotemporal
patterns of gar species assemblages in estuaries is essential
for understanding community ecology dynamics as well as
developing tailored management strategies.

This study uses 33 years of fishery-independent long-
term monitoring data (1986-2018) to investigate gar species
assemblages and spatiotemporal distribution in two major
estuarine systems along the northern Gulf of Mexico. Specifi-
cally, this study seeks to describe the estuarine- and species-
specific environmental niche that gars inhabit by investigating
how abiotic factors influence gar presence and abundance in
estuarine habitat and if those patterns are similar between two
estuaries. Monitoring both the abundance of gars and envi-
ronmental parameters in an estuary provides managers with
baseline and long-term trend information that help elucidate
the effects of environmental change, evaluate the effectiveness
of management actions, and make informed, adaptive deci-
sions that support sustainable fisheries and ecosystem health.
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Methods
Study Area

This study examines historical data from two major estua-
rine systems in the northern Gulf of Mexico: Galveston Bay
and Sabine Lake (Fig. 1a). Galveston Bay is the larger of
the two at approximately 387,000 acres (TPWD ArcGIS
Open Data) and is fully encompassed within Texas state
borders (Fig. 1b) (Stukey et al., 2004). Saltwater from the
Gulf of Mexico enters in the southern part of Galveston
Bay through San Luis Pass, the Bolivar Roads section of
the Houston Ship Channel, and historically, Rollover Pass
(opened in 1955 and closed in 2019) (Gonzalez et al., 2021;
Watson, 1999). Freshwater enters in the northern part of the
estuary through both the Trinity River and the San Jacinto
River. Studies in Galveston Bay commonly distinguish
five ecologically distinct areas differentiated by salinity
dynamics and available habitat types: the Trinity Bay Area,
Upper Galveston Bay Area (UG Bay in Fig. 1b), East Bay
Area, Lower Galveston Bay Area (LG Bay in Fig. 1b), and
West Bay Area (Fig. 1b) (Livernois et al., 2021; Steichen
& Quigg, 2018). The Trinity Bay Area is in the northeast
corner of Galveston Bay, between the confluence of the
San Jacinto River and East Bay. It includes the confluence
of the Trinity River and salt marsh area. Both the Upper
Galveston Bay and Lower Galveston Bay areas are highly
developed on the western sides due to the expansion of the
Greater Houston metropolitan area. The East Bay Area is
surrounded by the Bolivar Peninsula, a barrier island where
Rollover Pass was located, and the West Bay Area spans the
area west of Lower Galveston Bay. This area is less devel-
oped and receives saltwater influx from San Luis Pass.
Sabine Lake is a smaller estuary at approximately 72,000
acres (TPWD ArcGIS Open Data), located northeast of
Galveston Bay and is divided by the Texas-Louisiana state
line through the middle of the Sabine River in the north and
continuing south through Sabine Pass in the south (Fig. 1c)
(Stukey et al., 2004). Sabine Pass serves as the sole opening
to the Gulf of Mexico, allowing saltwater to enter the estu-
ary. Major sources of freshwater to the system include the
Sabine River and Neches River located in the northern part
of the estuary. There are several ecologically distinct areas
in Sabine Lake, but for the purposes of this study, group-
ings are distinguished by the same characteristics listed for
Galveston Bay: Lake Area, Salt Bayou Area, and Sabine
Pass Area (Fig. 1¢). The Lake Area encompasses the Neches
and Sabine rivers and Sabine Lake itself. Bessie Heights, a
remnant brackish marsh located on the Neches River just
north of the confluence into Sabine Lake, is included in this
area (Fig. 1c). The east side of the Lake Area is a marsh
region with many bayou distributaries, which borders the
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Fig. 1 Study area in the northern Gulf of Mexico (a) comprised of
Galveston Bay (b) and Sabine Lake (c). Subareas of each estuary
are labeled, as well as rivers (light blue), National Wildlife Refuges
(green), and key features. An additional point of interest, Bessie

Louisiana side of Sabine Lake (Fig. 1c). The Texas side of
Sabine Lake is bordered by Pleasure Island, a dredge spoil
island hardened by limestone, which has been developed
for residential and commercial use and future dredge spoil
retention. Salt Bayou Area encompasses the salt marsh area
South of Port Arthur, between Sabine Pass and the Galves-
ton Bay ecosystem.

Data Source

Data was collected from the Texas Parks and Wildlife
Department (TPWD) Coastal Fisheries Division’s Marine
Resource Monitoring Program, an ongoing long-term fish-
ery-independent program that consistently samples each
major bay system along the Texas coast (Martinez-Andrade,
2018). The program began in 1975 using a variety of gear
types, including gill nets, and methods were standardized

Heights, is also marked. The dotted line in (b) represents the Houston
Ship Channel, and the dotted line in (c) represents the Sabine-Neches
Waterway

across all bays in 1986. Although multiple gear types were
used, this study focused on gill-net catch data and associ-
ated abiotic variables from Galveston Bay and Sabine Lake
(1986-2018) because gill nets effectively capture fish sizes
appropriate for gars and the study goals.

Sample sites were randomly selected from grid maps
using a stratified cluster sampling design (Martinez-
Andrade, 2018). Sample grids are one-minute latitude by
one-minute longitude and overlap sampleable shoreline.
Each grid is further divided into 144 smaller gridlets that
are five seconds latitude by five seconds longitude and over-
lap the shoreline. Gill nets are set overnight, and sampling
occurs in both the spring and fall for 10 weeks each. The
spring season begins the second full week of April, and the
fall season begins the second full week of September. A total
of 45 nets are set in each season (#=90 per year) in each
bay system.
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Gill nets used by TPWD are 182.9 m long, spread
approximately 1.2 m vertically in the water column, and are
composed of four panels of increasing mesh size (76 mm,
102 mm, 127 mm, 152 mm). Nets are deployed perpen-
dicular to shore, with the smallest mesh size closest to the
shore. Geographical coordinates are recorded with a global
positioning system on the water's edge at the beginning of
deployment. For each species caught in each mesh size per
day, up to 19 individuals are measured to the nearest mil-
limeter (mm) in total length (TL), and every additional indi-
vidual afterwards is counted. Abiotic data is collected with
a meter that measures salinity (ppt), temperature (°C), and
dissolved oxygen (ppm). Water samples are retained in 60
mL bottles and transferred to 30 mL vials for turbidity level
(NTU) analysis via a turbidimeter.

Data Analysis
Abiotic Modeling

Abiotic factors contributing to gar presence and abundance
were modeled for each estuary, comparing data when gars
were present and absent in the gill nets. Since gill-net catch
data was highly zero-inflated (i.e., zero gar caught in a gill
net), zero-inflated spatial “hurdle” models were conducted
to elucidate which abiotic factors influenced gar pres-
ence and gar abundance (Bouyer et al., 2015; Cameron &
Trivedi, 2003; Lewin et al., 2010; Steel et al., 2013). Hurdle
models operate by (1) fitting a binomial model to model
presence, (2) fitting a negative binomial model on the non-
zero data to model abundance, then (3) combining the most
parsimonious binomial and negative binomial models into
one final model using the g/lmmTMB package in R (Brooks
et al., 2017). A spatial component, incorporated by utiliz-
ing minor bay information provided in the TPWD data, was
added to the model as a random effect to absorb spatial auto-
correlation. Backwards stepwise regression was employed
after assessing variables for collinearity via variance infla-
tion factors and to remove non-significant variables, and
model fit was assessed using the Akaike Information Cri-
terion (AIC) (Lewin et al., 2010). Hurdle models were con-
ducted separately for each estuary and species combination
to interpret which abiotic factors led to higher numbers of
gars present in any given area.

Inverse distance weighted (IDW) interpolation maps
were created for each abiotic variable in each estuary and
season to visualize seasonal dynamics in both estuaries.
Abiotic factors were statistically compared between estuary
and season via Kruskal-Wallis nonparametric tests and dif-
ferences were assessed with Dunn post-hoc pairwise group
comparisons. The IDW maps were qualitatively compared
to spatial hot spot analyses to interpret ecological patterns.
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Spatial Modeling

Spatial hot spot analyses were conducted to assess the spa-
tial patterns of presence and abundance of gars within the
estuaries. Hot spot analyses evaluate where data clusters in
a geographic area, identifying statistically significant pat-
terns of presence or absence in relation to neighboring data.
In this case, hot spot analyses were used to examine the
number of fish collected in a gill net compared to neighbor-
ing net catches, identifying data clusters in the estuaries
with statistically high (hot spot) and statistically low (cold
spot) numbers of gars. Hot spot (Getis-Ord Gi*) analyses
were performed in ArcGIS with spatial autocorrelation
(using the Global Moran’s I tool) to find geographical dis-
tributions of each gar species (Betty et al., 2020; Catchpole
et al., 2019; Stevens et al., 2022). Global Moran’s I iden-
tified spatial relationships, pinpointing optimum distance
thresholds which were fed to Getis-Ord Gi* as fixed dis-
tance bands ranging from 100 to 10,000 m depending on
the species, season, and bay analyzed. Zone of indifference
spatial conceptualization showed the number and location
of hot spot and cold spot areas identified, as well as associ-
ated confidence intervals (90-99%) which indicated inten-
sity of concentration.

Results
Catch Summary

Since 1986, a total of 4,464 Alligator Gar, 1,025 Spotted
Gar, and 38 Longnose Gar were captured in gill nets within
Galveston Bay (Table 1), and a total of 11,815 Alligator Gar,
16,381 Spotted Gar, and 54 Longnose Gar were captured
in Sabine Lake (Table 2). In Galveston Bay, Alligator Gar
were most abundant in East Bay, while Spotted Gar and
Longnose Gar were most abundant in Trinity Bay (Table 1).
In Sabine Lake, Alligator Gar were most abundant in the
Salt Bayou Area, while Spotted Gar and Longnose Gar were
most abundant in the Lake Area (Table 2). In general, all
gar species were more abundant in the spring than the fall
in both estuaries. When examining the data from the entire
study period, we found that gill nets set in Galveston Bay
never collected more than one Longnose Gar at a time, and
only two gill nets set in Sabine Lake yielded more than one
Longnose Gar in a single deployment.

Abiotic Modeling

While some abiotic variables such as temperature and tur-
bidity act in concert with salinity to influence gar spatio-
temporal dynamics, salinity showed the strongest statistical
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Table 1 Summary of gar catches and associated hydrological data [mean (SD)] in Galveston Bay from 1986 to 2018

Area Season Alligator Spotted Longnose  Salinity (ppt) Temperature (°C) Dissolved Turbidity
Gar Gar Gar oxygen (NTU)
n n n (ppm)
Trinity Bay ~ Spring 255 265 7 7.30 (7.10) 26.70 (2.90) 7.70 (1.40) 35.50 (29.50)
Fall 107 28 2 11.60 (7.30) 24.60 (4.50) 8.20 (1.70) 19.60 (14.90)
Total 362 293 9 9.72(7.51) 25.50 (4.02) 7.99 (1.57) 26.40 (23.66)
Upper Spring 31 9 0 7.00 (5.28) 25.70 (3.80) 8.20 (2.10) 25.40 (21.50)
Galveston Fall 0 0 0 12.80 (5.20) 25.60 (3.10) 7.50 (2.40) 13.80 (8.50)
Bay Total 31 9 0 10.07 (5.97) 25.64 (3.44) 7.85(2.27) 19.29 (17.00)
East Bay Spring 1277 37 4 12.40 (6.60) 26.00 (3.30) 7.50 (1.30) 32.30 (41.60)
Fall 201 37 1 15.70 (6.80) 24.60 (4.90) 7.80 (1.60) 20.50 (23.30)
Total 1478 74 5 14.00 (6.88) 25.34(4.17) 7.62 (1.44) 26.54 (34.39)
Lower Spring 296 29 5 14.80 (7.80) 26.80 (3.00) 7.80 (1.60) 23.70 (23.00)
Galveston Fall 317 9 1 18.30 (7.10) 24.50 (3.70) 8.00 (1.80) 17.50 (24.00)
Bay Total 613 38 6 16.62 (7.62) 25.64 (3.54) 7.90 (1.72) 20.55 (23.72)
West Bay Spring 396 44 8 22.20 (6.50) 26.60 (2.90) 7.30 (1.30) 19.40 (16.10)
Fall 358 7 0 24.60 (7.00) 25.60 (4.10) 7.50 (1.30) 15.40 (13.30)
Total 754 51 8 23.38 (6.83) 26.07 (3.59) 7.40 (1.32) 17.38 (14.90)
Overall 4464 1025 38 17.21 (8.77) 25.80 (3.74) 7.66 (1.55) 21.67 (24.58)

Table 2 Summary of gar catches and associated hydrological data [mean (SD)] in Sabine Lake from 1986 to 2018

Area Season Alligator Gar Spotted Gar Longnose Gar Salinity (ppt) Temperature (°C) Dissolved oxygen Turbidity (NTU)
n n n (ppm)

Lake Area Spring 2837 9553 20 5.19(5.64)  26.05(3.33) 7.82 (1.29) 21.17 (14.36)
Fall 1706 1612 8 10.34 (5.28) 24.84 (4.14) 7.84 (1.56) 11.11 (8.37)
Total 4543 11,165 28 7.77 (6.04)  25.44 (3.80) 7.83 (1.43) 16.15 (12.78)

Salt Bayou Area Spring 3734 3706 23 7.50(6.17)  27.05 (3.64) 7.50 (1.23) 29.29 (22.82)
Fall 3430 1442 3 11.12 (7.00) 24.99 (4.52) 7.71 (1.58) 19.63 (38.28)
Total 7164 5148 26 9.31(6.84)  26.02 (4.23) 7.61 (1.42) 24.50 (33.76)

Sabine Pass Area Spring 96 68 0 9.94(6.33)  25.02 (2.56) 7.16 (1.28) 21.92 (13.77)
Fall 12 0 0 12.64 (5.46) 24.98 (2.89) 6.97 (1.01) 12.57 (10.37)
Total 108 68 0 11.26 (6.01)  25.00 (2.70) 7.07 (1.11) 17.34 (12.99)

Overall 11,815 16,381 54 8.63 (6.52)  25.73(4.03) 7.70 (1.43) 20.53 (26.25)

significance as a key driver in both estuaries of all gar spe-
cies presence and abundance. Other abiotic variables did
not show uniform patterns of effects on gar presence or
abundance across species or estuaries (Fig. S1-S6). Visu-
alizations and data for other abiotic variables (temperature,
dissolved oxygen, and turbidity) are provided in the Supple-
mentary Information for reference (Fig. S1-S6).

Galveston Bay Hurdle Models

In Galveston Bay, Alligator Gar are more likely to be pres-
ent in areas with higher salinities (»p<0.001) and lower
turbidity (p=0.032) (Table 3; Table S7). However, Alliga-
tor Gar abundance increases in areas with lower salinities
(»<0.001) and higher dissolved oxygen levels (p=0.004)
(Table 3; Table S7). Spotted Gar are more likely to be pres-
ent in higher salinities (»<0.0001) and lower temperatures
(p=0.017), but more abundant in lower salinities (p=0.003)

and higher temperatures (p=0.016) (Table 3; Table S7).
Longnose Gar are more likely to be present in lower salini-

ties (p<0.001) and more abundant in areas with lower dis-
solved oxygen levels (p=0.002) (Table 3; Table S7).

Sabine Lake Hurdle Models

In Sabine Lake, Alligator Gar are more likely to be present
in higher salinities (»p<0.0001) (Table 3; Table S7), higher
temperatures (p<0.001), and areas with lower turbidity
(»=0.003), and are more abundant in in higher salinities
(»<0.001) and temperatures (p<0.001) (Table 3; Table
S7). Spotted Gar are more likely to be present in higher
salinities (p=0.015), and more abundant in lower salini-
ties (p=0.002), higher temperatures (p=0.001), and higher
turbidity (p=0.032) (Table 3; Table S7). Longnose Gar are
more likely to be present in higher salinities (p<0.0001)
(Table 3; Table S7).
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Table 3 Hurdle model results illustrating the influences of each variable on presence and abundance of each gar species, in each estuary. P/A: occurrence, Ab: abundance, nc: not considered in the

model, 0: no significant effect, +: positive influence on gars presence or abundance, -: negative influence on gars presence or abundance

Sabine Lake

Galveston Bay
Alligator Gar

P/A
nc

Variable

Longnose Gar

P/A

Spotted Gar

P/A

Alligator Gar

P/A

Longnose Gar

P/A
nc

Spotted Gar

P/A

Ab

Ab

Ab

Ab

Ab

Ab

Temperature
Salinity

nc

nc nc nc

nc nc

nc

nc

Dissolved Oxygen

Turbidity

nc

nc

nc

nc

nc

nc

nc

nc

Spatial Patterns of Salinity

Spatial visualizations of salinity revealed expected seasonal
shifts in conditions in estuaries (Fig. 2). Both estuaries
experienced more widespread lower salinity (<16 ppt) in
spring than in fall (Fig. 2). In Galveston Bay, the lowest
spring salinities were observed in Trinity Bay (7.30+7.10
ppt, mean+ SD) and Upper Galveston Bay (7.00+5.28 ppt)
(Fig. 2a; Table 1). During fall, Trinity Bay (11.60£7.30
ppt) and Upper Galveston Bay (12.80+5.20 ppt) recorded
the lowest salinity values (Fig. 2b; Table 1). Sabine Lake
exhibited less variation in salinity levels across the estu-
ary (Fig. 2). Spring salinities were lowest in the Lake Area
(5.19+5.64 ppt) and Salt Bayou Area (7.50+6.17 ppt)
(Fig. 2c; Table 2). The lowest fall salinities were found
in the Lake Area (10.34+5.28 ppt) and Salt Bayou Area
(11.12+7.00 ppt) (Fig. 2d; Table 2).

There was a clear relationship found between salinity
and gar presence. Overall, gars were found across a salin-
ity range of 0 to 33 ppt but were more frequently caught in
salinities<10 ppt regardless of estuary or season (Fig. 3).
Alligator Gar were most consistently found in salinities <20
ppt in the spring, and between 5 and 20 ppt in the fall
(Fig. 3). Spotted Gar were most consistently found in salini-
ties<10 ppt in the spring, and between 5 and 15 ppt in the
fall (Fig. 3). Longnose Gar were most consistently found in
salinities <12 ppt in the spring, and between 0 and 15 ppt in
the fall (Fig. 3). Kruskal-Wallis and post-hoc pairwise group
comparison tests confirmed significant differences in salin-
ity values between some gar species when gars were present
or absent (Galveston Bay, 486.23, p<0.0001; Sabine Lake,
998.84, p<0.0001). Alligator Gar in Galveston Bay were
associated with higher and wider salinity ranges than Spot-
ted (»<0.0001) and Longnose Gar (»p<0.0001). No signifi-
cant differences were found between Spotted and Longnose
Gar salinity ranges. Alligator Gar in Sabine Lake were also
associated with higher and wider salinity ranges than Spot-
ted (»p<0.0001) and Longnose Gars (p<0.0001). Significant
differences were found between Spotted and Longnose Gar
salinity ranges (p<0.0001), with Spotted Gar associated
with a higher and wider salinity range.

Spatial Modeling

Galveston Bay displayed a consistent seasonal pattern of
higher gar abundance (i.e., hot spots) on the eastern side
of the estuary and lower gar abundance (i.e., cold spots) on
the western side (Fig. 4). For Alligator Gar, the spatial dis-
tribution of hot and cold spots remained consistent between
spring and fall, with more hot spots present in the Trinity
Bay, Upper Galveston Bay, and East Bay areas in the spring
(Fig. 4a and b). Spring also showed an increased number of
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Fig. 2 Inverse distance weighted (IDW) interpolation maps of salinity values in Galveston Bay in the spring (a) and fall (b), and Sabine Lake in

the spring (c) and fall (d) during the study period

cold spots with higher confidence in the Upper Galveston
Bay, Lower Galveston Bay, and West Bay areas compared
to fall. Spotted Gar followed a similar spatiotemporal pat-
tern, with more spring hot spots and higher confidence on
the eastern side of the estuary in the Trinity Bay, Upper
Galveston Bay, and East Bay areas (Fig. 4c and d). Cold
spots increased in both number, confidence, and spatial
variability on the western side, in the Upper Galveston Bay,
Lower Galveston Bay, and West Bay areas in the spring
(Fig. 4c and d). Despite the limited sample size, Longnose
Gar also exhibited similar patterns, with hot spots predomi-
nantly located on the eastern side in the Trinity Bay and East
Bay areas during the spring, and no cold spots were identi-
fied (Fig. 4e and f).

Sabine Lake displayed a consistent seasonal pattern, mir-
roring Galveston Bay, with higher gar abundance on the
eastern side of the estuary during the spring and increased
numbers of hot spots in the Salt Bayou Area on the western
side of the estuary in the fall (Fig. 5). For Alligator Gar,
numerous hot spots were observed on the eastern side in
both seasons, but spring revealed additional hot spots on the
eastern side, in the Lake Area (Fig. 5a and b). In spring, both
hot and cold spots increased in number and confidence (Fig.
5b). All fall Alligator Gar hot spots were in the southern half
of the estuary, in the Salt Bayou and Lake areas (Fig. 5a).
Spotted Gar hot spots increased in number and spread across

the Lake and Sabine Pass areas during the spring, while cold
spots were more numerous and showed higher confidence
intervals across the estuary (Fig. 5S¢ and d). As in Galveston
Bay, the sample size for Longnose Gar was small, but their
hot spots were higher in number and showed higher confi-
dence in the Lake Area during spring (Fig. 5f). In the fall,
Longnose Gar hot spots were concentrated within the Lake
Area, and no cold spots were identified (Fig. 5e).

Discussion

Salinity emerged as an important driver of distribution for
all three gar species. Alligator Gar have been shown to be
more tolerant of higher salinities than Spotted and Long-
nose Gars, explaining their greater abundance in higher
salinity areas (Galveston Bay: East Bay, Lower Galves-
ton Bay, West Bay; Sabine Lake: Salt Bayou Area, Sabine
Pass Area) compared to other species within our study sites
(Schwarz & Allen, 2014). Recent research has found Alliga-
tor Gar have similar gill structures to teleost fishes, allowing
them to acclimate to a wide range of salinities and expand
their presence and abundance in dynamic estuaries (Sorrell
et al., 2026). Longnose Gar use habitats with higher salini-
ties to a lesser degree. It has been hypothesized that their
spawning habitat is correlated to lower stream flow, deeper
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Fig. 3 Salinity values recorded in Galveston Bay (GB) and Sabine
Lake (SL) each season when Alligator Gar, Spotted Gar, and Long-
nose Gar were present (blue) or absent (red). The boxes indicate the

stream pools, and lower salinities, which may confirm why
Longnose Gar were primarily found in lower salinity areas
(Galveston Bay: Trinity Bay, Upper Galveston Bay; Sabine
Lake: Lake Area) than other gar species (Johnson & Noltie,
1996; Smylie et al., 2016; McGrath, 2010). This salinity-
associated separation of abundance between these species
may also reflect a niche partitioning response to overlaps
in habitat and prey resources (Svanbédck & Bolnick, 2007).
Several factors we examined (temperature, dissolved
oxygen, and turbidity) did not show patterns affecting gar
presence or abundance or were not statistically significant.
Temperature did not consistently affect gar abundance
across species and bays, possibly due to the life stage of
gars assessed. Temperature reduces the development and
survival of embryonic and larval gar stages in laboratory
experiments, varying by species and life stage, but vulner-
ability of gars to temperature may be primarily confined

@ Springer

interquartile range, the horizontal bar in each box indicates the median,
whiskers present the minimum and maximum values recorded, and
individual points indicate outliers

to early development stages which are rarely captured in
gillnets and therefore were not assessed during this study
(Bartnicki et al., 2021; Long et al., 2020; Martinez et al.,
2021). There is also evidence that environments with very
low or very high levels of dissolved oxygen negatively
affect embryonic survival (Martinez et al., 2021). Dissolved
oxygen levels likely do not contribute significantly to adult
gar presence or abundance because adult gars are bimodal
breathers, capable of consuming atmospheric oxygen in
addition to respiring through their gills when dissolved oxy-
gen levels are low (Smatresk & Cameron, 1982). Turbidity
in each of the bays do not uniformly affect patterns of gar
presence or abundance because turbidity levels are not geo-
graphically uniform and may be rapidly altered by seasonal
major weather events, residence time of water in the estuar-
ies, high volume and flow rates of freshwater input contrib-
uting to overbank and marsh flooding, and anthropogenic
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activity like wakes from passenger and commercial vessels
disturbing seafloor and shoreline areas (Dellapenna et al.,
2022; Schmidt et al., 2021). Furthermore, due to the tempo-
ral nature of TPWD’s sampling scheme occurring solely in
the spring and fall seasons, available data may not capture
the full range of potentially statistically significant values
for environmental variables. The complexity and variabil-
ity of abiotic conditions in estuaries can make it difficult to
identify how species respond to isolated abiotic factors, but
more patterns become more evident when weighing biotic
factors like reproduction.

Buckmeier et al. (2013) suggests spawning may be the
most important management factor in assessing spatiotem-
poral dynamics of gars within estuaries. This study found
that a spatiotemporal shift in gar presence occurred in both

estuaries according to season. Three gar species shifted
from the western half of the estuarine system to the east-
ern half from the fall to spring. While many factors could
be responsible for these patterns, a potential driver of these
seasonal shifts is gar spawning behavior. The observed
spatiotemporal shift coincides with spawning periods for
all three species of gar, underscoring the potential impor-
tance of estuarine environments as essential fish habitat for
spawning activities in gar populations. Previous literature
suggests that gars prefer floodplain areas that are clear, less
disturbed, and shallow for spawning (Brinkman, 2008; Fer-
rara, 2001; Gray et al., 2012; Snedden et al., 1999). Vegeta-
tion presence is also a documented important factor for gar
spawning, functioning as a surface for gars to lay their eggs
on (Adams et al., 2024; Frenette & Snow, 2016; Hawthorne
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et al., 2024). Vegetated areas are also important habitat for
larval gars because they serve as submerged substrate for
larvae to adhere to with their attachment organs during
post-hatch development, there is an abundance of small
prey available, and vegetation offers shelter from predation
(Adams et al., 2024; McAllister et al., 2022; Pinion et al.,
2021; Sepulveda-Quiroz et al., 2023). There is decreased
vegetation density and increased turbidity near marsh edges
on the western side of both estuaries due to major shipping
channels (Houston Ship Channel in Galveston Bay and
Sabine-Neches Waterway in Sabine Lake) and oil refineries
(Irvine et al., 1997; Nylund et al., 2021). These anthropo-
genic developments which restrict habitat connectivity may
reduce the suitability of the western side of each estuary for

@ Springer

gar spawning events (Silinski et al., 2015). Another expla-
nation for the seasonal differences in presence and abun-
dance may be decreased fish movement during winter. Gars
are known to reduce daily rates and range of movement
during the winter, likely for energy conservation (Fontaine
et al., 2026; Kluender et al., 2017; Snedden et al., 1999).
Seasonal prey availability is also likely a contributing fac-
tor, contracting in the winter as environmental conditions
become less favorable and necessitate movement of gars to
more optimal foraging grounds (Fontaine et al., 2026; Liv-
ernois et al., 2021).

The results of this study indicate that gar species that
overlap spatially in estuarine habitat tend to separate sea-
sonally into environmental niches driven by salinity and
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preferred spawning habitat. Galveston Bay’s higher salin-
ity levels, attributed to more saltwater ingress locations,
create less suitable gar habitat than Sabine Lake. Sabine
Lake’s lower and more homogeneous salinity levels,
likely caused by Sabine Pass acting as a bottleneck for
saltwater and freshwater exchange, uniquely positions the
estuary as a better environment for estuarine gar popula-
tions. This would account for increased abundance of all
gar species in Sabine Lake compared to Galveston Bay,
despite a large difference in size, geological composition,
and hydrological processes. (Daugherty et al., 2017). In
addition, the Sabine Lake system also has more undevel-
oped marsh habitat surrounding it than the Galveston Bay
system. Over 240,000 acres of protected habitat is pro-
vided by the Sabine National Wildlife Refuge, McFaddin
National Wildlife Refuge, and Texas Point National Wild-
life Refuge. The Galveston Bay system hosts the Jocelyn
Nungaray National Wildlife Refuge and Moody National
Wildlife Refuge in the East Bay, and Brazoria National
Wildlife Refuge, encompassing less than 100,000 acres.
In both bay systems, gars are more abundant in areas near
a national wildlife refuge compared to areas near devel-
oped land. This highlights the importance of preserving
valuable habitat for fish species who rely on undeveloped
protected habitat and emphasizes the value that national
wildlife refuges add to local ecosystems.

Results presented here will be important to consider as
recreational fisheries for these species in northern Gulf of
Mexico estuaries continue to grow and these estuaries are
increasingly subjected to increased anthropogenic devel-
opment of shipping lanes and refineries (Buckmeier et al.,
2016; Charles, 2005; Snow et al., 2018). Regionally, this
study highlights how fisheries managers may consider the
unique challenges that Sabine Lake fish populations face due
to the Texas-Louisiana state line dividing the estuary system
into two management regions. Cooperative efforts on man-
agement policies between the states of Texas and Louisi-
ana will be crucial for maintaining healthy gar populations.
The results of this study strongly support recent suggestions
for localized management of gar populations as opposed to
broader state management (Buckmeier et al., 2013; Daugh-
erty et al., 2017; Ellard et al., 2023; Schlechte et al., 2020).
Future research should investigate specific salinity thresh-
olds of gar species across ontogenetic stages to better pre-
dict how anthropogenic and environmental changes may
impact species assemblages in estuaries (Bacheler et al.,
2009; Matich et al., 2017). Confirmation of the eastern sides
of Galveston Bay and Sabine Lake as spawning grounds for
gars would also benefit conservation management and help
delineate essential fish habitat.
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