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Abstract
Objective: We investigated environmental variables associated with spawning mi-
gration behavior for a dual-spawning population of endangered Atlantic Sturgeon 
Acipenser oxyrinchus oxyrinchus in the Great Pee Dee River, South Carolina.
Methods: From 2016 to 2021, 147 Atlantic Sturgeon were captured, implanted with 
acoustic transmitters, and monitored using a stationary array of 40 receivers located 
every 5–20 km along a 302-km section of the Great Pee Dee River from the river 
mouth at Winyah Bay to the first movement barrier at Blewett Falls Dam, North 
Carolina.
Result: We observed 47 Atlantic Sturgeon attempting 74 spring migrations and 39 
Atlantic Sturgeon attempting 76 fall migrations across 4 years of telemetry obser-
vations (2018–2021). Mixed-effects models indicated that discharge interacted with 
water temperature to affect both migration initiation and upriver movement, and 
these interactions differed between the spring and fall runs. Spring runs were cued 
by rising temperatures and high river discharge, whereas fall runs were cued by fall-
ing temperatures and low discharge. Within migrations, spring-run fish migrated 
further upriver when discharge was falling, and fall-run fish moved further upriver 
when discharge was rising. Overall, fall-run sturgeon migrated significantly further 
upriver than spring-run sturgeon.
Conclusion: Differences in migratory behavior between the two runs suggest poten-
tially unique adaptations to ambient river conditions during the respective spawning 
seasons. Identifying the environmental factors that drive—and thereby limit—
Atlantic Sturgeon migrations in the Great Pee Dee River informs regional recovery 
efforts and highlights the importance of studying and managing this species at the 
population level.
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INTRODUCTION

An understanding of reproductive ecology is necessary to in-
form the conservation and management of imperiled fishes, 
especially those with diadromous life histories. Diadromous 
fishes are particularly vulnerable to exploitation and habi-
tat loss because they require a diversity of well-connected 
marine and freshwater habitats to complete their life his-
tory and they tend to aggregate seasonally in areas where 
they are easily exploited (Limburg and Waldman  2009; 
Geist 2011). Accordingly, diadromous fishes are dispropor-
tionately imperiled relative to fishes with other life history 
strategies (Jelks et al. 2008; Limburg and Waldman 2009). 
Anadromous sturgeons (Acipenseridae) are of particular 
conservation concern, as large body size and late matura-
tion have contributed to both intense exploitation and slow 
rates of recovery despite increased protections (Pikitch 
et al. 2005). Since diadromous fishes face a variety of threats 
at different stages of their life history, understanding the 
timing and drivers of life history events can help us to parti-
tion the effects of threats on the conservation and recovery 
of imperiled species.

The Atlantic Sturgeon Acipenser oxyrinchus oxyrinchus 
is one of the largest and longest-lived anadromous fishes 
in North America, occurring along the Atlantic slope from 
Labrador, Canada, to Florida, USA. Atlantic Sturgeon ex-
hibit a periodic life history strategy that increases their 
vulnerability to exploitation and habitat change, thus 
complicating conservation and recovery efforts (Wine-
miller  2005). Historical fisheries targeted Atlantic Stur-
geon for their roe and resulted in the collapse of most 
populations by the late 19th century, although landings 
continued through the 20th century until a coastwide 
moratorium was enacted in 1998 (Atlantic States Marine 
Fisheries Commission [ASMFC] 1998). Atlantic Sturgeon 
were federally listed under the Endangered Species Act in 
2012 across their range (NOAA 2012). As part of this list-
ing, rivers in the United States were split into five distinct 
population segments (DPSs). The New York Bight, Ches-
apeake, Carolina, and South Atlantic DPSs were listed as 
endangered, and the Maine DPS was listed as threatened 
(NOAA 2012). Although adult mortality has largely been 
reduced as a result of harvest moratoria (Dadswell 2006; 
ASMFC 2017), recruitment remains a major challenge to 
recovery due to degraded or inaccessible spawning habitat 
(Auer 1996). A better understanding of spawning behav-
ior is needed to effectively manage Atlantic Sturgeon lo-
cally and across their range.

Most historical documentation of Atlantic Stur-
geon spawning behavior was obtained from fisheries-
dependent data during periods of commercial exploitation 
(e.g., Smith  1985). Since the enactment of harvest mor-
atoria, fisheries-independent data have shown Atlantic 

Sturgeon spawning behaviors to be highly variable among 
river systems in terms of timing and periodicity. Atlantic 
Sturgeon appear to exhibit a subdivided metapopulation 
structure along the Atlantic coast, with high philopatry 
among spawning adults leading to genetically distinct 
populations among river systems (ASMFC  2017; White 
et al.  2021). Historical accounts suggest that spawning 
intervals range from 3 to 5 years for females and from 1 
to 5 years for males (Smith  1985); however, recent stud-
ies suggest that spawning may be more frequent in some 
systems (Hager et al. 2020; Breece et al. 2021). Timing of 
spawning varies latitudinally, with upriver migrations be-
ginning as early as March in southern climates and as late 
as July for more northerly populations (Dadswell  2006; 
Hilton et al. 2016). Age at maturity likewise varies, rang-
ing from 4 years in southern systems to 27 years in north-
ern systems (Scott and Crossman 1973; Van Eenennaam 
and Doroshov 1998; Peterson et al. 2008).

Atlantic Sturgeon in some rivers exhibit dual spring 
and fall spawning runs (Balazik et al.  2012; Hager 
et al.  2014; Smith et al.  2015) that can be genetically 
distinct from one another (Balazik et al.  2017; Farrae 
et al. 2017; White et al. 2021). This life history strategy is 
fairly unique, as dual spawning runs are rare in diadro-
mous fishes outside of Salmonidae. Based on temperature 
optimization for juvenile growth, recent research suggests 
that dual spawning runs should be an optimal reproduc-
tive strategy at latitudes centering on the Chesapeake Bay, 
becoming less advantageous as latitude increases or de-
creases (Markin and Secor  2020). However, detection of 
dual spawning in Georgia suggests that this an open area 
of research (Ingram and Peterson 2016; Vine et al. 2019; 
Wirgin et al. 2023). Quantifying patterns of Atlantic Stur-
geon spawning migrations in previously understudied riv-
ers along the Atlantic coast will provide a more thorough 
understanding of the prevalence of dual spawning runs 
in this species and the consequences of this behavior for 
population regulation.

There is an increasing recognition that population-
level variability in the migratory behavior of Atlantic Stur-
geon may have regional management implications (Hilton 

Impact statement

Some populations of Atlantic Sturgeon have 
uniquely adapted to spawn in both spring and fall. 
Each seasonal spawning run is cued differently by 
the interplay between river temperature and flow. 
Because they are present in rivers for a longer 
period of time, dual-spawning sturgeon may be 
more susceptible to a wider range of threats.
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et al.  2016; ASMFC  2017). It is possible that spawning 
could provide a “portfolio effect” by diversifying reproduc-
tive opportunities and thereby stabilizing annual recruit-
ment (Secor et al. 2020). On the other hand, this strategy 
also implies that adult sturgeon may be present in rivers 
for a longer duration than previously realized, exposing 
them to threats such as boat strikes and bycatch (Brown 
and Murphy 2010; Balazik et al. 2012). As such, an under-
standing of similarities and differences in timing, environ-
mental cues, and behaviors of spring and fall migrations 
will be useful for conservation and management of this 
species. For example, Balazik and Musick  (2015) found 
that fall-run Atlantic Sturgeon traveled much further up-
river than spring-run fish in the James River, Virginia. 
Moreover, Vine et al.  (2019) found that fall-run Atlantic 
Sturgeon initiated spawning in association with tempera-
ture, while spring-run spawning initiation was variable. 
System-specific studies of Atlantic Sturgeon spawning 
movements have focused primarily on the timing of 
spawning migrations (e.g., Collins et al. 2000; Ingram and 
Peterson 2016; Breece et al. 2021) and/or environmental 
conditions corresponding with spawning migrations (e.g., 
Balazik et al. 2012; Smith et al. 2015; Hager et al. 2020). 
Though such descriptive studies are fundamental to in-
forming our knowledge of Atlantic Sturgeon spawning 
behavior across the species' range (Dadswell 2006; Balazik 
and Musick 2015), a better understanding of how environ-
mental conditions cue spawning migrations is needed. De-
tailed knowledge of how the environment affects Atlantic 
Sturgeon movement can provide insight into the dynamic 
habitat needs of migrating sturgeon, thereby enabling 
managers to focus conservation efforts where they have 
the greatest impact (Secor et al. 2022). Although studies 
quantifying the drivers of spawning movements have the 
potential to increase the efficiency of Atlantic Sturgeon 
recovery efforts, such studies are relatively rare (but see 
Breece et al. 2018; Vine et al. 2019).

In this study, we used a robust acoustic telemetry data 
set to quantify movement patterns and spawning cues 
for adult Atlantic Sturgeon in the Great Pee Dee River 
(GPD) system of South Carolina, USA. Although the 
GPD is suspected to have the highest Atlantic Sturgeon 
abundance of any river in the Carolina DPS (Flowers and 
Hightower  2015), relatively little is known about how 
Atlantic Sturgeon use this system for reproduction. The 
main objective of this study was to investigate the effects 
of temperature and discharge on (1) spawning migra-
tion initiation and (2) spatial position (i.e., river kilome-
ter [RKM]; where RKM 0 is the mouth of the river) for 
fall- and spring-run Atlantic Sturgeon. Identifying the 
run-specific environmental factors associated with stur-
geon behavior can inform conservation efforts within this 
system as well as contribute to our understanding of the 

complex reproductive ecology of the Atlantic Sturgeon 
throughout its range.

METHODS

Study system

The GPD drains approximately 47,600 km2 and is part of 
the Yadkin–Pee Dee River basin. Originating near Blow-
ing Rock, North Carolina, the upper section of the GPD 
is impounded by seven reservoirs before continuing un-
dammed for about 300 fluvial kilometers to its mouth at 
Winyah Bay in Georgetown, South Carolina (Figure  1). 
Atlantic Sturgeon have been documented as far upstream 
as the tailrace of Blewett Falls Dam, North Carolina, at 
RKM 302 (Figure 1). However, detection of Atlantic Stur-
geon at Blewett Falls Dam was the result of a single in-
cident in 2018 after the landfall of Hurricane Florence. 
Although dam operations affect hydrology and tempera-
ture in the GPD, the vast majority of Atlantic Sturgeon ter-
minate their migrations much further downstream, where 
river conditions are in a more natural state. The GPD sup-
ported the largest commercial gill-net fishery for Atlan-
tic Sturgeon in the Southeast from 1870 until 1985, when 
South Carolina enacted a harvest moratorium (Smith 
et al. 1984; NMFS 2007). Little is known about spawning 
movements in this river, but genetic evidence and collec-
tion of juvenile Atlantic Sturgeon suggest that recruitment 
is occurring in the GPD for both spring and fall runs (Post 
et al. 2014; White et al. 2021).

Fish capture

Atlantic Sturgeon were captured beginning in 2016 by 
personnel from the South Carolina Department of Natu-
ral Resources (SCDNR) Diadromous Fishes Section. Stur-
geon were captured via anchored gill nets that were 45.7 
m long, with a stretched mesh size between 30.5 and 35.6 
cm. Nets were set from February through mid-March and 
again in mid-September through October of each year in 
an effort to capture adult Atlantic Sturgeon from both 
the spring and fall spawning runs. Since telemetry data 
suggested that Winyah Bay is an important aggregation 
area for multiple Atlantic Sturgeon populations (Post 
et al.  2014), netting efforts focused on upriver locations 
in areas where fish of target size were expected to be at-
tempting upriver migrations (Figure  1). The area near 
the confluence of the GPD and the Little Pee Dee River 
(~RKM 53) is one of these locations and is characterized 
by many river bends and small tributaries that help to cre-
ate areas of backflow (Figure 1).
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Upon capture, Atlantic Sturgeon were placed in an 
onboard live well and were allowed to recover. All fish 
were measured (total length, fork length [FL], and girth) 
and weighed. Sex was also recorded if gametes were visi-
ble (running ripe males; visibly present eggs in females). 
Sturgeon that were of suitable size and condition to rep-
resent putatively spawning individuals (>1500 mm FL) 
were surgically implanted with Innovasea V16 69-kHz 
acoustic transmitters. These tags measure 68 × 16 mm, 
weigh 34 g, and have a battery life of up to 10 years. 
Other adult sturgeon larger than 1200 mm FL that were 
thought to be making spawning migrations were tagged 
opportunistically. In accordance with guidelines set 
forth by the National Marine Fisheries Service (NMFS)-
issued Biological Opinion (NMFS Consultation Num-
ber SER-2009-5521), gravid females were not implanted 

with transmitters unless eggs were noticed after an ini-
tial incision was made.

Telemetry

We monitored movements of spring- and fall-run Atlan-
tic Sturgeon in the main-stem GPD from January 2018 
to December 2021. Movement data were obtained via a 
stationary array of about 40 Innovasea VR2W 69-kHz re-
ceivers (Figure 1). Receivers were located approximately 
every 5–20 km from the mouth of the GPD in Winyah 
Bay upstream to the Blewett Falls Dam tailrace in North 
Carolina (Figure  1). Data were retrieved at least four 
times per year and were exported via Innovasea VUE 
software. Sturgeon that were captured and implanted 

F I G U R E  1   The Great Pee Dee River of North Carolina and South Carolina, USA, including major sub-tributaries and the acoustic 
receiver array maintained by the South Carolina Department of Natural Resources. The map includes receiver locations; locations where 
Atlantic Sturgeon were captured and implanted with transmitters; U.S. Geological Survey (USGS) station 02131000, where discharge records 
were collected; USGS station 02110815, where temperature records were collected; and labels indicating the position of selected receivers 
(river kilometer [RKM]) relative to the mouth of the river at Winyah Bay in Georgetown, South Carolina.
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with transmitters by researchers in other river systems 
and that made movements up the GPD were also in-
cluded in our analysis. Telemetry data collected from a 
sturgeon during the same year in which that individual 
was captured were excluded from that year's analysis to 
avoid potential negative impacts of capture on spawning 
behavior.

Abiotic variables

Water temperature and discharge data were analyzed for 
their effect on sturgeon movement. We chose to obtain 
data from two U.S. Geological Survey (USGS) stations 
based on the availability of long-term data. Daily water 
temperature (°C) records were obtained from USGS sta-
tion 02110815 near RKM 12, located roughly near the 
confluence of the GPD and the Waccamaw River. Daily 
discharge (m3/s) records were obtained from USGS station 
02131000 near RKM 190 because this is the downstream-
most non-tidally influenced USGS station in the GPD for 
which discharge data were available. Because sturgeon are 
expected to respond to changes in discharge and tempera-
ture during spawning migrations (Forsythe et al.  2012; 
Vine et al. 2019; Moore et al. 2021), we chose to include 
metrics indexing the change in daily mean values of tem-
perature and discharge over 24-h periods. Photoperiod, 
measured as day length in hours, was obtained from the 
Geosphere package in R version 3.5.4 (Hijmans  2021; R 
Core Team 2022). However, this variable was ultimately 
removed from analyses due to high collinearity with water 
temperature (r = 0.84).

Statistical analysis

Our analytical approach closely followed that of Vine 
et al. (2019), who quantified environmental cues for stur-
geon migration movements in the Savannah River of 
South Carolina and Georgia. We used mixed-effects linear 
models to estimate the effects of our environmental vari-
ables on two complementary response variables describ-
ing (1) the timing of putative spawning migrations and 
(2) spatial position within putative spawning migrations. 
To calculate our response variables, we first summarized 
daily detections representing the upstream-most detec-
tion of each fish for each day; an individual's last known 
position was carried forward until its next detection. We 
then calculated a binary response variable indicating 
whether a fish was engaged in a putative spawning migra-
tion based on that individual's position (RKM) and move-
ment direction (upstream) in the river. Sturgeon that were 
detected above RKM 44 were considered to be attempting 

a putative spawning migration, as preliminary analysis 
indicated that (1) once sturgeon ascended past RKM 44, 
they did not return downstream without further upriver 
movement; and (2) sturgeon stayed below RKM 44 outside 
of the spawning seasons. Individuals upstream of RKM 
44 were considered to be engaged in putative spawning 
migrations until the date on which they reached their 
upstream-most detection in the river. For the purpose of 
our analysis, individuals moving downstream after the 
date on which they reached their upstream-most detec-
tion were not considered to be engaged in a spawning mi-
gration. In addition, we calculated a continuous response 
variable indexing sturgeon movement within putative 
spawning migrations. This variable was simply the daily 
spatial position of sturgeon (RKM) given that they were 
engaged in a putative spawning migration.

We constructed a total of four mixed-effects models to 
estimate the effects of environmental variables on spawn-
ing initiation and spatial position within the river for each 
spawning run. Because we expected the effects of environ-
mental variables on sturgeon movement to be season spe-
cific, data were split into two groups for analysis, reflecting 
each spawning run. Sturgeon that reached their upstream-
most detection prior to June 15 were considered spring-
run fish, and sturgeon that reached their upstream-most 
detection after this date were considered fall-run fish. The 
binary spawning indicator was modeled as a random bino-
mial variable (generalized linear mixed model [GLMM]), 
and the continuous response variable indicating spatial 
position during putative spawning runs was modeled as a 
random normal variable (linear mixed model [LMM]). All 
models were run using the glmmTMB package (Brooks 
et al. 2017) in R. Random intercepts of individual identity 
and year were included in all four models. An offset term 
representing the migration indicator and the RKM of the 
most recent detection was used to account for temporal 
autocorrelation in spawning phenology. Each model con-
tained four main effects indexing daily water temperature, 
daily discharge, 24-h change in daily water temperature, 
and 24-h change in daily discharge. Since telemetry data 
from the GPD suggested that Atlantic Sturgeon initiate 
spring migrations when temperatures are rising and initi-
ate fall migrations when temperatures are declining (Post 
et al. 2014), we used maximum daily water temperature in 
models for spring-run fish and minimum daily water tem-
perature in models for fall-run fish. Maximum daily dis-
charge was included in all models. In addition, we allowed 
each discharge variable to interact with each temperature 
variable in all models. Incorporating the interaction ef-
fects allowed us to determine whether the effect of any 
one variable on migratory behavior was dependent on 
the value of another variable. Effects were considered 
significant if standardized parameter estimates with 95% 
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confidence intervals (CIs) did not overlap zero. Abiotic 
variables were screened for collinearity using pairwise 
Pearson correlations (r < 0.70) and were standardized to a 
mean of zero and a standard deviation (SD) of 1.0 prior 
to analyses. To ensure that model results were meaning-
ful, we compared them against analogous intercept-only 
(null) models with the same error and random effect 
structure based on Akaike's information criterion (AIC). 
Models within 2 AIC units of one another (AIC difference 
[ΔAIC] < 2) are considered equally plausible (Burnham 
and Anderson 2002).

RESULTS

Water temperatures reflected typical seasonal varia-
tion, ranging from winter minima of approximately 7°C 
to summer maxima of approximately 30°C (Figure 2). A 
notable high-discharge event occurred in fall 2018 after 
the landfall of Hurricane Florence in North Carolina on 
September 14, 2018, with discharge peaking at a historic 
3737 m3/s. While smaller floods also occurred throughout 
the course of our study, discharge tended to vary season-
ally, with higher flows in winter and lower flows through-
out the summer and into the fall (Figure 2).

Tagging efforts resulted in the deployment of 147 
acoustic transmitters in adult Atlantic Sturgeon from 2016 
to 2021, including 12 females, 71 males, and 64 individ-
uals of unknown sex. Ninety-two percent (135) of these 
fish were captured between RKM 44 and RKM 66. The re-
maining 12 fish were captured in the lower reaches of the 
river system, primarily as a result of opportunistic tagging 
while sampling for Shortnose Sturgeon A. brevirostrum. 
Tagged Atlantic Sturgeon had a mean FL ± SD of 164 ± 19 
cm and a mean weight of 40.1 ± 12.1 kg. In total, 79 tagged 
sturgeon returned to the GPD in the years after tagging, in-
cluding 8 females, 39 males, and 32 sturgeon of unknown 
sex, and made a total of 140 putative spawning migrations 

(Table  1). An additional seven Atlantic Sturgeon tagged 
by other researchers outside of South Carolina made 11 
putative spawning runs up the GPD; six of these fish were 
tagged off the coast of Delaware, and one fish was tagged 
in the James River, Virginia. Overall, 74 spring migrations 
and 76 fall migrations spanning 4 years (2018–2021) were 
included in the analysis.

Spring-run Atlantic Sturgeon initiated putative spawn-
ing migrations between late January and mid-February 
of each year at water temperatures between 8.8°C and 
10.8°C and at river discharge levels between 541 and 799 
m3/s (Table 1). The spring run completely exited the river 
by the first week of May each year, when water tempera-
tures had risen to between 20°C and 23°C and when dis-
charge had fallen to 170–368 m3/s (Table 1). The putative 
fall-run spawning migrations began as early as May, when 
water temperatures were still rising between 25°C and 
30°C. Fall-run sturgeon had completely departed the river 
between late October and mid-November once water tem-
peratures had fallen to between 14°C and 20°C (Table 1).

Spring and fall runs differed in the spatial extent of 
putative upstream spawning migrations (Figure  3). Of 
the 47 individuals attempting 74 spring migrations, stur-
geon attained a mean upstream-most RKM ± 95% CI of 
103 ± 12 (Table  1). In contrast, 39 sturgeon attempting 
76 fall migrations attained a mean upstream-most RKM 
of 168 ± 9 (Table  1). The temporal duration of putative 
upriver spawning migrations was similar between runs: 
spring-run Atlantic Sturgeon spent on average 14 ± 2 days 
(±95% CI) making upriver migrations, while fall-run At-
lantic Sturgeon spent on average 16 ± 3 days making up-
river migrations across years (Table 1).

All mixed-effects models achieved adequate fit, with 
ΔAIC much greater than 2 for each of the four models, 
relative to the null model (Table  A.1). Results from our 
GLMMs indicated that the main effects of temperature 
and 24-h change in temperature significantly influenced 
the probability of migration for both spring- and fall-run 

F I G U R E  2   Water temperature (°C) and discharge (m3/s) in the Great Pee Dee River and the migration probability (mean migration 
indicator value) of Atlantic Sturgeon from January 2018 to December 2021.
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Atlantic Sturgeon in the GPD (Figure 4; Table A.2). Tem-
perature positively affected migration probability for both 
runs, whereas the 24-h change in temperature positively 
affected migration probability for spring-run Atlantic 
Sturgeon and negatively affected migration probability 
for fall-run individuals (Figure  4; Table  A.2). Discharge 
had a significant main effect on migration probability for 
fall-run Atlantic Sturgeon but not for spring-run sturgeon. 
The LMMs indicated that the main effect of temperature 
significantly affected spatial position within spawning 
migrations for spring-run Atlantic Sturgeon. For fall-
run Atlantic Sturgeon, discharge and the 24-h change in 
temperature significantly affected spatial position within 
spawning migrations (Figure 4; Table A.2).

Significant interaction effects were observed in three of 
the four models, indicating that the effects of some vari-
ables depended on the effects of others. Temperature and 
discharge had a significant interaction effect on migration 
probability for both spring and fall runs, and discharge 
and 24-h change in temperature had a significant inter-
action effect on migration probability for the spring run. 
Temperature and 24-h change in discharge had a signif-
icant interaction effect on spatial position for the spring 
run, whereas no significant interaction effect on spatial 
position was observed for the fall run (Figure 4; Table A.2). 
Temperature positively affected migration probability for 
fall-run Atlantic Sturgeon across all levels of discharge, 
although increasing levels of discharge decreased the 
strength of this relationship (Figure  5C). Interaction ef-
fects in other models resulted in a reversal of the direction 
of the relationship between main effects and the response 
(Figure  5A,B,D). For spring-run Atlantic Sturgeon, tem-
perature negatively affected migration probability at 
lower levels of discharge but positively affected migration 
probability at higher levels of discharge (Figure  5A). In 
the same model, the 24-h change in temperature had a 
weak negative effect on migration probability when dis-
charge was high, but the 24-h change in temperature had 
an increasingly positive effect on migration probability as 
discharge declined (Figure 5B). Temperature positively af-
fected spatial position for spring-run fish when the 24-h 
change in discharge was negative, whereas temperature 
negatively affected spatial position when the 24-h change 
in discharge was positive (Figure 5D).

DISCUSSION

By using an extensive acoustic telemetry data set and a 
suite of environmental variables that were hypothesized 
to affect movement, we were able to describe and identify 
environmental factors associated with putative upriver 
spawning movements of Atlantic Sturgeon in the GPD. T
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Our observation of two separate and distinct spawning 
runs provides baseline knowledge on the migratory be-
havior of Atlantic Sturgeon in this system. We found that 
the effects of the environmental variables associated with 
migration initiation and spatial position were run specific, 
reflecting differences in ambient river conditions during 
respective spawning seasons and potentially unique adap-
tations between the two genetically distinct groups. Identi-
fication of significant interactions between environmental 
variables associated with Atlantic Sturgeon movement of-
fers further insight into the complex and interdependent 
factors affecting dual-run Atlantic Sturgeon migration.

Spring-run Atlantic Sturgeon engaged in putative 
spawning migrations from late January to early May, when 
river discharge declined following winter highs and when 
water temperature began rising. Accordingly, temperature 
and the 24-h change in temperature were positively asso-
ciated with migration probability for spring-run fish. Tem-
perature also had a significant positive effect on movement 
within spawning migrations, indicating that warming 
temperatures not only cued migration but also contributed 
to greater upriver movement given that an individual stur-
geon had initiated a spawning run. However, the presence 
of significant interaction effects indicated that discharge 
mediated the effect of temperature in cueing migration. 
Temperature had the greatest effect on migration prob-
ability when discharge levels were high, indicating that 
higher temperature and elevated flow most strongly cued 
spring spawning migrations. Conversely, temperature was 
negatively related to migration probability at lower flows, 
reflecting a tendency of Atlantic Sturgeon to emigrate 
once flows dropped and temperatures continued to rise. 
Curiously, we observed a positive relationship between 

the 24-h change in temperature and migration probabil-
ity at low and mean flows but a weak negative relation-
ship at higher flows. We might expect increases in daily 
temperature to initiate migration when flows are highest 
earlier in the spawning season, but the weak effect of the 
24-h change in temperature at high flows ultimately sug-
gests that raw temperature was more important than the 
change in temperature in cuing migration. For the spatial 
position of spring-run Atlantic Sturgeon, temperature had 
a strong positive effect on upriver movement when flows 
were decreasing and a much weaker effect on upriver 
movement when flows were rising. This “masking” effect 
of rising discharge on the effect of temperature indicated 
that although temperature was most strongly associated 
with upriver movement for spring-run Atlantic Sturgeon, 
the greatest upriver movement occurred when higher 
temperatures coincided with declining flows. It is possible 
that rising flows represented unnecessary energetic costs 
to spring-migrating Atlantic Sturgeon, thus resulting in a 
selection for periods of dropping flows to migrate upriver 
when temperatures were optimal.

Fall-run Atlantic Sturgeon engaged in putative 
spawning migrations from May to early November, when 
temperatures were falling and when river discharge was 
lowest. The significant negative effects of discharge and 
the 24-h change in temperature on migration probability 
reflected the role of low discharge and falling tempera-
tures in cueing migration for the fall run. Temperature 
had a positive overall effect on migration probability, 
likely reflecting the emigration of Atlantic Sturgeon as 
temperatures cooled later in the fall. Furthermore, tem-
perature had the strongest effect on migration probabil-
ity when discharge was lowest, further emphasizing the 

F I G U R E  3   Box plots comparing distributions of (A) the upstream-most detection location (maximum river kilometer [RKM]) and (B) 
the duration of migration (number of days) for spring- and fall-run Atlantic Sturgeon in the Great Pee Dee River. Plots show medians (lines 
within boxes), quartiles (box ends), 95th percentiles (whiskers), and outliers (dots). Lowercase letters indicate significant differences in 
mean values between runs as determined by a two-sample t-test (α = 0.05).
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intersection of higher temperatures and lower flows in 
cueing fall migration. Within spawning migrations, dis-
charge had a positive effect on upriver movement and 
the 24-h change in temperature had a negative effect on 
upriver movement, suggesting that Atlantic Sturgeon 
moved further upstream during periods of falling tem-
perature and elevated discharge. Our finding that dis-
charge was a significant main effect for fall migratory 
behavior but not for spring migratory behavior might 
be attributable to differences in habitat use between the 
two runs. Fall-run Atlantic Sturgeon migrated further 
upstream on average than spring-run Atlantic Sturgeon; 
therefore, flows may play a greater role in affecting 
the ability of fall-run sturgeon to navigate shallower 

upstream habitats. The tendency of fall-run Atlantic 
Sturgeon to move upriver in response to elevated dis-
charge stands in contrast to the behavior of spring-run 
Atlantic Sturgeon, for which rising discharge mitigated 
the effect of temperature on upriver movement. This 
difference in the effect of discharge on spatial position 
among runs may be attributed to the hydrological regime 
of the GPD: higher flows observed during the spring mi-
gration may facilitate upriver movement throughout the 
season, resulting in the selection for periods of falling 
flows and, therefore, lesser energetic costs to move up-
river. Lower flows observed during fall migrations may 
actually impede upriver movement, especially in the up-
stream reaches occupied by fall-run Atlantic Sturgeon, 

F I G U R E  4   Generalized linear mixed model estimates (with 95% confidence intervals) estimating the effects of temperature (Temp), 
discharge, 24-h change in temperature (∆Temperature), 24-h change in discharge (∆Discharge), and interaction terms on (A), (B) migration 
probability and (C), (D) spatial position (river kilometer) of spring- and fall-run Atlantic Sturgeon engaged in putative spawning migrations 
in the Great Pee Dee River. Note that the x-axes are scaled differently to allow for symmetrical paneling. Parameter estimates, standard 
errors, and null model comparisons are presented in Table A.2.
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resulting in a selection for periods of higher flows, when 
upriver movement was possible. Dissolved oxygen is 
also relatively low in the fall season, and timing the mi-
gration with higher flows may increase recruitment suc-
cess (Greene et al. 2009).

Our results are comparable to those of other studies 
investigating the migratory behavior of sturgeons. Using 
an analytical framework similar to the one used in this 
study, Vine et al. (2019) found that migrations of fall-run 
Atlantic Sturgeon in the Savannah River of Georgia and 
South Carolina were affected solely by temperature, and 
no significant environmental effects were identified for 
spring-run Atlantic Sturgeon. Although the results of 
Vine et al. (2019) corroborate our finding that tempera-
ture was most closely associated with migration prob-
ability for fall-run Atlantic Sturgeon in the GPD, our 
ability to identify additional factors associated with At-
lantic Sturgeon migratory behavior is more likely a result 
of greater sample size than a reflection of relationships 
specific to our study system. Studies of other sturgeon 
species highlight a dominant role of temperature for 

initiating migrations. Timing of river entrance by Gulf 
Sturgeon A. oxyrinchus desotoi in the Choctawhatchee 
and Suwanee rivers of Georgia and Florida is suspected 
to be determined primarily by temperature (Foster and 
Clugston  1997; Fox et al.  2000). In a study of spawn-
ing movements of Lake Sturgeon A. fulvescens in the 
Black River, Michigan, Forsythe et al. (2012) found that 
water temperature significantly affected the initiation of 
spawning migrations and the arrival of fish at spawning 
sites. Another study in the Osage River, Missouri, indi-
cated that temperature significantly affected the upriver 
movement of Lake Sturgeon (Moore et al.  2021). Al-
though Forsythe et al. (2012) and Moore et al. (2021) re-
ported additional effects of discharge on Lake Sturgeon 
migratory behavior and Chapman and Carr (1995) iden-
tified a strong correlation between high discharge and 
initiation of migration for Gulf Sturgeon in the Suwanee 
River, the effect of discharge on the migratory behavior 
of sturgeons appears to depend upon the occurrence of 
optimal migration temperatures. Laboratory tests have 
found that the critical swim speeds of juvenile Atlantic 

F I G U R E  5   Marginal effects of significant interaction terms on the predicted values of (A)–(C) migration probability or (D) spatial 
position (river kilometer [RKM]) of spring- or fall-run Atlantic Sturgeon for each model. Parameter estimates for all models are provided in 
Figure 4 and the Appendix. For each pair of significant interaction terms, model predictions (with 95% confidence intervals) are shown for 
the independent variable at three levels of the interacting variable: the mean value (orange), the mean plus one standard deviation (green), 
and the mean minus one standard deviation (red). Note the difference in y-axis ranges.
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Sturgeon are lower than those reported for other stur-
geon species (Wilkens et al. 2015), emphasizing a need 
for more research to understand how discharge affects 
the ability of Atlantic Sturgeon to complete upriver 
migrations. The role of temperature in influencing mi-
grations is relatively well understood, but the effects 
of discharge on migratory behavior of sturgeons ap-
pear to be highly varied and system specific. Forsythe 
et al.  (2012) reported a negative effect of higher river 
discharge on the upriver movement of Lake Sturgeon; 
this effect was attributed to an increased physiological 
cost of migrating at higher flows. In contrast, rising 
discharge was associated with increased upriver move-
ment of Lake Sturgeon in some Osage River tributaries, 
potentially due to higher flows facilitating movement 
above anadromous barriers (Moore et al. 2021).

By introducing interaction terms into models, our 
analyses provided a more nuanced understanding of the 
effect of discharge on Atlantic Sturgeon migratory behav-
ior and uncovered important differences in the response 
to discharge between the spring and fall runs of Atlantic 
Sturgeon. Although discharge on its own was not signifi-
cantly associated with migratory behavior for spring-run 
Atlantic Sturgeon in the GPD, discharge significantly 
interacted with temperature variables in both models. 
We found that temperature had the strongest effect on 
spring migration probability when flows were highest 
and that temperature had the strongest effect on upriver 
movement when flows were dropping, indicating that 
higher flows helped cue migration for spring-run Atlan-
tic Sturgeon, but most upriver movement occurred when 
flows were decreasing. Discharge is typically high in the 
spring, and a selection for upriver movement during pe-
riods of declining flows might conserve energy. Very lit-
tle migration occurred for spring-run Atlantic Sturgeon 
under any amount of discharge when temperatures were 
below 15°C. Additionally, temperatures rose faster in the 
absence of new high-discharge events. Together, these 
results emphasize that temperature ultimately “sets the 
stage” for the effect of discharge on the spring run. For 
fall-run Atlantic Sturgeon, we observed an opposite role 
of discharge in influencing fall migrations: lower flows 
cued migration, and most upriver movement occurred 
when flows were elevated. Naturally lower flows ob-
served during the fall may have restricted navigability 
of the river channel by Atlantic Sturgeon in the GPD, 
thereby influencing fish to move upriver during periods 
of elevated discharge. Although our results indicate that 
discharge affects upriver movement of Atlantic Sturgeon 
in the GPD, the spatial grain of our analysis was large 
(5–10 km between receivers), and finer-scale data may 
be needed to more precisely determine the effect of flow 
conditions on sturgeon movement.

The migrations observed in this study do not provide 
direct evidence of Atlantic Sturgeon spawning, but the 
correspondence between water temperature and the tim-
ing and extent of migrations indicated that these move-
ments likely reflected attempted spawning migrations. 
Our results showed that the spring run initiated migra-
tions when water temperatures were between 8°C and 
11°C, and spring-run sturgeon completely exited the river 
once temperatures rose to 21–23°C. The fall run initiated 
migrations at higher temperatures (25–30°C) and mostly 
departed the river once temperatures fell to 14–16°C (20°C 
in fall 2020). Although the optimal temperature range for 
reproduction is not well understood and appears to vary 
across the species' range, spawning temperatures rang-
ing from 13°C to 26°C have been reported in rivers from 
Georgia to Canada (Smith  1985; Dadswell  2006; Whip-
pelhauser et al. 2017). In the nearby Edisto River, South 
Carolina, Atlantic Sturgeon in spawning condition were 
collected as early as March, when temperatures were 
13.6°C, and again in September and October, when tem-
peratures were 17–18°C (Collins et al. 2000). The Edisto 
River is unique in that it is entirely unimpounded and ex-
periences a relatively unaltered flow and thermal regime. 
Water temperatures that were expected to be conducive 
to spawning success were thus mostly contained within 
observed migration seasons.

Timing of Atlantic Sturgeon spawning movements 
varies clinally along the East Coast (Hilton et al.  2016). 
Spring and summer spawning migrations are well docu-
mented north of the Chesapeake Bay (Bain 1997; Caron 
et al. 2002; Whippelhauser et al. 2017; Breece et al. 2021), 
and fall spawning migrations are known to occur in sys-
tems from Georgia to Virginia (Balazik et al. 2012; Hager 
et al. 2014; Smith et al. 2015; Ingram and Peterson 2016). 
Telemetry data indicate that dual spawning (both spring 
and fall) occurs in several systems within the South At-
lantic DPS (Collins et al. 2000; McCord et al. 2007; Vine 
et al.  2019) and the Carolina DPS (Balazik et al.  2012; 
Balazik and Musick  2015). Furthermore, genetic stud-
ies have discovered genetically distinct spring and fall 
spawning runs in river systems including the Edisto, Sa-
vannah, James, and Ogeechee rivers and the GPD (Bala-
zik et al. 2017; Farrae et al. 2017; White et al. 2021). Our 
observation of two separate and distinct annual spawning 
migrations of Atlantic Sturgeon in the GPD adds to the 
growing list of rivers with dual spawning migrations and 
supports the hypothesis that dual spawning may be more 
widespread than previously thought (Balazik and Mu-
sick  2015). Ingram and Peterson  (2016) notably did not 
observe dual spawning in the Altamaha River, Georgia, 
and more data are needed to understand the prevalence 
of dual spawning across the range of Atlantic Sturgeon. 
Documentation of separate spring and fall spawning runs 



      |  705DUAL-SPAWNING ATLANTIC STURGEON MIGRATION

in more rivers will also be important for understanding 
evolutionary relationships among populations (White 
et al.  2021). Our finding that fall-run Atlantic Sturgeon 
moved further upstream on average than spring-run At-
lantic Sturgeon corroborates the pattern observed in the 
James River by Balazik and Musick  (2015). Differences 
in habitat use among runs may help to explain why dual 
spawning has historically been poorly documented, and 
these differences also suggest that vulnerability to threats 
such as habitat degradation differs among runs.

A greater understanding of the factors initiating and 
promoting upriver movement of sturgeons has important 
implications for species recovery efforts. We found that 
temperature and discharge significantly affected putative 
upriver spawning migrations of both spring- and fall-run 
Atlantic Sturgeon in the GPD. These findings suggest that 
shifts in weather patterns as a result of climate change may 
influence migratory behavior in our study area. Although 
our analyses are correlative and not predictive, the data 
presented here can be used to develop predictive models 
forecasting the effect of climate change on the timing of 
spawning migrations (e.g., Breece et al.  2013). Our study 
also highlights the importance of considering interactions 
between environmental variables when estimating how 
they affect sturgeon movement. Temperature was the dom-
inant factor constraining putative spawning migrations in 
the GPD, but discharge mediated the effect of temperature 
in the majority of models. Differences in the environmen-
tal factors that support—and thereby limit—migrations 
among runs highlight the importance of studying and 
managing Atlantic Sturgeon at the population level. The 
tendency for fall-run fish to move upriver when flows 
were rising and for spring-run fish to move upriver when 
flows were dropping suggests that flow pulses may facili-
tate migration, although more research is needed to better 
understand the fine-scale movements of Atlantic Sturgeon 
in response to discharge. Many rivers supporting sturgeon 
populations are dammed, including the GPD, and directed 
management of river flows during periods of optimal mi-
gration temperatures might help to ensure that the stur-
geon reach suitable spawning habitat (e.g., U.S. Fish and 
Wildlife Service 2008; Vine et al. 2019). Ultimately, the spa-
tial grain of our analysis was large (receivers were spaced 
5–20 km apart), and future studies investigating fine-scale 
movements will be needed to better understand riverine 
habitat use and residency (e.g., Breece et al. 2018).
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A P P E N D I X :  A D D I T I O N A L  DATA

T A B L E  A . 1   Akaike's information criterion (AIC) values for mixed-effects models predicting environmental effects on migration 
initiation (binomial) or spatial position in the river (continuous; river kilometer) for spring- and fall-run Atlantic Sturgeon in the Great Pee 
Dee River from 2018 to 2021. Fully parameterized models (Figure 5) were compared to null models with the same random error structure 
but with only a single fixed intercept. The AIC difference (ΔAIC) represents the difference in AIC between the parameterized model and the 
null model. Models with ΔAIC values less than 2 are considered equally plausible (Burnham and Anderson 2002).

Season Variable Parameterized model AIC Null model AIC ΔAIC

Fall Migration indicator 6404 9263 2859

Fall Spatial position in river 7642 12,956 5314

Spring Migration indicator 14,003 17,237 3234

Spring Spatial position in river 17,273 23,490 6217

T A B L E  A . 2   Results of mixed-effects regression models (regression coefficients and standard errors [SE]) predicting environmental 
effects on migration initiation (binomial) or spatial position in the river (continuous; river kilometer) for spring- and fall-run Atlantic 
Sturgeon in the Great Pee Dee River from 2018 to 2021 (∆Temperature = 24-h change in temperature; ∆Discharge = 24-h change in 
discharge). Estimates shown in bold are statistically significant at the 95% confidence level.

Variable

Migration indicator Spatial position in river

Spring Fall Spring Fall

Estimate SE Estimate SE Estimate SE Estimate SE

Temperature 0.64 0.04 2.00 0.09 0.74 0.25 −0.31 0.27

ΔTemperature 0.08 0.03 −0.26 0.03 0.42 0.24 −0.98 0.24

Discharge −0.06 0.04 −0.93 0.13 −0.20 0.26 1.75 0.35

ΔDischarge −0.06 0.04 0.15 0.10 −0.24 0.24 −0.06 0.33

Temperature × Discharge 0.83 0.05 0.63 0.21 0.25 0.23 0.15 0.22

Temperature × ΔDischarge −0.02 0.05 0.01 0.18 −0.80 0.22 −0.06 0.25

ΔTemperature × Discharge −0.10 0.03 −0.05 0.08 −0.25 0.22 −0.06 0.25
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