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genic oocytes. Hydrated oocytes were not observed. Mean TL 
of juvenile females was 229 mm TL, compared to those with 
primary growth oocytes (293 mm TL) or cortical alveolar oo-
cytes (338 mm TL). There was significant variability in GSI 
when examined by month (Χ2

7
 = 75.15, p < 0.0001), which was 

driven primarily by exceptionally high GSI for both males and 
females in June. Additionally, the weight of fat deposits associ-

ated with gonads was correlated with gonad weight, suggesting 
a reproductive function, although the correlation was relatively 
poor (r2 = 0.27, p < 0.001). All 5 individuals with vitellogenic 
oocytes were observed within the expected May – September 
spawning season.

Age and growth
Based on otolith age, individuals retained for age analysis 

(all caught inshore) ranged from 1–6 years, but the majority 
(99%) were age 4 or younger. The growth function fit to age 
and total length performed well for all age classes ≤ 4, based 
on qualitative examination of mean estimated TL versus actual 
sampled lengths (Table 1, Figure 9). The fit was also adequate 
for ages 5 and 6, but the sample sizes for these age classes was 
exceedingly low (n = 1, age underestimated in each case). The 
growth function parameters were L

inf
 = 696 mm, k = 0.164, and 

t
0
 = —1.741.

When the growth function was applied to lengths observed 
in TPWD gill nets and creel surveys throughout the entire 
length of the study, there was clear increase in the distribution 
of older age classes (ages 3–6+) in the modern era (1994–2019) 
as compared to the historical era (1980–1993, Table 2), and this 
change in the distribution of ages was significant in both gill 
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FIGURE 9. A von Bertalanffy growth 
function showing the relationship be-
tween age and total length (mm) for 
650 Gray Snapper sampled in Texas 
from 2006 – 2010. Age was estimat-
ed using annulus counts from otoliths 
extracted from each individual, with a 
fractional correction for capture date.  
Sexes were combined for age/growth 
analysis after preliminary analysis 
yielded no evidence of sexual dimor-
phism.

TABLE 1. Age and growth of Gray Snapper (n = 650) sampled in Texas 
from 2006–2010. Age-based total length (TL, mm) estimates from a von 
Bertalanffy growth function (VBF) fit to the data are compared to mean 
values observed in samples (obs).  

Age	 n (obs)	 TL (mm, VBF)	 TL (mm, obs)

1	 379	 229	 231

2	 180	 312	 307

3	 81	 382	 382

4	 8	 439	 453

5	 1	 477	 522

6	 1	 522	 569

TABLE 2. Distribution of ages of Gray Snapper observed in Texas in early (1980-1993) and late (1994-2019) samples.  These ages were based 
on the distribution of observed total lengths in Texas Parks and Wildlife Department gill nets and angler harvest surveys, with age estimated using 
a von Bertalanffy growth function solved for age at capture.  Ages 6+ were grouped to account for the limitations of the growth function (age 6 
was the oldest individual observed).

	 Gill Net	 Angler Harvest
Age	 n,	 % of total,	 n, 	 % of total,	 n, 	 % of total,	 n, 	 % of total, 
	 1980-1993	 early	 1994-2019	 late	 1980-1993	 early	 1994-2019	 late

0	 4	 1.2	 26	 0.6	 16	 8.4	 252	 2.8
1	 275	 84.4	 2050	 46.9	 150	 78.5	 4583	 51.8
2	 42	 12.9	 1325	 30.3	 20	 10.5	 2349	 26.5
3	 4	 1.2	 597	 13.6	 4	 2.1	 733	 8.3
4	 0	 0.0	 223	 5.1	 0	 0.0	 328	 3.7
5	 1	 0.3	 68	 1.6	 0	 0.0	 189	 2.1
6+	 0	 0.0	 85	 1.9	 1	 0.5	 417	 4.7
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net samples (X2
6
 = 221.13, p < 0.0001) and creel survey samples 

(X2
6
 = 104.95, p < 0.0001). While the most common age class 

during both eras was age 1, age classes > 1 year have been more 
commonly encountered after 1993 compared to years up to and 
including 1993.

Larger Gray Snapper were much more common offshore 
compared to inshore based on creel survey landings, implying 
an older age structure in offshore fish (Table 3). When age was 
estimated from TL in individuals sampled from angler surveys, 
the majority of fish observed inshore (98%) were < age 4 while 
50% of offshore landings were age 4 or older. The lack of older 
age classes inshore contributed to the significant difference 
between age distributions (X2

6
 = 3337.7, p < 0.0001). Logistic 

regression analysis suggested that 50% recruitment of Gray 
Snapper to offshore areas occurred at 409 mm TL (about age 3, 
based on age estimates from TL).

Discussion
The spatial and temporal distribution of Gray Snapper catch 

in Texas appears to be driven by multiple factors. In the case 
of both juveniles and older individuals, distance to the nearest 
inlet was the best predictor of Gray Snapper presence (Gray 
Snapper were proximally associated with GOM passes). Sub-
adults/adults from gill nets were primarily found in estuaries 
south of West Matagorda Bay in relatively high salinity, tem-
perature and depth, and primarily in the fall. Juveniles were 
associated with late summer/fall months (July — October), and 
DO and bay also were good predictors of presence, although 
bay demonstrated no clear geographical trend. The relatively 
high presence of juvenile Gray Snapper in summer and early 
fall occurred during the warmest months of the year, similar to 
what was previously reported in Florida (Lindeman et al. 2001, 
Flaherty et al. 2014). In Texas, water quality characteristics 
(temperature, salinity, DO) associated with high catch frequen-
cy are likely to be merely coincidental to season, resulting in 
demotion of the explanatory power of these variables in the bag 
seine BRT model (only DO was not dropped during variable 
selection). Similarly, while the correlation of high temperature 

and salinity with subadult/adult Gray Snapper presence itself 
might imply habitat preference, it might also be driven in part 
by annual inshore/offshore movement in and out of estuaries, 
resulting in a seasonality of catch. A vast majority (88%) of gill 
net catches in this study were collected during the fall season. 
Seasonal migration of Gray Snapper in and out of estuaries 
has been reported previously (Starck and Schroeder 1971, Luo 
et al. 2009) and seems to be the case in the western GOM 
as well. The concentration in and around GOM passes of 
both juvenile and subadult/adult Gray Snapper suggests that 
inshore/offshore movements might be periodic and frequent, 
and that Gray Snapper use lower bays extensively, relative to 
other estuarine habitats. An alternative interpretation is that 
Gray Snapper might be more common in pass areas because 
many (although not all) of the GOM passes in Texas include 
improved structures, such as rock jetties. Whether or not simi-
lar mid—bay structures (such as pilings or reefs) are used ex-
tensively by Gray Snapper could not be reliably assessed with 

these data, because TPWD gill nets are only deployed along 
shorelines. It is worth noting that this interplay (GOM access 
vs. underwater structure) represents an avenue for future study 
of Gray Snapper habitat use in Texas. In any case, the associa-
tion of Gray Snapper with GOM passes may be equally driven 
by their preference for marine, rather than estuarine water con-
ditions, as well as the general ontological shift from estuarine 
to marine habitats that seems to occur with age in this species.

Interestingly, bay was a significant predictor of both  
subadult/adult and juvenile catch; however, while there was a 
clear latitudinal pattern with larger individuals (southern lati-
tudes had higher gill net presence), there was no clear latitudi-
nal pattern associated with juveniles. In fact, the BRT model 
fit for juvenile presence was highest in Cedar Lakes and East 
Matagorda Bay, the 3rd and 4th most northern estuaries sam-
pled in the study. While this finding might be an artifact of low 
statistical power due to small numbers of observed juveniles, 
differences in geographical occurrence of juvenile versus sub-
adult/adult Gray Snapper might also imply that populations in 
northern estuaries are impacted by high juvenile and subadult 
mortality. Juvenile Gray Snapper begin entering estuaries in 
July when temperature is near its annual peak (Texas coastwide 
mean 30.6°C). However, temperature in more northern estuar-
ies can become intolerable for overwintering juveniles and sub-
adults, resulting in high mortality in these areas, and ultimately 
in a disparity between juvenile and adult abundance in north-
ern versus southern areas. Wuenschel et al. (2012) used ther-
mal tolerance laboratory challenges in concert with field obser-
vations to demonstrate that the distribution of Gray Snapper 
on the Atlantic coast is indeed limited by chronic exposure to 
temperatures near the lower lethal limit in the northern ex-
treme of the species range. Historically, the northern part of 
the Texas coast has probably been near the extent of the range 
of tolerable winter temperatures for Gray Snapper (Tolan and 
Fisher 2009), which has constrained the abundance of this spe-
cies. 

Despite seasonal temperature constraints on the histori-
cal distribution of Gray Snapper, both the abundance and 
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TABLE 3. Distribution of estimated ages of Gray Snapper observed in 
inshore versus offshore samples in Texas, based on angler catch survey 
data.  Age was estimated using a von Bertalanffy growth function solved 
for age at capture, for individuals observed in Texas creel surveys in the 
years 1980-2019.  Ages 6+ were grouped to account for the limitations 
of the growth function (age 6 was the oldest individual observed in the 
otolith data set).

Age	 n (Inshore)	 % (Inshore)	 n (Offshore)	 % (Offshore)

0	 258	 3.5	 10	 0.6
1	 4540	 60.9	 193	 12.2
2	 2091	 28.1	 278	 17.5
3	 430	 5.8	 307	 19.3
4	 96	 1.3	 232	 14.6
5	 29	 0.4	 160	 10.1
6+	 10	 0.1	 408	 25.7
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age structure of Gray Snapper populations in Texas have ex-
panded over the past 40 years. Since 1993, the adult popula-
tion has become larger on average, a finding that implies that a 
broader range of annual cohorts are now being encountered in 
both fishery—dependent and fishery—independent data sets. A 
broader, more stable age distribution might imply that winter 
minimum temperatures are now more conducive to population 
expansion than they were historically. This hypothesis is sup-
ported by increased minimum winter temperatures throughout 
the western GOM since about 1993 (Tolan and Fisher 2009). In 
this context, it is possible that the range and abundance of this 
species can be expected to expand throughout the GOM, as-
suming continuation of this climate trend. Poleward expansion 
of tropical and subtropical species has been observed world-
wide (Figueira and Booth 2010, Nakamura et al. 2013, Verges 
et al. 2014) and specifically in the northern GOM (Tolan and 
Fisher 2009, Heck et al. 2015, Anderson et al. 2019, Purtle-
baugh et al. 2020). Coincidental expansion of semi—tropical 
mangrove habitat into Texas (Armitage et al. 2015) might also 
be augmenting expansion of Gray Snapper populations since 
juveniles utilize these habitats extensively (Thayer et al. 1987, 
Luo et al. 2009).

A significant upward shift of the Gray Snapper age distribu-
tion in Texas indicates that future expansion of this species 
in the western GOM may benefit from an additive effect of 
decreased mortality at the juvenile stage, as well as increased 
reproductive output due to the persistence of older age classes. 
Previous work on long—lived fishes in both the Atlantic and 
Pacific demonstrated that an old—growth age structure is as 
important as overall spawning biomass in maintaining stable 
populations (Berkeley et al. 2004), and age structure has been 
directly linked to the ability of fish populations to respond to 
variability in recruitment (Durant and Hjermann 2017). The re-
productive output of older, larger individuals is generally great-
er than that of smaller, younger individuals, and this disparity 
might be compounded as individuals age (Barneche et al. 2018). 
Thus, the expanding age structure of Gray Snapper in Texas 
implies the potential for a disproportionate increase in spawn-
ing productivity, and the increased presence of older, larger in-
dividuals may imply a more robust capability of reproductive 
response to future catastrophic population—scale events such 
as winter freezes. One caveat to the interpretation of age data 
is that we used estimated lengths from fishery—independent 
samples, rather than otolith microstructure data itself, to char-
acterize the changing age structure of Gray Snapper. These ages 
were based on a growth curve that was derived using mainly 
subadult (≤ age 4) inshore fish. Based on the trajectory of the 
growth curve from inshore samples, biases in estimates of ages 
might have occurred in larger offshore fish which were not rep-
resented in the growth model. Additionally, one of the under-
lying assumptions of our analysis is that growth rate has not 
changed appreciably over time, such that a growth function de-
rived from fish sampled recently (2006—2010) could be applied 
across the entire time series. While these biases may have had 
some impact on backwards—projection of age through time, the 
relative consistency of pattern between fishery—independent 

and fishery—independent data sets, as well as the observation 
of increased presence of multiple older age classes simultane-
ously, seems to support a broadening age structure across the 
time series. Significant differences in the distribution of total 
length in Gray Snapper sampled between 1980–1993, versus 
those from 1994–2019, indicates that the average age of Gray 
Snapper in Texas has indeed increased over time.

Size and age at sexual maturity in Gray Snapper from Texas 
are similar to what was reported by Domeier et al. (1996) on the 
Atlantic coast as well as Starck and Shroeder (1971) in southern 
Florida. In those studies, sexual maturity was observed in indi-
viduals as small as 182 mm SL and 198 mm SL for males and 
females, respectively, and a majority of individuals were sexu-
ally mature by 240 mm SL (Domeier et al. 1996). Evidence of 
sexual maturity from our data was constrained by the fact that 
no fully mature females were observed in our samples, even in 
the known spawning season for the species. However, we esti-
mated most individuals were capable of spawning between ages 
2 (299 mm TL) and 3 (371 mm TL), based on increased pres-
ence of cortical alveoli oocytes, which are generally absent out-
side of the spawning season (Starck and Schroeder 1971, Do-
meier et al. 1996). Increased investment in reproductive tissues 
(as evidenced by increase in GSI) occurred between 200–300 
mm TL, and the weight of fat deposits associated with ovary 
tissues increased rapidly between age 2 (2.5 g) and age 3 (3.7 g; 
data not shown) and these were correlated with gonad weight. 
Starck and Schroeder (1971) noted the appearance and growth 
of fat deposits associated with reproductive tissues as a sign of 
advancing maturity.

A majority of Gray Snapper (99%) observed inshore were ≤ 
age 4 based on annulus counts, suggesting that inshore habi-
tats are primarily used by juveniles and subadults. Significant 
differences in the estimated age distributions of Gray Snapper 
inshore and offshore support the idea that migration related to 
ontogeny and/or attainment of sexual maturity occurs in Texas, 
the majority of which occurs between age 3 and 4. This is consis-
tent with a previous study that also reported that Gray Snapper 
recruit to targeted fisheries at age 4 (Fischer et al. 2005), and an-
other that reported large aggregations of adults on offshore reef 
habitats (Bacheler et al. 2020). While others have documented 
periodic inshore/offshore migrations related to spawning activ-
ity (Starck and Schroeder 1971, Luo et al. 2009), our results sug-
gest that permanent emigration from inshore habitats in Texas 
occurs for most individuals by age 4. Combined with data that 
indicates the potential 50% sexual maturity by age 3, it is likely 
that permanent offshore migration occurs after or coincident 
with attainment of sexual maturity for most individuals. One 
caveat to this finding is the possibility of gear bias associated 
with inshore versus offshore sport harvest by anglers. The ma-
jority of Gray Snapper catches in Texas occur when anglers are 
targeting other species, and it could be expected that the typical 
size of offshore tackle could be selecting for larger individuals. 
However, even if gear selection has biased the results here, the 
large mean size of Gray Snapper reported offshore in another 
study in Texas (> 350 mm TL, Shipley et al. 2020) compared to 
the mean size of inshore individuals observed here (~300 mm 
24
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TL) seems to validate the size difference between the 2 areas.
The high percentage of larger Gray Snapper observed off-

shore most likely constitutes the bulk of the spawning stock 
biomass in Texas. The fact that only 5 females were observed 
inshore with vitellogenic oocytes reinforces this conclusion, 
and offshore spawning is also supported by the literature from 
other areas (Croker 1962, Starck and Schroeder 1971, Domeier 
et al. 1996, Claro and Lindeman 2003). Croker (1962) reported 
no ripe fish (females with fully mature eggs) among 790 indi-
viduals collected inshore in Florida Bay, and Rutherford et al. 
(1989) speculated that Gray Snapper recruiting to nursery ar-
eas of the Florida Everglades National Park were most likely 
spawned outside of the park offshore of the Florida Keys. At 
offshore artificial reefs, Gray Snapper have been documented 
as the fourth—most abundant species in Texas with an average 
length > 350 mm TL (Shipley et al. 2020). This latter finding 
validates the size disparity observed in the current study, and 
further supports the interpretation that the offshore segment 
of Gray Snapper populations is made up primarily of older, 
reproductive individuals.

There are currently no targeted management regulations for 
Gray Snapper in Texas state waters. Catch has historically been 
sporadic, and there is not an organized recreational fishery for 
this species; a majority (68%) of the recreational catch is inci-
dental based on TPWD creel data. However, the findings of 
this study suggest increasing recreational opportunity via ex-
pansion of the Gray Snapper population, and this expansion 
may be driven not only by more favorable winter temperatures, 
but also the increased availability of offshore structural habi-
tat. The state of Texas has actively expanded offshore habitat 
since the mid—1970s via deployment of underwater artificial 
reefs sites. These activities have accelerated since 1990 with 
the creation of the Artificial Reef Program, embedded within 
TPWD, which has made 261 deployments of decommissioned 
oil and gas platforms, ships, and other smaller reefing materi-
als such as pyramids and culverts (Shipley et al. 2020). Further 
research should seek to understand the significance of these 

structures to Gray Snapper, and how the expansion of artificial 
reefs in Texas may be contributing to the proliferation of the 
stock in recent years. For instance, it is unclear whether these 
structures represent important spawning areas or serve some 
other function (Bacheler et al. 2020), but it is clear that they are 
used extensively by Gray Snapper in Texas (Shipley et al. 2020). 
In any event, continued expansion of Gray Snapper in Texas 
might be coupled with increased angler interest, and there may 
be benefits to future regulation of catch for this species. 

Multiple findings from this study can inform future man-
agement. First, it seems clear that there are 2 primary compo-
nents to the Texas Gray Snapper population: inshore (juvenile 
and subadult) and offshore (adult). Future management of rec-
reational catch should be cognizant of how size—based regula-
tions might impact each component. Second, our data suggest 
that while Gray Snapper may mature prior to offshore recruit-
ment, a majority of individuals recruit to the offshore compo-
nent by age 4. While some reproductive individuals might oc-
casionally return to estuaries, the bulk of the spawning stock in 
Texas are probably permanent offshore residents. Third, Gray 
Snapper are most commonly associated with warmer water and 
southern estuaries in Texas, but the increasing winter mini-
mum temperatures in Texas noted by Tolan and Fisher (2009) 
have resulted in a more robust population with a broader age 
structure coastwide. Although winter temperatures have been 
more favorable since about 1993, it is likely that extreme win-
ter weather (such as the February 2021 hard freeze throughout 
coastal Texas) will continue to be a persistent constraint on 
the expansion of Gray Snapper in the western GOM. Future 
management measures might include a minimum size limit in 
the recreational fishery that protects vulnerable life stages that 
are impacted most heavily by wintertime estuarine extremes 
(e.g. Wuenschel et al. 2012). Such measures would have the 
added benefit of protecting most individuals up to attainment 
of sexual maturity, and subsequently recruitment to offshore 
habitats, and would potentially increase the available spawning 
stock biomass coastwide.
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