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INTRODUCTION TO MARINE-ORIENTED STURGEONS 
 
There are 27 species of sturgeons and paddlefishes (Order Acipenseriformes) that inhabit 
rivers, lakes, estuaries, near-shore oceanic environments, and inland seas across the northern 
hemisphere (Table 1). The two species of paddlefishes (Family Polyodontidae) are strictly 
freshwater in life history while the 25 sturgeons (Family Acipenseridae) include 16 species that 
enter into estuaries, oceans or seas during some part of their life cycle, even if just for feeding. 
All sturgeons, however, spawn in freshwater habitats. The 16 marine-oriented species (species 
that spend a significant portion of their life history in marine environments) occur on all of the 
continents to which sturgeons are endemic, including North America, Europe and Asia. 
 
The Acipenseriformes represents an ancient lineage that has an important place in the 
evolutionary history of fishes. Their history dates to the Lower Jurassic (200 Myr BP), earning 
them the status of ‘living fossils.’ Present evidence of their primitive origins remains in 
characters such as a heterocercal caudal fin, cartilaginous skeletons, notochord, and ganoid 
scales. These fishes originated in the Tethys Sea, and later diverged into a number of different 
taxa in Europe and Asia, and eventually North America (Bemis and Kynard 1997; Birstein et al. 
1997b). Sturgeons have five rows of bony scutes and snouts with sensory barbels (Figure 1).  
 
Sturgeons are generally long-lived fishes that exhibit late onset of maturity, slow growth and 
infrequent reproduction (reviewed in Pikitch et al. 2005). Some species of sturgeon have historic 
life spans of well over 100 years, and many females do not reach sexual maturity until 20-25 
years of age or more (Billard and Lecointre 2001). These characteristics as well as their value 
as the source of black caviar (the unfertilized roe of female sturgeon) make them particularly 
vulnerable to overexploitation. The reliance of sturgeons on freshwater environments makes 
them particularly susceptible to the effects of habitat alteration. Damming of rivers has been 
particularly detrimental to many sturgeon stocks and species in that it can reduce and 
sometimes eliminate spawning and egg/larvae incubation habitats and change important 
environmental cues relating to flow regimes and hydrographic characteristics. Pollution, 
introduced species, reduced food supply, dredging, and water diversion are also problematic for 
these fishes. 
 
As such, the sturgeons are now considered one of the most endangered groups of animals in 
the world. In 2010, the International Union for Conservation of Nature (IUCN) reviewed the 
status of the 25 species (and two subspecies) of sturgeon (Acipenseridae) in their “Red List” (list 
of threatened species);four species are listed as “threatened,” five species as “endangered,” 
and 18 species are “critically endangered” (likely to become extinct in a generation). The IUCN 
classifications take all stocks into consideration (and pool both week and strong stocks of the 
same species) and thus tend to be conservative. For example, the IUCN classifies white 
sturgeon (all stocks) as “least concern”, whereas all stocks of white sturgeon in Canada are 
classified “endangered” under the national ranking system (COSEWIC 2003), and in the US, the 
Kootenai River white sturgeon is federally listed as an endangered distinct population segment. 
 
While sturgeons deserve attention because of their unique characteristics and generally 
endangered status, they are also some of the least-well-known of the major taxa of concern in 
terms of their spatial distribution and abundance, particularly for marine-oriented species during 
the oceanic and nearshore phase of their life history. Almost all of the sturgeons that enter into 
saltwater have been understudied with respect to where they go and why (Table 1). Several 
marine-oriented species may inhabit natal estuaries during their first year of life, but once they 
outmigrate little is known regarding their migrations and habitat use. The spawning periodicity of 
female sturgeon varies between species (range 2-11 years; Billard and Lecointre 2001) and can 
be influenced by physical and environmental conditions. Understanding these information gaps 
is extremely important for conservation in terms of protecting habitats and distinct populations. 



In this report we further explore this issue while providing case studies and tools for researchers 
to use in studying the movement and distribution of these ancient fishes. 
 
 

Table 1.

Species Distribution IUCN* Category
Siberian sturgeon, Acipenser baerii FW, E/Bays Endangered

Shortnose sturgeon, Acipenser brevirostrum FW, E, Ocassionally Coastal Vulnerable

Yangtze sturgeon, Acipenser dabryanus FW Critically Endangered (pe)

Lake sturgeon, Acipenser fulvescens FW Least Concern

Russian sturgeon, Acipenser gueldenstaedtii E , Sea (Black, Caspian, Azov) Critically Endangered

Green sturgeon, Acipenser medirostris E, Coastal (Baja, California to the Bering Sea) Near Threatened

Sakhalin sturgeon, Acipenser mikadoi E, Coastal (Bering Sea, Sea of Okhotsk, Sea of 
Japan, south Sakhalin Island; range very restricted at 
present); $$

Critically Endangered

Adriatic sturgeon, Acipenser naccarii E, Coastal; Adriatic Sea; range very restricted at 
present; $$

Critically Endangered (pe)

Ship sturgeon, Acipenser nudiventris E, Sea (Black, Caspian, Azov) Critically Endangered

Atlantic sturgeon, Acipenser oxyrinchus E, Coastal (Gulf of Mexico to Quebec) Near Threatened
Acipenser oxyrinchus desotoi
Acipenser oxyrinchus oxyrinchus

Persian sturgeon, Acipenser persicus E, Sea (Black, Caspian) Critically Endangered

Sterlet, Acipenser ruthenus FW Vulnerable

Amur sturgeon, Acipenser schrenckii E, Coastal (distribution uncertain); $$ Critically Endangered

Chinese sturgeon, Acipenser sinensis E, Coastal (Yellow and East China seas; range very 
restricted at present)

Critically Endangered

Stellate sturgeon, Acipenser stellatus E, Sea (Black, Caspian, Azov) Critically Endangered

European (Baltic) sturgeon, Acipenser sturio E, Coastal (Baltic Sea; once throughout Western 
Europe; range very restricted at present)

Critically Endangered (pe)

White sturgeon, Acipenser transmontanus E, Coastal (Aleutian Islands to Monterey California) Least Concern

Beluga sturgeon, Huso huso E, Sea (Black, Caspian, Azov) Critically Endangered

Kaluga sturgeon, Huso dauricus E. Coastal (Sea of Okhotsk, Tatar Strait, Sea of 
Japan; $$

Critically Endangered

Pallid sturgeon, Scaphirhynchus albus FW Endangered

Shovelnose sturgeon, Scaphirhynchus platorynchus FW Vulnerable

Alabama sturgeon, Scaphirhynchus suttkusi FW Critically Endangered

Dwarf sturgeon, Pseudoscaphirhynchus hermanni FW Critically Endangered

Syr Darya sturgeon, Pseudoscaphirhynchus fedtschenkoi FW Critically Endangered (pe)

Amu Darya sturgeon, Pseudoscaphirhynchus kaufmanni FW Critically Endangered

* International Union for Conservation of Nature 
NOTES: FW = primarily freshwater over most of life history

E = estuarine
Sea = inhabits seas but not oceans
$$ = additional research is required to determine the marine distribution of these species
pe = possibly extinct in the wild

Sturgeons (Family Acipenseridae ) of the world and their marine distributions.  Sources:  Birstein et al. 1997; Bemis et al. 1997; Ruban 
2005; Artyukhin et al. 2007; Shmigirilov et al. 2007.

 
 
 



 
 

Figure 1. The white sturgeon, Acipenser transmontanus. (Drawing by Loucas Raptis of a specimen 
from the Nechako River, a tributary of the upper Fraser River, British Columbia, provided courtesy of 
BC Ministry of Environment.) 

 
 

RATIONALE FOR RESEARCH 
 
Where Do They Go – And Why? 
 
In contrast to studying life on land, researching freshwater and marine life can add extra 
challenges due to the difficulties of observing and examining those organisms. Less opportunity 
may exist for easily counting the number of animals within a population or for determining when 
and where an individual animal or group of animals moves or migrates for feeding or 
reproduction. Similar techniques (e.g. external and electronic tags) can be used on land and in 
the water to address these questions but some specialized tools are required for research in 
aquatic environments. 
 
But why is it so important to know the movement of an animal, specifically a sturgeon?  As 
indicated above, we know very little about the movement and spatial distribution of many 
species of sturgeons, especially in marine environments. Without knowing where an animal 
goes to reproduce or feed, the route that an animal takes to get there, and the timing of both the 
travel to and the residency within a particular habitat, it is impossible to create a management 
scheme to protect a species from direct (e.g. illegal harvest, by-catch from fisheries that target 
other species) or indirect (e.g. habitat loss, pollution) impacts. However, once we have some 
understanding of the movement, migration, and distribution of a species, and the temporal and 
spatial residency of the species during important life-history events, we can then implement 
informed and effective stock management actions. We also can characterize the types of 
habitats that are used by the species of interest within a study area, and infer distribution of the 
species in other areas of its range. Environmental parameters can be studied to determine 
correlations between cues and behaviour. Such information can be particularly useful when 
evaluating the potential impact of habitat alteration (e.g. water flow alteration in a river bed). 
Lastly, knowing the route of migration, from spawning to feeding to overwintering habitats, for 
example, can be important in devising management options for reducing fishery or in-stream 
activity (i.e., dredging, gravel removal) interactions. 
 
Sturgeons move from one location or habitat type to another for a variety of reasons, such as 
feeding, reproduction, or overwintering. Sturgeon movement within river systems can be 
complex and include multi-step migrations (Bemis and Kynard 1997). Within a species, 
populations can differ on the timing of migrations into river systems, time spent within the river 
(holding), and the location of spawning. Protecting the genetic heritage and diversity of a 
species requires an understanding of these complexities, including specific life-stage habitat 
requirements, and managing any harvest regimes accordingly. There may be sex-specific 
differences in the timing of movements (often males arrive at the spawning grounds before 
females) so harvest/interception regimes may need to be sensitive to this to maintain the 
male:female sex-ratio balance within the population. 
 



This leads us to another fundamental question to be answered through movement studies: how 
many distinct populations exist within a species and where do these populations reproduce?  
Understanding this is critical to conservation efforts that seek to ensure that the ecological 
potential of a species and its ability to respond to environmental change is preserved. As 
sturgeons are thought to return to their natal river to reproduce, the individual rivers where 
sturgeons spawn often define the populations that need to be protected. Individual populations 
of sturgeon may differ in terms of abundance and reproductive capacity. This may be due, in 
some cases, to the ecological and habitat productivity of natal watersheds (or locations within 
watersheds). Thus, researchers and fishery managers may be particularly interested in 
minimizing the potential mortality of individuals from certain river systems while they are in 
marine environments. Movement studies can provide the information required by fishery 
managers to conserve and protect sturgeon at both stock and species levels. These studies 
further provide the basis for protective schemes under national and international legislation. 
 
Knowledge about movement and the spatial distribution of stocks can also improve stock 
assessments and help in specifying suitable management or recovery plans. Despite the value 
of sturgeons globally and their imperilled status, stock assessments are still lacking for most 
species and are in some cases hindered by an insufficient understanding of spatial distribution. 
Sturgeon species or stocks with an anadromous life-history strategy may require assessment 
models that account for the seasonal movement patterns of different life-history stages exploited 
by fisheries (Michielsens 2003; Cunningham 2007). Tagging data can be incorporated into 
spatially explicit models to allow more accurate estimation of fishing mortality rates experienced 
by different age classes where fishing intensity varies by area (Sibert and Fournier 1994; 
Michielsens et al. 2006). 
 
Insufficient data for parameterisation of models for migratory species with complex life histories 
can lead to large uncertainties in resource assessment and the likely effects of alternative 
management actions. The lack of data on key population dynamics parameters has been 
identified as a contributor to the depleted and endangered status of many sturgeon populations 
throughout their range (Rochard et al. 1990; Birstein 1993). Studies of Gulf and green sturgeon 
offer real examples of how movement studies have enhanced our knowledge base in support of 
species conservation (see Case Studies). 
 
Case Studies 
 
Rationale-driven case studies: Gulf sturgeon and green sturgeon 
Gulf Sturgeon 
The anadromous Gulf sturgeon Acipenser oxyrinchus desotoi, a subspecies of the Atlantic 
sturgeon Acipenser oxyrinchus, occurs in most Gulf of Mexico river systems from the mouth of 
the Mississippi River to the west coast of Florida (Figure 2; Photo Plate 1). Both mature and 
immature Gulf sturgeon participate in a freshwater migration, typically entering coastal rivers in 
March or April and outmigrating to the ocean in September or October (USFWS and the Gulf 
States Marine Fisheries Commission 1995). The cool-water period of estuarine or marine 
residency is critical for growth and reproduction, as Gulf sturgeon do not feed during their 
freshwater residency. 
 
Early information about Gulf sturgeon distribution and migration came primarily from commercial 
fishing (Huff 1975). Fishing operations in individual rivers were mostly short-lived, as is typical 
for sturgeon species, but the catches provided some insights into the timing and extent of 
migration. More detailed information came from surveys in the 1980s conducted in response to 
declining catches and the species’ listing by the state of Florida as a threatened species 
(Wooley and Crateau 1982, 1985). Marking with conventional tags mostly showed the extent of 
migration (e.g. recaptures of tagged fish by anglers below a dam or by commercial shrimp 



trawlers in Gulf of Mexico waters), whereas the first use of radio tags (and manual/mobile 
tracking) provided insights about holding, staging and spawning areas (Wooley and Crateau 
1985). These authors were able to characterize occupied riverine habitats in the Apalachicola 
River and to relate the timing of upstream and downstream migrations to environmental cues. 
 
Radio transmitters worked well for manual tracking of Gulf sturgeon over long distances in 
rivers, but these transmitters cannot be detected in brackish or salt water. That led Odenkirk 
(1989) to tag some Gulf sturgeon with both radio and sonic tags. His study was also the first to 
use stationary receivers to detect and log passage events (in this case, to detect sonic tags as 
fish moved through barrier island passes). 
 
 

 
Figure 2. Documented distribution of Gulf sturgeon in North America, determined from acoustic and 
archival telemetry projects. The orange asterisks mark the easternmost and westernmost locations of 
confirmed detections of acoustic-tagged Gulf sturgeon. Gulf sturgeon spawn in coastal rivers including 
the eight shown on this map. Spawners and non-spawners typically remain in coastal rivers until fall 
and occupy estuarine and nearshore marine waters during winter. Yellow triangles indicate winter 
concentration areas for Gulf sturgeon from two or more river systems. The 100 m isobath is shown as 
the light blue areas near the coast. 
 



 

 
 

Photo Plate 1. Gulf sturgeon (Acipenser oxyrinchus desotoi). Photo: Joe Hightower. 
 
The listing of Gulf sturgeon in 1991 as a threatened species under the U. S. Endangered 
Species Act provided a further boost to research activity. For example, radio tracking studies in 
the Choctawhatchee River were done to identify potential spawning sites, with confirmation 
through the use of artificial substrates to collect the adhesive Gulf sturgeon eggs (Fox et al. 
2000). Deployment of artificial substrates in a grid design provided fine-scale information about 
spawning habitat in the Suwannee River (Sulak and Clugston 1998). Marine habitat studies 
using sonic telemetry (and more recently, archival temperature-logging and pop-up archival 
tags) showed that Gulf sturgeon sometimes moved long distances along the shoreline and 
primarily used shallow nearshore areas (Edwards et al. 2003; Edwards et al. 2007; Parkyn et al. 
2007; Ross et al. 2009). The fish occupying these marine habitats were often from multiple river 
systems; for example, Edwards et al. (2007) reported that Gulf sturgeon from the Yellow, 
Choctawhatchee, and Apalachicola rivers were located within a 25-km stretch of coastline 
(eastern winter concentration area shown on Figure 2). Ross et al. (2009) documented the co-
occurrence of Gulf sturgeon from the Pearl and Pascagoula rivers in the concentration area off 
Mississippi (western area shown on Figure 2). Thus, marine and estuarine threats and 
management efforts may affect more than one population. 
 
Genetic studies have also aided in understanding Gulf sturgeon migration patterns. For 
example, Dugo et al. (2004) showed that genetic structure occurred at least at the drainage 
level and possibly at the level of tributary rivers within a basin. The genetic analyses were 
helpful in interpreting telemetry results since some fish were tagged outside their natal drainage 
and others were captured or detected in multiple drainages. 
 
These research results formed the basis for the Gulf sturgeon recovery plan and designation of 
critical habitats. These important habitats included upper basin spawning sites with limestone 
bluffs and outcroppings, estuarine and marine sites with preferred substrates and benthic fauna, 
and summer resting areas. Genetic results showed strong natal river fidelity, so critical habitat 
was defined in each of the seven river systems containing currently reproducing populations 
(Pearl, Pascagoula, Escambia, Yellow/Blackwater, Choctawhatchee, Apalachicola, and 



Suwannee). This resulted in designation of nearly 2,800 river km as critical habitat for 
conservation of the species. 
 
Green Sturgeon 
In contrast to the relatively well-studied Gulf sturgeon, the North American green sturgeon 
(Photo Plate 2) was little studied until 2002, when the US National Marine Fisheries Service 
received a petition to list it under the US Endangered Species Act. A severe lack of 
demographic and basic life-history information hampered the subsequent status review (Adams 
et al. 2002). A particularly troubling unknown was the origin of green sturgeon that form dense 
aggregations in certain estuaries during summer months. Green sturgeon were known to use 
just three rivers for spawning (the Sacramento and Klamath rivers in California, and the Rogue 
River in Oregon), and to spend much of their lives in marine waters between Alaska and Baja 
California (Figure 3). The purpose of the summertime estuarine aggregations was unknown, as 
was the proportion of green sturgeon exhibiting this aggregation behaviour, but green sturgeon 
in these aggregations are vulnerable to capture in gillnet fisheries that target white sturgeon and 
salmon, as well as other environmental problems in the estuaries associated with shellfish 
aquaculture and nearshore industrial activities. 
 
The recent development of new electronic tagging systems made it feasible to rapidly close 
some of these information gaps. Initial work focused on green sturgeon in the Rogue River, 
using radio and acoustic tags to learn that green sturgeon migrate into rivers in the early spring 
for spawning in up-river areas, and then hold in deep pools over the summer prior to emigration 
in the fall when flows rise with the onset of the rainy season (Erikson et al. 2002). Tagged 
sturgeon returned to the river to spawn every two to four years (Erickson and Webb 2007). 
Rogue River fish were also tagged with pop-off archival tags (PAT), which revealed that they 
remain in fairly shallow water (50-80 m) when in the coastal ocean, and showed that they 
migrate north to the west coast of Vancouver Island in the fall (Erickson and Hightower 2007). 
 
A broader study using acoustic tags showed that green sturgeon make extensive seasonal 
migrations among spawning areas, over-summering in various estuaries and bays, and over-
wintering areas in the coastal ocean, with many individuals using areas around northern 
Vancouver Island (Lindley et al. 2008; Lindley et al. (2010, in review). Further PAT work, using 
longer tag deployments, also showed this seasonal migration pattern, and fairly constrained 
depth and temperature distributions during the winter. Acoustic tags also revealed extensive use 
of and movement among non-natal estuaries. Green sturgeon from different populations all 
utilized and mixed together in large estuaries, but at different rates. Natal estuaries were used 
almost exclusively by fish from the associated natal river (Lindley et al. 2010, in review). Green 
sturgeon were also shown to have diverse patterns of migration within and among populations. 
Within the Sacramento River, acoustic tags revealed that a seasonal water diversion dam was a 
serious impediment to the spawning migration of green sturgeon (Heublein et al. 2009). 
 



 
 

 
Figure 3. Documented distribution of green sturgeon in North America, determined from acoustic 
telemetry project with fixed receiver array. The orange asterisks mark the northernmost and 
southernmost locations of confirmed detections of acoustic-tagged green sturgeon. Green sturgeon 
spawn in California in the Sacramento and Klamath rivers, and in Oregon in the Rogue River (shown 
in blue). They spend summers in estuaries and bays in California, Oregon, and Washington, and 
utilize the coastal ocean between southern Alaska and Baja California, Mexico, generally remaining in 
water less than 100 m deep. Summer aggregation areas are shown as yellow triangles. The 100 m 
isobath is shown as the light blue areas near the coast. 

 
 



In summary, electronic tagging revealed that green sturgeon make extensive seasonal 
migrations while remaining close to shore, move freely among diverse habitat areas, and spawn 
every two to four years in their natal river. While tagging revealed clear overall migration 
patterns, it also revealed a diversity of migratory behaviours that are likely important to consider 
in the conservation of this species. Complementary genetic studies have determined that two 
distinct population segments exist within green sturgeon, corresponding to northern and 
southern stocks, and that estuarine populations represent mixed stocks (Israel et al. 2009). Data 
acquired from electronic tagging has already been the basis of many of the conservation 
regulations put in place after the listing of the southern distinct population segment of green 
sturgeon by the US federal government. Critical habitat for green sturgeon was designated in 
2009 along the continental shelf of the US from southeast Alaska to central California out to a 
depth of 110 m, as well as in a number of estuaries and bays in Washington, Oregon and 
California. Regulatory biologists are using the acoustic tagging data in their assessments of 
permit applications for activities such as dredging and dredge spoil disposal, large construction 
projects within and along the shores of estuaries, and the allowance of groundfish trawl fisheries 
in the coastal ocean. 
 
 

 
 
Photo Plate 2. Green sturgeon (Acipenser medirostris). Photo: Doug Killam (California Dept. of Fish and 
Game). 
 
Research from Europe and Asia 
 
One area of the world where the movements of sturgeons is not well understood is the Caspian 
Sea. This water body is important because it was once, and still is on a smaller scale, the cradle 
of caviar production, with more wild caviar produced in this region than any other. Five of the 
species inhabiting this region (stellate, beluga, Persian, Russian and ship sturgeon; Table 1), 
including those that produce the highly prized beluga, sevruga and osetra caviar, are 
anadromous. Adult sturgeons move into river systems to reproduce in spring and sometimes 
winter and fall. Most adults migrating into the river in spring are thought to leave the river just 
after spawning, but those migrating in the fall and winter may overwinter in the river. The 
patterns of spawning migrations of Caspian Sea sturgeons differ amongst species, and the 
damming of rivers has likely altered migration patterns (Khodorevskaya et al. 2009).  
 



After hatching, larvae and fingerlings remain within the rivers for several months depending on 
the species: for some species (e.g. stellate and Russian), fingerlings may over-winter in river 
deltas while for others (e.g. beluga), fingerlings will migrate into the Caspian Sea just after their 
downstream migration. Information regarding the behaviour and movement of juveniles as well 
as adults within rivers has been gathered through fisheries dependant surveys and fisheries-
independent studies using nets. While a few tagging studies have been attempted (e.g. 
Doukakis et al. 2009), none have been conducted on the scale necessary to provide species-
specific population and movement/migration information Such studies would be of further 
benefit in understanding the frequency of reproduction of the different species. 
 
It also is unclear whether adult sturgeon in the Caspian Sea return to their natal rivers for 
reproduction, and how this behaviour has been affected by dams. Genetic studies using 
mitochondrial DNA have not shown differentiation amongst river populations (Doukakis et al. 
2005), but preliminary data from microsatellites suggest that natal homing does occur. Hatchery 
supplementation and stocking in rivers may be affecting the natural population structure that 
once existed because hatcheries do not always use broodstock collected in the river system 
where the hatchery-produced juveniles are released. There is a great need to understand the 
population structure of Caspian Sea sturgeons so that management reflects and protects the 
natural stock structure. 
 
Within the Caspian Sea, comprehensive information about the distribution of sturgeons is 
lacking (Khoderevskaya et al. 2009). Much of what is known has been collected through trawl 
surveys, which are limited in terms of depths covered and by the presence of sea ice, and the 
distribution of food resources. As stated earlier, genetic and tagging studies have been limited. 
The vertical distribution of sturgeons in the Sea has been examined through trawl and drift net 
surveys, but these studies have been limited in vertical and geographic scope. Understanding 
distribution and movement are critical for deriving accurate stock-abundance estimates given 
that abundance estimates and catch quotas are based on trawl surveys at sea. Studies are also 
needed to understand the response of different sturgeon species and different ages and size 
classes to trawl-survey gear to quantify catchability. There is thus a great need for a further 
research using the techniques discussed here and a comparative approach that also uses the 
data available from the trawl and net surveys (see Khodorevskaya et al. 2009 for compiled 
information). This will allow not only better fisheries management but also the establishment of 
protected areas around feeding and breeding areas. 
 
In Western Europe, sturgeons have been heavily affected by historic fishing and habitat 
alteration and thus are only represented by very small, sometimes relict populations; examples 
include European (Baltic) sturgeon (A. sturio) and Adriatic sturgeon (A. naccarii; Table 1). 
Understanding the distribution of these species within their very restricted range and 
establishing corresponding plans for habitat conservation and take reduction is thus critical to 
conservation. Restoration projects for European and Atlantic sturgeon have released marked 
(mostly tagged) juveniles from captive breeding facilities to track subsequent movements and 
habitat use. Past studies have used acoustic telemetry to study young European sturgeon (A. 
sturio) in the Gironde River estuary and the influence of tidal cycles on their movement (Taverny 
et al. 2002). Animals were found to congregate in areas near the middle of the estuary and 
orient their movements to the direction of the tidal current; downstream during ebb and 
upstream during flood tides. Gessner et al. (2006) used acoustic telemetry to monitor 
reintroduction trials for American Atlantic sturgeon (A. oxyrinchus oxrinchus) to the Baltic Sea 
and European sturgeon to the Elbe River in Germany. Habitat utilization of up to 100 tagged fish 
per year, food selectivity, migration patterns and potential sources of mortality for reintroduced 
fish (2,000-5,000 tagged fish per year) were studied. The use of telemetry is considered key to 
the success of the reintroduction effort, owing to the limited knowledge of the biology and 
ecology of the reintroduced species and suitability of the modified river environments to sustain 



viable populations. Understanding the movement and habitat use of these animals will be 
essential for guiding future restoration programs and protecting critical habitat. As time goes on, 
tagging studies will further reveal whether reintroduced animals survive to adulthood and return 
to their rivers of release to reproduce.  
 
In the Black Sea, a study using acoustic tags examined spawning location and timing for stellate 
(A. stellatus) and Russian sturgeon (A. gueldenstaedtii) in the lower Danube River (Kynard et al. 
2002). A high rate of interception of tagged fish as indicated by reported fishery returns of 38% 
in 1998 and 28% in 1999 limited the success of telemetry in this instance. An interesting result 
from this study was the high sensitivity of acoustic tagged Russian and stellate sturgeon to 
capture and handling, with over 50% of tagged fish aborting their upstream migration. This 
finding warrants further research into similar effects in other populations where a significant 
proportion of the population are being handled for tagging. Currently, tagging is again being 
attempted, as is use of a DIDSON acoustic camera (see Observational Techniques), to 
investigate movements. This study may be more successful now because of a 10-year 
moratorium on fishing currently in place in the Romanian portion of the Danube River. 
 
The Russian Far East and China includes some interesting, but little-known (and under-studied) 
anadromous species (Shmigirilov et al. 2009; Erickson et al. 2007). The Amur sturgeon (A. 
schrenckii) and kaluga sturgeon (Huso dauricus) of the Amur River are still commercially 
exploited and provide valuable meat and caviar to national and international markets. These 
species are thought to undertake considerable migrations within the river, and the kaluga likely 
has a broad marine distribution. These species are also thought to have complex population 
structures. The Sakhalin sturgeon inhabits the Russian Far East and is believed to have a 
primarily marine life history. It is one of the least studied of the sturgeons and is also one of the 
most endangered, with spawning populations possibly reduced to a single river. As with the 
Caspian and European species reviewed above, these species would greatly benefit from 
studies of migration, movement and distribution so that appropriate management and recovery 
plans could be devised and implemented.  
 
 

RESEARCH TECHNIQUES 
 
Tagging and Marking 
 
In fisheries science, the application of individually numbered or coded tags to fish prior to 
release is typically referred to as “tagging.”  The term “marking,” while sometimes used in 
communications as a substitute for tagging, is typically used to reference batch or group “mark” 
applications. Subsequent recaptures of tagged fish will typically yield specific information 
regarding previous encounters with those same individual fish (specific release and recapture 
locations, dates, and individual fish measurements), whereas recaptures of marked fish will 
provide general information only regarding the entire mark group (date, location, etc.). If 
recapture rates are sufficiently high, capture-recapture data from tagging studies are very useful 
for fisheries stock assessment; these studies can provide information on population size, stock 
structure, movement rates, fishing/natural mortality and fish behaviour. Over the past several 
decades, sturgeon researchers have used a range of tag types and “marks” to identify 
movement and migration patterns, and to establish residency and range of species and stock 
groups. 
 
Considerations 
Sturgeon are long-lived animals; thus, tags or marks that can be positively identified many years 
following release should likely be considered for most research projects with objectives that 
include long-term data collection to determine movement, migration, and/or distribution. 



Numbered or coded tags provide the opportunity to identify individual fish upon recapture, and 
thus compare any changes of capture locations over time. Multiple recaptures of individual fish 
(identified by unique tag number) over a period of several years can provide insights regarding 
movement, migration, and seasonal behaviour/residency when these data are pooled with other 
recapture data for a specific stock. 
 
Although not always feasible, determination of the sex and maturity stage of individual sturgeon 
used in long-term tagging studies can provide greater insights regarding interpretation 
subsequent movement and migration patterns. All internal tag implants in the body cavity 
(typically electronic tags) should automatically include visual determination of sex and stage 
(Bruch et al. 2001); see Sex determination and stress in telemetry studies in the Telemetry 
section of this paper for additional gender-related considerations for tagging studies. 
 
The use of uniquely identifiable tags can provide comparative growth and condition information 
for long-term studies with adequate sample sizes. Length data (i.e., fork length) collected during 
initial tag release events and again during subsequent recaptures can be used to calculate daily 
growth rates for individual fish (based on the number of days at large between the release and 
subsequent recapture events). Daily growth can be expanded to provide estimates of annual 
growth, which in turn can be pooled and averaged for size/age groups of fish; over time, these 
comparative data can provide insights regarding changes in overall stock growth rates and 
condition over time. 
 
Marking 
Sturgeon can be externally marked with traditional methods such as dye marking, tattoos, 
pigment implantation, or freeze branding. However, due to the nature of sturgeon skin, most of 
these marks cannot be clearly identified within several months or a year of application, and thus 
are not recommended for studies that present long-term recovery opportunities as they will 
become unidentifiable over time. 
 
A common marking approach used by researchers, as either a primary or secondary mark (in 
conjunction with a numbered or coded tag), is scute removal. Scutes are a rather unique 
anatomical feature of sturgeon, and are one of the few body parts that can be removed (without 
significant impact to the fish) that will not grow back. Scute removal is typically accomplished 
with the use of a sharp, thin knife blade; the cut is made parallel to the wall of the body and 
directly alongside the bottom side of the scute. Most studies that use scute removals as an 
identifying mark will remove a combination of scutes from pre-determined locations on the 
sturgeon that translate into information such as location, year, and month. A scute removal 
schedule can be established and used to achieve this level of identification upon recapture. For 
example, the left lateral line of scutes can indicate year, and the right lateral line month; thus, 
the removal of the ninth scute on the left and the third scute on the right could indicate 
September 2003. The removal of a specific dorsal scute could indicate a specific location (bay, 
river, tributary). Scute removal may induce high levels of stress and some level of mortality and 
is not recommended for use on sturgeon populations that are critically endangered. 
 
Other permanent marks that can be applied to sturgeon include barbel clipping and fin ray 
removal. Barbel removal is not a recommended marking technique due to the importance of 
barbels to sturgeon sensory physiology; for example, the removal of barbels for marking has 
been reported to reduce sturgeon fitness and increase mortality over time (Bordner et al. 1990). 
The total or partial removal of the lead pectoral fin ray has gained popularity and utility for 
sturgeon aging (fin ray cross sectioning) and can also be used for genetic analyses (fin tissue) 
and microchemistry analyses (fin ray composition analyses). The removal or clipping of a fin ray 
can also constitute a short-term (less than 5 years) mark, typically as a secondary mark to a tag 



application. However, care should be taken to clip the fin ray beyond the articulated base 
(above the insertion point with the body wall) or mortality rates could increase (Kohlhorst 1979). 
 
Tagging 
Tag types for sturgeon fall into three major categories: telemetry, external, and internal (e.g. 
PIT) tags. The use of telemetry and the associated tag types (radio, acoustic, satellite) is 
presented in a dedicated section of this paper. External tags (attached to the outside of the 
sturgeon and visible upon recapture) are available in a range of materials and styles that vary 
based on how the tag is attached to the animal. PIT (passive integrated transponder) tags are 
small, individually coded tags that are injected into the body musculature or body cavity of 
sturgeon and are detected with a hand-held tag reader. 
 
External tags 
Tags that are attached to the outside of a sturgeon are typically attached to dorsal or lateral 
locations on the sturgeon with the intention to minimize the impact or influence of the tag 
(encourage natural behaviour) and maximize tag retention. Some external tags are applied with 
an application tool (such as “anchor” or “T” tags, that are applied with a “tagging gun”), while 
others may be attached by hand, sometimes with the use of an applicator or needle. Tag 
materials include plastic, PVC, nylon, and metal, and may be available in various colors to 
attract attention and/or assist with individual or batch identification. External tags are typically 
labelled with information that includes a single unique tag number, and may include contact 
information for tag reporting, such as an address or phone number. Retention rates for external 
tags can vary, but some can maintain retentions above 70% for up to 3 years (Rein et al. 1994). 
Some external tag applications do not provide the high levels of tag retention rates required for 
mark-recapture analyses. 
 
Common external tags used for sturgeon include: the “monel” tag (metal tag that is usually 
clamped around the front or back of the dorsal fin, gill cover, or pectoral fin); the “disc” tag (a flat 
round plastic tag with a small hole in the center, typically attached to the base of the dorsal fin 
with stainless wire); the “anchor” or “T” tag (Plate 3), which is a length of small-diameter PVC 
tube with a “T” shaped plastic anchor at one end. The “cinch” tag (also known as a “loop” tag; 
see Photo Plate 4) is similar to a long anchor tag except that it is attached to the fish at both 
ends forming a loop. 
 
 

 



 
 

Photo Plate 3. Illustration of a numbered “anchor” or “T-tag” attached to a white sturgeon at the base 
of the dorsal fin. Photo: Fraser River Sturgeon Conservation Society. 

 
For sturgeon, popular attachment points for external tags are typically near the dorsal fin (either 
anterior or posterior of the fin, alongside the fin, or through the base of the fin). Other 
attachment points include the edge of the gill cover or pectoral fin (popular with monel or similar 
metal “clamp” tags). Some researchers have used dorsal scutes as an attachment point for 
externally attached electronic transmitters (radio or acoustic tags); a small hole is drilled through 
the scute with a hand-held drill, and a stainless steel wire is passed through this hole which is 
then secured to the external tag (RL&L 2000). Although the external attachment of transmitters 
has received negative reviews (due to a high rate of tag loss), the external attachment of 
conventional tags can serve some studies quite well, especially studies that do not require long-
term recapture information. 
 
 



 
 

Photo Plate 4. A recreational angler holds up a tagged juvenile white sturgeon, recaptured on the 
Fraser River near Chilliwack, BC, on 13 May 2004. This external “loop” tag (attached to the dorsal fin) 
identifies this fish as “Tag Number H104299,” tagged and released on the Columbia River near 
Astoria, Oregon, on May 25, 1999. This fish travelled over 500 kms, mostly in the open Pacific Ocean, 
between the release and recapture locations. Photo: Anthony Sprangers. 

 
Internal (PIT) tags 
A popular and effective tag for sturgeon is the PIT tag, a small uniquely coded electronic tag 
that is applied internally via a hand-held syringe (Photo Plate 5). Long-term retention rates for 
PIT tags are typically above 95% (Rien et al. 1994; Ward 2000). Sturgeon researchers have 
typically used one of the following PIT tag insertion points: 1) body cavity; 2) base of pectoral 
fin; 3) base of dorsal fin (or between base of dorsal fin and lateral line); and 4) behind head 
plate (left or right of dorsal line). The position behind the head plate (Photo Plate 6) has gained 
popularity in recent years due to reports of tag loss from tags inserted in other positions, and 
also based on concerns regarding potential human consumption of tagged sturgeon (tags 
applied in the “head” area are less likely to be consumed, especially compared with tags applied 
in the dorsal/lateral location; Nelson et al. 2008). PIT tags used for sturgeon are typically 2 mm 
in diameter and 10-14 mm in length. Following application, there is no visible external indication 
that the fish has been tagged; the fish must be “scanned” with a hand-held PIT tag reader 
(scanner) to determine if the fish is tagged (Photo Plate 7). 
 
The readers are typically battery powered, and display the tag number on a small screen. Tags 
can be detected with most hand-held tag readers from a distance up to about 20 cm, and the 
signal can be detected through water, flesh, etc. An audible “beep” is emitted by most readers 
when a tag is detected. PIT tag readers are also used to scan PIT tags prior to tag application 
(so that the tag number can be recorded), and, once the tag is inserted into a sturgeon, to 
confirm the active status of the tag and the number prior to release of the sturgeon. In the field, 
both released and recaptured tag numbers can be hand recorded on data sheets; they can also 
be stored in the memory of the reader and downloaded to a computer at a later time. 
 
PIT tags can also be detected with PIT tag antennas that are built into passive underwater 
apparatus such as mats or a tube. When a PIT tagged sturgeon passes close to the mat or 
through the tube, the tag code is logged with time and date in the memory of a receiving unit 



(connected by cable to the antenna apparatus or array) that is later downloaded. This 
application may be effective to gather recapture data for constricted locations where tagged 
sturgeon were forced to pass through a confined area. For some applications, remote PIT tag 
detection may provide information to calculate overall survival (Hewitt et al. 2010); however, 
without a secondary detection strategy to document the passage of non-tagged sturgeon (such 
as a video camera), the tag data alone will not allow sufficient data to conduct population 
estimates based on mark rates. 
 
Considerations for PIT tags – PIT tags are typically more expensive (in the order of 5-10 times 
more expensive) per tag than most external tag types. However, PIT tags have high retention 
rates and PIT tag technology and equipment is supported by both the biological research 
industry and the animal/pet industry (PIT tags are used to identify domestic animals such as 
dogs and horses.) PIT tag information is transmitted from the tag by way of a specific radio 
frequency; both the tag and tag reader must be compatible and using the same frequency. 
Thus, when committing to a long-term research project that uses PIT tags, it is important to 
determine the long-term availability of both the tags and the compatible tag readers. Also, 
researchers should find out if any other sturgeon researchers that have worked on target stock 
or species have applied PIT tags to sturgeon in the past. If so, new studies that include PIT tag 
applications may want to consider using the same tag frequency so that previously tagged 
sturgeon can be identified. 
 
Modelling 
Beyond providing information on movement, the data gathered by tagging studies can provide 
information on other life-history aspects that are necessary to model population dynamics (such 
as growth, rate of natural mortality, and spawning periodicity). Using life-history traits to 
understand how populations may respond to perturbations such as harvest has been advocated 
as a useful approach to predicting extinction vulnerability and formulating management 
strategies (Musick 1999a; Dulvy et al. 2003). The high susceptibility of sturgeons to harvest-
induced population decline and extinction is related to their life-history traits, such as slow 
growth, late reproductive maturation, infrequent spawning and moderate rates of natural 
mortality (Boreman 1997; Birstein et al. 1997). 
 
A variety of modelling approaches have been used to gain an improved understanding of the 
population dynamics and status of sturgeon stocks. The majority of population dynamics models 
for sturgeon species can be classified as simulation models to evaluate the sensitivity of 
population productivity and growth rates to changes in the survival rates of different life stages, 
or to estimate maximum sustainable yield harvest rates (Beamesderfer et al. 1995; DeVore et 
al. 1995, 1999; Pine et al. 2001). Population dynamics models can be used to reconstruct 
unfished population abundance using known historical catches (Secor and Waldman 1999; 
Walters et al. 2006). Mark-recapture models have been used for parameterisation of population 
dynamics models in a number of cases, particularly for estimation of population abundance and 
survival rates (DeVore et al. 1995; Beamesderfer et al. 1995; Thuemler 1997; DeVore et al. 
1999; Pine et al. 2001), but also for estimation of movement rates in spatially disaggregated 
models (Nelson et al. 2004; Walters et al. 2005, Whitlock and McAllister 2009). Information from 
marking and tagging experiments can also aid the design of subsequent surveys and the 
interpretation of the data collected. This is particularly relevant to Caspian Sea sturgeons as 
total allowable catch estimates are based upon stock assessments derived from trawl survey 
data. 
 
In order to design a cost-effective and useful tagging study, practitioners should consider 
several aspects of experimental design. Foremost among these is possibly the sample size of 
tags needed to draw inferences from mark-recapture data and answer research questions of 
interest. For example, in the context of making inferences about temporal movement patterns 



using archival tagging data, use of representative data sets (covering appropriate spatial and 
temporal scales) with a large number of reconstructed migrations (ideally 100+) has been 
recommended (Hunter el al 2005). Non-telemetry tagging studies (and other marking methods) 
should also aim to minimise tag loss and tagging related mortality and be done so that the tag 
reporting rate is known or estimable (Pollock et al. 1991; Martell and Walters 2002; Bacheler et 
al 2009). Where telemetry tags are not used, consideration should be given to the potential 
number of tags that are expected to be recovered (based on the number of tags deployed and 
the level of subsequent sampling effort to recover tags) and, if necessary, potential precision 
(for population estimates, etc.,) should be calculated. Where sampling effort to recover tags is 
not at the discretion of the experimenter, the expected reporting rate of recovered tags should 
also be taken into account when choosing an appropriate tag type and number of tags to 
deploy. 
 
When a tagging study is conducted to test a specific experimental hypothesis, researchers 
should consider statistical power, and whether their sample size is adequate to detect the effect 
size of interest. The spatial and temporal distributions of sampling/tag deployment are further 
aspects of experimental design that warrant consideration. Depending on the context of the 
study, it might be desirable to try to stratify release and recapture effort by seasons and area 
across the known range of the population to minimise biases in estimated movement rates or 
migration routes that could result from uneven spatial or seasonal sampling. Further 
stratification by age or life-history stage may also be desirable (Pedersen et al. 2008). In the 
case of exploitation rate estimation, tagged fish should be representative of the exploited 
population, such that each exploitable fish is equally likely to be tagged (Walters and Martell 
2004). 
 
 

 
 

Photo Plate 5. A passive integrated transponder (PIT) tag consists of a coded microchip encapsulated 
in glass. PIT tag codes are typically 10-digit alpha numeric codes and are individually unique. This 
picture shows a typical PIT tag size used for sturgeon (2 mm in diameter and 12 mm long). Photo: 
Fraser River Sturgeon Conservation Society. 

 
 
 



 
 

Photo Plate 6. Illustration of the preferred location of PIT tag application on a juvenile white sturgeon. 
The PIT tag is injected just beneath the skin, about 1 cm behind the head plate, on the left side of the 
dorsal scute line. Photo: Fraser River Sturgeon Conservation Society. 

 
 

 
 

Photo Plate 7. Following capture, white sturgeon in the lower Fraser River, BC, are scanned by project 
volunteers with a hand-held PIT tag reader. This individual sturgeon may continue to provide credible 
and valuable recapture and growth information for decades. Photo: Fraser River Sturgeon 
Conservation Society. 

 
 



Telemetry 
 
The recent development and rapid advancement of electronic tagging technology has facilitated 
an explosion of research on sturgeon life history, generating powerful new insights into 
migratory behaviour, habitat use and demographic processes. Electronic tags also have the 
potential to overcome problems such as low recapture rates that plague typical conventional 
tagging experiments. 
 
With conventional tags, recapture rates are typically low, and unknown reporting rates render 
estimation of mortality rates problematic (Hoenig et al.1998). Most tagged fish are never seen 
again, and there is therefore little prospect of the multiple resightings needed to establish 
migratory pathways. Electronic tags overcome this problem by either transmitting their identity to 
a passive receiver (which doesn’t require recapture of the fish) or by archiving environmental 
data, including location, which may be recovered either when the data are transmitted at some 
pre-programmed point to a satellite or on return of the tag to the researcher. Although this latter 
mode requires recapture of the tagged fish, information between the time of release and 
recovery is archived by the tag such that a time series of locations can be constructed. In all 
cases, much more data are potentially generated per tag, giving researchers much sharper 
insight into their study questions:  Electronic tags have been used to investigate many aspects 
of ecology and physiology including vertical and horizontal movement patterns, feeding and 
reproductive behaviour in relation to spatial movement, and habitat and metabolic rate (Nielsen 
et al. 2009). This is of course balanced by the high cost of electronic tags compared to 
conventional tags, but this initial expense is often more than offset by savings in the effort 
needed to apply and recover conventional tags. 
 
Types of electronic tags 
Electronic tags can be categorized by several characteristics. One distinction is whether tags 
transmit data in real-time to receivers (telemetry tags) or store data to internal memory for 
transmission at some later date (archival tag). Telemetry tags can be further differentiated by 
signal transmission mode: acoustic or radio. To date, telemetry tags have been most widely 
used in sturgeon research, although archival tags have been used with great success in studies 
of oceanic fish and marine birds. 
 
Attachment of electronic tags 
Telemetry tags are typically attached to sturgeon by way of surgical implant (internal 
application) or in conjunction with a harness or wire (external attachment). There has been a 
recent trend toward surgical implantation of radio and acoustic tags (see Photo Plates 8 and 9), 
although these tag types can also be attached externally (RL&L 2000). Additional information 
regarding tag attachment is presented in the following sections and associated references. 
 



 
 

 
 

Photo Plate 8. In-field surgical procedure for the application of acoustic tags to white sturgeon in the 
lower Fraser River, B.C. Sturgeon held in custom sling while anaesthetic flushed into mouth and over 
gills. A small incision into the body cavity is made between the midline and the ventral row of scutes 
Photo: LGL environmental research associates. 

 
 

  
 

Photo Plate 9. Surgical application of an acoustic telemetry tag in a live white sturgeon in the lower 
Fraser River, BC. The acoustic tag is inserted through a small incision and into the body cavity (left 
photo). Sutures are applied across the incision prior to recovery and release of the sturgeon (right 
photo). Photos: LGL environmental research associates. 

 
 



Acoustic tags 
Acoustic tags transmit their identity, and possibly environmental data (e.g., temperature, depth, 
or even physiological measurements) via ultrasonic sound, which must be received by an 
appropriate hydrophone in the water within the range of the tag. Transmission is not affected by 
salinity per se, although density gradients due to salinity gradients, and sharp temperature 
gradients (thermoclines), can prevent detection of acoustic tags under certain conditions. Range 
of a given tag and hydrophone system is also influenced by ambient noise, the presence of 
sound-reflecting surfaces, entrained air bubbles, or suspended sediment. 
 
Radio tags 
Radio tags transmit their data by radio waves to a radio receiver. Radio and acoustic tags have 
similar capabilities and prices, but the signal transmission mode has important implications. 
Radio waves travel through both water and air, which means that the radio receiver doesn’t 
need to be in the water, but could be in some safer location on shore, or in a moving vehicle 
such as an airplane. For mobile tracking, this can be very advantageous. Radio signals do not 
propagate far in salt water, however, limiting the utility of radio tags in studies of anadromous 
sturgeon where study questions involve the estuary or ocean. 
 
Combined acoustic and radio tags (CART) combine both transmission modes, allowing radio 
receivers to be used in freshwater and acoustic receivers to be used in saltwater. Double 
tagging with both acoustic and radio tags is also feasible for sturgeon.  
 
Archival tags 
Archival tags record data to internal storage. Typical data include internal and ambient 
temperature, depth, light level, and, for some models, an estimate of location based on the time 
of sunrise and sunset. For tags that do not provide a location estimate, geolocation methods 
can be used to infer position from the tag’s ambient light records and sea surface temperature 
(Sibert et al. 2003, Teo et al. 2004). Other sensors that can be included in archival tags include 
accelerometers and electromyograms for measuring swimming activity. 
 
Pop-off archival tags (PAT; Photo Plate 9) transmit the archived data by radio to the ARGOS 
satellite system after releasing from the tagged animal at a pre-programmed time or when pre-
programmed conditions are met (typically exceeding a critical depth or remaining at a constant 
depth for longer than a certain period, both indicating the death of the animal). There are two 
limitations of PAT tags. They must by applied externally to release, and attaching these 
relatively large tags to fish for long deployments is typically difficult, although as discussed 
below, sturgeon are good candidates for external tags due to their armouring (they do not 
appear to be subject to other fish attacking the tag, as is apparently common with pelagic 
species). The other limitation is that PAT tags must be in seawater to release from the fish, as 
the tag requires salt water to complete the circuit that burns through a wire, that when broken, 
allows the tag to release. Battery life limitations can prevent the tag from sending all of the 
archived data to the satellites, at least for some tags and longer deployments.  
 
Regular (implantable) archival tags must be recovered from the tagged fish, but are not limited 
in their storage capacity by considerations of data transmission. Also, they can be implanted 
internally and, in principle, recovered surgically from live fish. In any case, the tagged sturgeon 
must be recaptured to recover the tag and its data. This normally daunting task can be made 
possible for sturgeon by double tagging with and acoustic or radio tag that can be used to locate 
the sturgeon when it returns to the spawning grounds. 
 
How have electronic tags been used? 
We searched the primary literature for sturgeon studies reporting the use of electronic tags, and 
found 49 relevant studies (summarized in Table 2). To date, the most frequent application of 



electronic tagging has been to studies of habitat use and movement of wild sturgeon within 
rivers. A substantial fraction of these studies have identified the timing and location of spawning, 
a topic of obvious interest to those working on conservation of sturgeon. These studies have 
relied on both acoustic and radio tracking, often in combination, and typically have made use of 
mobile tracking to detect tagged sturgeon. A related type of study has been looking at the 
movement and habitat use of cultured sturgeon after release. 
 
 

 
 

Photo Plate 10. Green sturgeon tagged with a pop-off archival (PAT) tag. Photo: Dan Erickson 
(Oregon Department of Fish and Wildlife, Wildlife Conservation Society). 

 
 



 
Table 2. 

Study 
Type Species Tag Type

Tracking 
Method Citation

A. brevirostrum AC, RA MT Hall et al. 1991
A. fulvescens AC MT Caswell et al. 2003
A. fulvescens AC, RA MT Lallaman et al. 2008
A. fulvescens RA MT McKinley et al. 1998
A. gueldenstaedtii AC FR, MT Kynard et al. 2002
A. medirostris AC FR Heubline et al. 2009
A. medirostris AC, RA FR, MT Benson et al. 2007; Erickson and Webb, 2007
A. medirostris RA FR, MT Erickson et al. 2002
A. oxyrinchus desotoi AC, RA MT Fox et al. 2000
A. oxyrinchus desotoi RA MT Heise et al. 2004; Hightower et al. 2002; Foster and Clugston 1997
A. stellatus AC FR, MT Kynard et al. 2002
A. transmontanus AC MT Young et al. 2005
A. transmontanus AC FR Parsley et al. 2008
A. transmontanus AC, RA FR, MT Paramagian et al. 2001
S. platorynchus RA MT Curtis et al. 1997

A. medirostris AC FR Lindley et al. 2008
A. medirostris PAT AG Erickson and Hightower 2007
A. oxyrinchus desotoi AC FR Sulak et al. 2009
A. oxyrinchus desotoi AC, RA, PAT MT Ross et al. 2009
A. oxyrinchus desotoi AC, PAT MT Edwards et al. 2007
A. oxyrinchus desotoi AC, RA, CART MT Rogillio et al. 2007
A. oxyrinchus desotoi AC, AR, CART FR, MT Edwards et al. 2003
A. oxyrinchus desotoi AC FR, MT Fox et al. 2002
A. transmontanus AC FR Welch et al. 2006

A. medirostris AC FR Moser and Lindley 2007
A. medirostris AC MT Kelly et al. 2007
A. oxyrinchus AC FR, MT Hatin et al. 2002
A. oxyrinchus desotoi AC MT Harris et al. 2005
A. sturio AC MT Taverny et al. 2002

A. naccarii AC MT Bronzi et al. 2006
A. oxyrinchus oxyrinchus AC FR, MT Gessner et al. 2006
A. sturio AC FR, MT Gessner et al. 2006
A. transmontanus AC FR Neufeld and Rust 2009
S. albus AC MT Jordan et al. 2006
S. albus RA MT Snook et al. 2002

A. brevirostrum RA FR Cooke et al. 2002
A. transmontanus CART FR Parsley et al. 2007

A. brevirostrum RA MT Collins et al. 2003
A. fulvescens RA MT Adams et al. 2006

A. brevirostrum AC MT Kieffer et al. 1996
S. platorynchus AC, AR MT Delonay et al. 2007

A. sinensis AC FR, MT Yang et al. 2006
A. transmontanus AC, EMG MT Geist et al. 2005

A. oxyrinchus desotoi AC MT Parkyn et al. 2006

A. fulvescens AC FR, MT Crossman et al. 2009

A. oxyrinchus AC FR, MT Caron et al. 2002

S. platorynchus AC, AR MT Holan et al. 2009

A. brevirostrum RA MT Finney et al. 2006

A. brevirostrum CART FR, MT Kynard et al. 2009

A. fulvescens RA MT Auer 1999

Tag Types: AC = Acoustic;  RA = Radio;  AR = Archival; PAT =  Pop-off Archival;  CART =  Combined Acoustic and Radio;  EMG = Electromyogram
Tracking Method: MT = Mobile Tracking;  FR = Fixed Receivers;  AG = Archival Geolocation

Basic life history

Freshwater habitat, movement

Habitat use and movements in 
rivers

Large-scale migration (includes 
marine)

Movements and habitat use 
within estuaries

Behaviour of artificially-
produced fish after release

Passage through fish ladders

Habitat use and movements in 
lakes

Identifying spawning habitat

Survival (induced spawning)

Dam operations (response)

Summary of recent sturgeon studies that utilized telemetry technologies to acquire movement information, by species, electronic tag type, 
and tracking method.

Cultured fish survival

Demographic parameters

Spawning success

Habitat evaluation above barrier

 
 



The second most frequent type of study has used electronic tags to investigate large-scale 
migrations, by which we mean movement of sturgeon among riverine, estuarine and marine 
waters. These studies have used all types of telemetry tags (except electromyogram tags) and 
tracking methods, and most have used acoustic tags, or a combination of acoustic and other tag 
types. The study of Lindley et al. (2008) is notable for its use of cross-shelf arrays of receivers to 
document annual migration of green sturgeon, which can cover more than 4000 kms per year. 
This was possible because the continental shelf off the west coast of North America is narrow, 
and a number of studies were underway using compatible tags and receivers, including the 
Census of Marine Life’s Pacific Ocean Shelf Tracking (POST) program. 
 
Movement and habitat-use studies in estuaries (n = 5) have relied on acoustic tags and mobile 
tracking, with the exception of the study of green sturgeon in Willapa Bay and the Columbia 
River estuary (Moser and Lindley 2007), which used arrays of fixed receivers, and a study of 
Atlantic sturgeon in the St. Lawrence River estuary that used mobile tracking and one fixed 
receiver (Hatin et al. 2002). Acoustic tags are needed to track movement in marine and 
estuarine waters. The combination of technologies is especially useful when mobile tracking is 
used to locate tagged sturgeon in freshwater, as surveys can be conducted at high speed in 
boats or aircraft. 
 
The study by Holan et al. (2009) used a combination of archival tags, radio tags, and 
sophisticated data analysis to determine whether tagged individuals later spawned successfully. 
The radio tags were used mainly to relocate the shovelnose sturgeon (whose state of gonadal 
development had been determined) bearing the digital storage tags that recorded temperature 
and depth. The analysis involved fitting a switching model to the depth history of the sturgeon; 
spawning is indicated by a period of reduced depth variability. Tagging data, especially from 
archival tags, can be a rich source of information on behaviour that can be analyzed with 
appropriate models that connect behavioural modes to the tagging data (e.g., Jonsen et al. 
2003, 2005, 2006). 
 
Electronic tags have also been used to investigate behaviour of artificially-produced sturgeon 
after release (Bronzi et al. 2006; Neufeld and Rust 2009; Jordan et al. 2006; Snook et al. 2002), 
behaviour of sturgeon near potential fish passage impediments (Cooke et al. 2002; Parsley et 
al. 2007), experimental evaluation of habitat suitability (Finney et al. 2006), and to identify 
spawning habitat (Kieffer et al. 1996; Delonay et al. 2007). Geist et al. (2005) used both 
acoustic and electromyogram (EMG) tags to test the response of white sturgeon to changes in 
dam operations. EMG tags transmit radio pulses when muscles contract, allowing researchers 
to measure the physical activity of fish at finer scales than can be determined from tracking 
techniques that only provide coarse changes in position over time, or in flow fields where 
swimming speed in water may differ substantially from speed over ground. 
 
Which technology to use? 
The appropriate technology for a given study depends very much on the questions and situation 
of the study. Telemetry tags have similar capabilities and generate similar information, and the 
choice between them depends mainly on whether the sturgeon will be tracked in estuarine or 
marine environments. In this case, acoustic or combined acoustic-radio tags are required. In 
strictly freshwater settings, radio tags offer the most flexibility due to the efficient propagation of 
radio waves through water and air. This makes mobile tracking very efficient because receivers 
can be deployed in fast-moving boats or aircraft, allowing many stations or transects to be 
covered, compared to what could be done with an acoustic receiver.  
 
Archival tags offer a fundamentally different sort of data. Rather than reporting the identity of the 
tags and perhaps some measurements from the tag’s environment at that instant, archival tags 
record data intermittently throughout their deployment and acquisition of data is not reliant on 



sampling by fisheries or the researcher. In this regard, archival tags can be a good option when 
little is known about a species, since information about spatial movements and habitat use will 
not be biased toward areas that are already known or well-sampled. PAT tags are optimal in this 
regard in that physical recovery of the tag is not necessary; however, one must know when the 
sturgeon will be in marine water to ensure that the tag can release successfully.  
 
A key consideration in the design of tagging studies is the reporting rate of tags recovered by 
fishers to researchers. A relatively precise estimate of the tag reporting rate is important for 
estimation of mortality and exploitation rates (Latour et al. 2003; Pine et al. 2003). PAT or 
telemetry tags may actually be more cost effective in terms of the amount of data that is gained 
per dollar spent if conventional tag recovery and/or reporting rates are very low. 
 
Developments are underway to merge the functions of telemetry and archival tags; an early 
example is the CHAT tag. This tag combines environmental sensor circuits and the ability to 
send and receive acoustic signals. The idea is to acoustically transmit the archived data to a 
receiver when the tag is within range of a receiver that transmits a signal to notify tags that it is 
nearby. In the “business card” model, each tag could receive and store data from other tags, 
creating an ad-hoc network of fish-born environmental sensors and fixed listening stations. 
 
With respect to using tagging (simple internal or external) versus telemetry, there is a significant 
difference in terms of upfront costs of the different methods and there is a trade-off in terms of 
the data gathered. Simple internal and external tags may be less expensive, but they may 
require a high level of labour with respect to recapture. Electronic tags are more expensive and 
require some training in terms of data interpretation, but they can yield more information with 
less subsequent labour. The goals and objectives of a research project should help define which 
technology to use. For example, if the data gap being addressed for a marine-oriented species 
was the spawning periodicity of females, acoustic tags (with a long battery life) could be 
attached to a relatively small number of spawning females, and an array of receivers (positioned 
near the entrance of the natal freshwater river or stream, and near the presumed spawning 
area) could be established. The tagged sturgeon could be monitored over perhaps 1-2 
spawning cycles, depending on the battery life of the tags and support for ongoing receiver 
deployment. 
 
Data analysis 
Electronic tags generate relatively new kinds of data, and methods for the analysis of these data 
are lagging behind the rapid development of the tags, and the increasing use of many tags. In 
the early studies, when tags were more expensive and their utility unproven, typical studies 
tagged a handful of animals. In this case, data arising from each tag could be presented 
separately and in full. Newer studies have tagged hundreds or even many thousands of fish 
(e.g., studies of riverine migration in Pacific salmonids), requiring statistical analyses to estimate 
demographic parameters or infer behaviours. Methods for analyzing the rich data streams from 
archival tags are relatively well-developed. Capture-recapture methods, such as the multi-strata 
robust design, would seem to be applicable to situations where sturgeon move among many 
different areas and experience different mortality rates according to their location or state (e.g., 
maturation status, sex), although several challenges must be solved. These include achieving 
large-enough sample sizes to reliably estimate the many parameters of such models, and 
dealing with the problem that detections of tagged sturgeon occur over the same time interval 
as the mortality process. Typical capture-recapture models assume that there is no mortality 
during the recapture process, which is essentially instantaneous. 
 
Sex determination and stress in telemetry studies 
Many biotelemetry studies have been conducted with juvenile and adult sturgeon without 
identification of sex and stage of maturity. In certain cases, such as identification of general 



habitat use or spatial distributions of a population, it may not seem imperative to know the sex of 
individuals. However in many cases, such as when trying to understand why habitat is chosen 
or why migrations are initiated or ceased, identifying the sex and, in adult populations, the stage 
of maturity provides greater insight into the behaviour of the animal (Fox et al. 2000). It is often 
stated in the literature that sex and stage of maturity was not determined to reduce stress. It is 
critical to reduce stress, but trained personnel can determine sex and stage of maturity with very 
little increased handling time during transmitter application.  
 
If transmitters are attached externally, ultrasonography or endoscopy may be used to determine 
sex and maturity (Vajhi et al. 2001; Kynard and Kieffer 2002; Moghim et al. 2002; Colombo et al. 
2004; Chebanov and Chmyr 2005; Wildhaber et al. 2005; Divers et al. 2009). The primary limitation 
of these techniques is that it is often difficult to differentiate immature females from males and the 
stage of maturity in males cannot be determined as size of testicular lobe does not always confer 
stage of maturity. Ultrasound and endoscopy are useful tools in the identification of ripe females. 
When transmitters are implanted surgically, a sterilized otoscope or pen light may be used to 
visually determine sex and stage of maturity. A larger incision than the incision for insertion of 
the tag is not required under these circumstances. However, as in the case with ultrasound and 
endoscopy, the stage of maturity in males cannot be determined visually, though a small biopsy 
may be collected for histological analysis and stage of maturity determination. Measurement of 
circulating sex steroids may be used less invasively to determine sex and stage of maturity (Ceapa 
et al. 2002; Webb et al. 2002; Malekzadeh Viayeh et al. 2007; Craig et al. 2009; Webb and 
Doroshov, submitted). Under ideal circumstances, the misclassification rates of assigning sex 
and maturity in individuals to classes of maturity using plasma steroid concentrations would be 
determined for each species. However, when classification functions derived for white sturgeon 
to predict sex and stage of maturity (Webb et al., 2002) were applied to a small number of lake 
sturgeon comparable classification rates were found (Craig et al., 2009). Special consideration 
for the use of this tool should be made in populations that may be exposed to environmental 
contaminants (see Webb and Doroshov, submitted). 
 
Less is known about the neuroendocrine control of the stress response and roles of allostasis 
and hormesis in chondrosteans compared to teleosts (see Schreck 2010). However, the cortisol 
response has been described in several sturgeon species in response to a stressor (e.g. Barton 
et al. 2000; Belanger et al. 2001; Bayunova et al. 2002; Lankford et al. 2003), and cortisol has 
been identified as the primary glucocorticoid in pallid sturgeon (Webb et al. 2007). Plasma 
cortisol concentrations (basal and stressed) in sturgeon vary by species (Barton et al. 2000; 
Webb et al. 2007), and variation in plasma cortisol concentrations may also be influenced by 
time of day, age, size, season, temperature, and capture and sampling techniques (e.g., Cataldi 
et al. 1998; Di Marco et al. 1999; Belanger et al. 2001; Lankford et al. 2003). It is essential to 
reduce stress (i.e., air exposure, handling time, etc.) during external attachment or surgical 
implantation of transmitters. Guidelines for the reduction of stress in capture and handling fish 
are provided in Kelsch and Shields (1996). 
 
Genetics 
 
Applying genetic techniques allows a researcher to understand the movements of sturgeons on 
a large scale and through evolutionary time. One of the most important questions that can be 
addressed using genetics is that of where an individual animal reproduces. As a first step in 
answering this question, the researcher must identify the reproductively isolated populations or 
stocks of a sturgeon species through genetic analysis. By knowing the number of distinct 
populations or stocks, a scheme can be created for protecting the species as a whole by 
ensuring that individual populations persist and the evolutionary and ecological potential of a 
species is preserved. Protecting multiple populations also can serve to buffer against extinction 
due to environmental change. Sturgeons are thought to return to their natal river to reproduce 



and it is this behaviour that creates genetic structure and separate populations, although for 
some species there is admittedly little genetic data to evaluate natal philopatry. It is unlikely, on 
the timescale of interest to managers, that animals from one river system would replace those in 
another if an individual population were to go extinct so it is important to be able to minimize the 
chances of individual population extinction. 
 
While information on the location of reproduction can be obtained through tagging studies, this 
approach does not answer the question of whether the animal effectively breeds in an area. 
Evidence of spawning can be gathered through biochemical means (e.g. measuring hormone 
levels or gonadal development) or specifically designed tagging studies (see the telemetry 
section) but only genetics is useful for identifying whether the individual actually contributes to 
the next generation. It also can be easier and less costly to use genetics to track breeding 
location. As described below, once the overall genetic structure of a species is characterized, it 
can be fairly straightforward to identify the population origin of any individual at any location. 
 
Some of the fundamental questions that can be addressed using genetics include: 

• How many populations exist within a species? Where do individuals from these 
populations breed and feed? 

• How will an extractive activity such as fishing impact individual populations? 
• Does a specific area in the ocean or in an estuary include individuals from a single 

population or multiple populations and if the latter, which ones? 
• Do two or more populations exchange individuals? 

 
Ideally, a good genetics study will begin with comprehensive sampling of all potential spawning 
populations. For some sturgeons (e.g. shovelnose, pallid, white, possibly Russian), multiple 
spawning populations may exist within a single river system. Population differentiation can be 
caused by differences in timing or geographic location of spawning and can occur in the 
absence of any physical barriers separating populations. The samples taken from each 
population should ideally have corresponding information about the relative age of the animals 
(larvae, juvenile, adult) and the spawning stage if an adult, although the latter is not essential. 
Information on life stage of the sample becomes especially important when sampling is 
conducted in lower reaches of the river and in estuaries because individuals can congregate in 
estuaries and coastal environments that are not in close proximity to their natal river of origin. 
 
Sequencing of mitochondrial DNA (mtDNA) is one of the easiest genetic techniques to use for 
studying movement, distribution and stock/population structure. It has been applied in numerous 
studies (Grunwald et al. 2008; Wrigin et al. 2005; Doukakis et al. 2005). One or several rapidly 
evolving gene segments (e.g. control region, cytochrome b) are usually studied, but sequencing 
of the whole mitochondrial genome is now possible. The utility of the latter is debatable given 
that most of the variation exists within the control region segment. Methodologies for obtaining 
and working with the mtDNA from sturgeons are well established and can be conducted with 
ease. The mtDNA cytochrome b and control region also are useful in differentiating among 
species (Mugue et al. 2008; Birstein et al. 1998, 2005), so researchers working in areas where 
multiple sturgeon species coexist can conduct species identification using mtDNA. Methods 
such as sequencing or Restriction Fragment Length Polymorphism (RFLP) can be used to study 
population structure. The caveat in using mtDNA is that it tracks only the maternal lineage; this 
is an especially important consideration in cases where species hybridization and/or sex-
specific dispersal may occur. 
 
With respect to delineating stock structure, one of the best examples of the utility of mtDNA 
comes from the east coast of North America. The Atlantic sturgeon has been particularly well 
studied and this work has shown fine-scale population structure and spawning site fidelity 
(Grunwald et al. 2008). The data generated from this study have been used in developing 



schemes of protection at the population level under the US Endangered Species Act. These 
data are further useful for attributing population origin to individuals captured in the ocean. 
Given that tagging studies are revealing large scale oceanic movements at significant distances 
from natal rivers, this is a particularly important application because fisheries operating at 
considerable distances from a natal river could be impacting that population. For example, 
Atlantic sturgeon sampled off of the New York Bight were found to consist of individuals 
breeding in southeastern US rivers (Waldman et al. 1996) 
 
Microsatellites are increasingly being used to study population structure in sturgeons. Unlike 
mtDNA, microsatellites are biparentally inherited and genetic studies using these markers would 
not be biased by sex-specific differences in movements. In addition, microsatellites are highly 
polymorphic and may reveal population structure on a finer scale than even mtDNA control 
region data. However, there is less ease in terms of applying this technique across species 
(using techniques developed for one species on another species) and species-specific marker 
development is sometimes necessary. Complications can arise in using microsatellites for 
polyploid sturgeons (i.e., species with multiple genome copies), as some species may possess 
eight or twelve genome copies. If found to conform to Mendelian patterns of inheritance, 
however, microsatellites present in multiple copies may be treated as dominant markers 
(Rodzen and May 2002; Rodzen et al. 2004) and used to examine population structure. General 
concerns about microsatellites also have been raised by many authors (see Hauser and Seeb 
2008). Despite the drawbacks, microsatellites are the current marker of choice for a researcher 
interested in population structure. Adriatic, Atlantic, green, lake, and white sturgeon have been 
the most well studied in terms of the application of this marker but Caspian Sea and Chinese 
species are becoming the subject of microsatellite investigations. 
 
Microsatellites have been particularly useful in characterizing the marine distribution of green 
sturgeons and these studies, along with those on non-marine oriented sturgeons (white, 
shortnose; see Rodzen and May 2002; Rodzen et al. 2004) have pushed the boundaries of 
understanding the application of microsatellites to polyploid sturgeons. Within the green 
sturgeon range, two distinct populations have been identified using genetics, corresponding to 
northern and southern stock (Israel et al. 2009). The data generated in this study were then 
used as the basis for examining the origin (i.e., northern or southern distinct population 
segment) of individuals captured in estuaries. Individuals from the different population segments 
often mix in estuary areas and individuals do not always aggregate only in the estuary where 
they reproduce. Thus, estuarine populations represent mixed stocks. A further application of 
microsatellites in green sturgeon has been to estimate river-specific population abundance 
(Israel and May 2010). Microsatellites have been used to characterize the population structure 
of Atlantic sturgeon, to design a scheme of distinct population segments, and to characterize 
mixed stock fisheries (Atlantic Sturgeon Status Review Team 2007). Regarding the latter, 
microsatellite analysis revealed that Atlantic sturgeons captured in US waters off of Virginia and 
North Carolina originated from stock as far north as Canada and consisted to a large extent of 
animals originating in the Hudson and Delaware Rivers  (Laney et al. 2007). 
 
Many studies use both mtDNA and microsatellite markers to study population structure. One 
interesting application of this combined approach, which also used 4 single-nucleotide 
polymorphisms (SNPs), is the study of the historical distribution of European and Atlantic 
sturgeons. Application of these markers to archived and historic specimens revealed that 
Atlantic sturgeon (A. oxyrinchus) colonized an area in the Baltic Sea that was formerly thought 
to only be inhabited by European sturgeon (A. sturio; Tiedemann et al. 2006; Gessner et al. 
2007). This work not only revised previous assumptions about species distribution, but also 
allowed restoration efforts to move forward in areas of Europe where sturgeons have been 
extirpated. Similar applications are ongoing to understand the former distribution of these 
sturgeons throughout Europe. 



 
Emerging approaches that are being used for many other fishes include single-copy nuclear 
genes and SNPs (Hauser and Seeb 2008). The application of these approaches to sturgeon 
has been limited because of the possible complications associated with polyploidy and the 
relatively new development of these methodologies. However, current studies using these 
techniques are showing promise and may very well be useful in the near future. 
Experimentation is ongoing with development of SNPs in lake sturgeon, some species of 
Eurasian sturgeons and some southwestern US species. Once developed, SNPs will offer 
additional power in determining population structure and movement. 
 
There are many different analytical tools in the field of population genetics that can be used to 
examine movements of sturgeon. Measures of genetic differentiation such as genetic distance, 
F-statistics, analysis of molecular variance (AMOVA), and exact tests can be employed to 
identify distinct sturgeon populations and measure gene flow between them. These methods are 
most useful when samples can be obtained from spawning adults or newly hatched larvae in a 
natal river, where a researcher can be assured that the individuals sampled belong to a 
particular spawning population. When sampling is conducted in a region of potential mixing 
between populations (lower river, lake, estuary, ocean, or sea), the origin of each individual 
examined is unknown and other methods are necessary to examine population structure. A 
powerful technique called population assignment testing can be used with microsatellite or SNP 
markers to identify the population of origin of individual sturgeon in an area of potential mixing. 
There are several types of population assignment tests but they all exploit differences in allele 
frequencies between populations to assign individuals to their natal population. The software 
program STRUCTURE (Pritchard et al. 2000) may be particularly applicable to sturgeon studies 
as it can accommodate polyploid microsatellite data. In addition to identifying the populations 
contributing to a mixed stock (as in Israel et al. 2009 cited above), population assignment tests 
can be used to evaluate individual dispersal behaviour. Drauch et al. (2008) used the 
assignment program GENECLASS2 (Paetkau et al. 2004) to identify two migrants originating 
from other river systems in the remnant lake sturgeon population in the White River, Indiana. 
Finally, population assignment tests might be used to study population structure at varying 
hierarchical scales. Welsh et al. (2008) used STRUCTURE to examine groups of related lake 
sturgeon populations in the Great Lakes basin.  
 
Microchemistry 
 
Differences in trace elemental profiles between habitats or bodies of water can be exploited to 
learn more about the migratory behaviour of fishes. Gradients in elements such as Sr, Ba, Ca, 
Mg, S, and B exist in regions of different salinities, temperatures, and bedrock influences 
(Coutant 1990). These elements are incorporated in minute quantities into the calcified 
structures of fishes, such as otoliths, fin rays or spines, bones, and scales (Coutant 1990). 
Differences in the presence or concentrations of trace elements among aquatic habitats create 
elemental “fingerprints” on calcified structures that can be used to determine where a particular 
individual originated (i.e., Mulligan et al. 1987; Warner et al. 2005; Clarke et al. 2007). This 
information may be used to detect stock structure, particularly in species where individuals from 
different populations mix during non-reproductive times, as has been done with some shell-
forming invertebrates (e.g. Becker et al. 2007). 
 
Otoliths are used most often in microchemical analyses of fishes since, unlike scales or skeletal 
bones, there is no potential for resorption or remodelling of this structure (Campana and 
Thorrold 2001). Although fin rays have the potential for remodelling, several researchers have 
shown the stability of elemental signatures in fin rays over time, suggesting they are stable 
structures appropriate for use in microchemical analyses (Veinott and Evans, 1999; Clarke et al. 
2007).  



 
One advantage of otoliths and fin rays is that changes in elemental composition between 
regions of incremental growth may be used to reconstruct patterns of movement in these fishes 
over time (e.g. Secor and Picolli 1996). Most work to date has focused on otoliths, although 
conducting microchemical analyses on fin rays holds much promise for long-lived species such 
as sturgeons. Microchemical analysis of non-lethally collected fin rays has the potential to reveal 
age or stage-specific movement behaviour or habitat preferences in threatened or endangered 
sturgeon species, where otolith collection is infeasible. In a study of Arctic grayling, Clarke et al. 
(2007) found that deposition of the elements Sr and Ba was highly correlated in both fin rays 
and otoliths, suggesting fin rays may have equal utility as otoliths in studies of fish movements. 
 
Microchemical analysis has several advantages over other techniques traditionally used to 
examine movement behaviour in fishes. Tagging studies may only examine certain life stages, 
often are characterized by unknown levels of tag shedding, and may be time intensive and 
expensive to implement (Veinott and Evans 1999). Recapture rates often are low and the time 
to recapture may be very long, decreasing the informativeness of mark-recapture studies 
(Veinott et al. 1999; Elsdon and Gillanders 2003). The use of radio tracking or acoustic tags 
may provide more information than mark-recapture studies, but also are expensive to 
implement, whereas every fish may have a natural microchemical “tag.”  Battery life of a 
telemetry tag may allow only a small proportion of an individual’s lifespan to be examined and 
often only a small number of individuals can be evaluated (Veinott et al. 1999). Low sample size 
may be a confounding factor in species with habitat preferences which may differ based on sex, 
age, or life stage. Whereas tracking studies only examine an individual’s current habitat use, 
elemental signatures in bony structures have the potential to provide information on an 
individual’s history of habitat use (Swearer et al. 1999; Veinott et al. 1999). 
 
Application to sturgeon movement 
Applications of microchemical techniques to understanding sturgeon movements have been 
limited to this point, focused primarily on examining changes in marine and freshwater habitat 
use over the lifetime of an individual. Veinott and Evans (1999) confirmed that fin rays were 
useful tools for examining sturgeon movements, as these authors did not detect changes in 
chemical composition due to bone remodelling or fin ray resorption over time in individual white 
sturgeon. They also showed a significant correlation in the deposition of many trace elements 
between fin rays within individuals over time (Veinott and Evans 1999), suggesting that 
deposition occurs in a predictable way. Since then, several researchers have exploited 
predictable differences in Sr:Ca ratios between freshwater and marine environments to examine 
migration of various life stages of sturgeon from freshwater to marine habitats. Veinott et al. 
(1999) found that ~10% of lower Fraser River white sturgeon subadults between ages 1-15 
showed Sr:Ca ratios that were consistent with migration into the marine environment, although 
these movements did not appear to be seasonal or periodic. Intermediate concentrations of 
Sr:Ca ratios in fin rays of 58% of Fraser River adult white sturgeon examined were suggestive 
of estuary use at this life stage (Veinott et al. 1999). Sr:Ca ratios in both otoliths and fin rays 
were used to detect freshwater to saline migrations of subadult and adult Russian sturgeon 
(Arai and Miyazaki 2001; Arai et al. 2002). Some individuals were characterized by a single 
movement into the Caspian Sea (from freshwater), while other adults had patterns consistent 
with diadramous movements between freshwater and seawater (Arai and Miyazaki 2001; Arai et 
al. 2002). Allen et al. (2009) used Sr:Ca, Ba:Ca, and Sr:Ba ratios to evaluate the age of marine 
entry of subadult green sturgeon. They also conducted ex situ experiments to evaluate whether 
elemental deposition of Sr, Ba, and Ca in green sturgeon fin rays was proportional to 
environmental concentrations of these elements in freshwater and seawater environments. 
Allen et al. (2009) confirmed that ambient ratios of elements in freshwater and saltwater were 
nearly identical (Sr:Ca) or proportional (Ba:Ca; Sr:Ba) to the ratios found in fin rays of 
individuals held in freshwater or saltwater, respectively (but see Warner et al. 2005). In 



examining wild fish, Allen et al. (2009) determined that green sturgeon subadults enter brackish 
estuary habitat between 0.5 and 1.5 years of age, and make their first migration into marine 
habitat between 2.5-3.5 years of age. They found that utilizing both Ba:Ca and Sr:Ca ratios 
aided in interpretation of more complex environmental histories involving transitions between 
freshwater, brackish estuary, and marine habitats (Allen et al. 2009). Although not the goal of 
these movement studies, some local differences in elemental concentrations (Veinott et al. 
1999; Allen et al. 2009) suggested the potential for elemental “fingerprinting” in stock 
composition analysis for sturgeon. 
 
Future research 
Microchemistry techniques might be applied to resolve many uncertainties regarding sturgeon 
movements and habitat use. Otolith microchemistry may continue to have utility in sturgeon 
populations that still sustain harvest, as these structures might be removed from fish harvested 
by anglers or commercial fishers. However, the ability to non-lethally sample and analyze trace 
elemental deposition in fin rays make this technique particularly valuable for use in endangered 
or vulnerable sturgeon species. Although there are some uncertainties associated with deriving 
age estimates from sturgeon fin rays (Rien and Beamesderfer 1994; Jackson et al. 2007), the 
ability to examine habitat preferences and movement patterns of approximate age classes will 
be very useful in enhancing our understanding of sturgeon life history, particularly for those 
species with access to numerous and complex habitat types. Of particular interest would be the 
identification of important nursery or rearing habitats for early life stages of sturgeons, as this is 
unknown for many species. One possible use of elemental “fingerprinting” would be in 
examining spawning site fidelity in sturgeon. Although homing to natal spawning grounds has 
been assumed for many species, the long generation times of wild sturgeon have to date, 
precluded direct confirmation through tagging studies. Population genetic data for several 
species (Israel et al. 2004; Grunwald et al. 2008; Welsh et al. 2008)  show genetic structure 
between spawning populations, which suggests that sturgeon do exhibit homing behaviour. 
However, elemental profiles in the core of fin rays of spawning adults might be compared to 
ambient elemental profiles in spawning habitats, which could confirm the hypothesis that the 
adults returning to spawn in a particular stream or river originated from there as well. Before 
these types of analyses are attempted, however, experimental work must establish that larval 
residency time in natal rivers is long enough for the incorporation of ambient elements in 
detectable concentrations. Also, it will be important to establish whether trace elements 
detected in otoliths and fin rays are consistently represented proportionally to ambient trace 
elements. In a study of marine larval fishes, Warner et al. (2005) found that only one of 12 
elements examined showed a similar correlation between ambient concentration and otolith 
deposition in an open-sea environment. The findings of Allen et al. (2009) of a proportional 
relationship between fin ray trace element concentration in green sturgeon and ambient water 
concentration might have been due to the coarse scale (freshwater vs. saltwater) at which 
environmental differences were examined. 
 
Elemental profiling might be paired with population genetic analysis to examine the composition 
of mixed sturgeon stocks, as levels of genetic differentiation as well as differences in elemental 
“fingerprints” might be used to assign individuals to their population of origin. Examination of 
differences in elemental profiles within and among river systems will indicate the resolution one 
might expect in making these population assignments with microchemical methods. Differences 
in population assignments made by genetic and microchemical methods would raise interesting 
questions regarding gene flow, homing behaviour, and environmental chemistry. 
 
In that some toxic elements are deposited in calcified structures (Veinott and Evans 1999), 
microchemical methods might also be used to examine exposure to contaminants. Throughout 
their Holoarctic distribution, sturgeon inhabit degraded ecosystems often polluted with various 
toxicants (Foster et al. 2001; Anan et al. 2005; Cloern et al. 2006; Limburg and Waldman 2009). 



Microchemical techniques can be used to identify toxic elements such as Pb or Cd to which an 
individual might have been exposed at a particular life-history stage. These data might be used 
to pinpoint sources of potentially harmful contamination that may be deleteriously affecting a 
particular population(s) (Coutant 1990; but see Secor et al. 2001). 
 
Microchemical techniques have the potential to provide a great deal of information about 
sturgeon movement and life history. However, interpretation of elemental profiles in fish bony 
structures is dependent on an accurate understanding of the factors that influence element 
deposition. Additional work to ascertain the influence of water temperature, salinity, and the 
interaction between these parameters on element deposition in sturgeon otoliths and fin rays 
must be conducted to avoid misinterpretation of elemental profiles (Thresher 1999; Secor and 
Rooker 2000; Elsdon and Gillanders 2003). In addition, ontogenetic changes in element 
deposition in otoliths have been documented in other species (e.g. Fowler et al. 1995) and 
these could be quite confounding when reconstructing historical movements and habitat 
preferences of sturgeon and other long-lived fishes. Diet, too, may affect element deposition in 
otoliths and fin rays. We also must determine how residency time in a particular habitat affects 
element deposition (Elsdon and Gillanders 2003). Sturgeon are capable of fairly rapid 
movements between habitat types (Hatin et al. 2002; Welch et al. 2006; Hublein et al. 2009) and 
it is uncertain if these movements would be represented accurately in otolith or pectoral fin ray 
elemental “fingerprints.”  Also, it will be important to characterize the rate at which elemental 
profiles within particular locations vary, as high rates of natural or anthropogenically induced 
environmental change may reduce our ability to accurately reconstruct the movement of 
individuals over longer timeframes using otoliths and fin rays (Campana et al. 2000). Before 
microchemical techniques are applied more widely to learning about sturgeon movements and 
habitat preferences, we need to first take the time to address these uncertainties so that we can 
be certain of obtaining the most accurate information possible. 
 
 
Observational Technologies 
 
Sturgeon can occupy marine environments or large, deep and typically turbid river systems 
where direct visual observation of behaviour, movement, or habitat use is difficult and often 
impossible. Consequently, until recently, what little was known about these attributes of 
sturgeon ecology were based on anecdotal observations or inferences drawn from capture and 
tagging studies. In the last two decades, substantial advances in remote sensing technologies 
have provided researchers with a greater variety of tools that allow direct observation of 
sturgeon behaviour and habitat use. These technologies can generally be grouped into two 
categories: those that use underwater cameras to provide light-based images and those that 
rely on sound waves to produce sonic-based images. Each of these observational categories 
and their applicability for use in studying sturgeon behaviour and habitat use is discussed 
below. Although most of the applications encountered in the reviewed literature were used for 
the study of sturgeon in freshwater systems, in many instances they also have applicability for 
the study of sturgeon and their habitats in marine and estuarine environments. 
 
Underwater Photography 
The use of underwater photography as a tool to examine sturgeon behaviour has only recently 
begun to be explored. Advantages of using underwater cameras are the ability to directly 
observe fish in their natural habitats and for some sturgeon species, the absence of any 
apparent avoidance behaviour of underwater cameras and lights. Disadvantages include limited 
use in aquatic environments with low water clarity and difficulties in long-term monitoring of fish 
that are engaged in active feeding or large-scale movements.  
 



Obtaining underwater footage has been facilitated in recent years through the development of 
small submersible Remote Operated Vehicles (ROVs) and technological advances in low light 
digital and video cameras. Several ROVs are presently on the market with a variety of standard 
options or custom configurations. ROVs have been used in freshwater applications to examine 
the real-time effects of hydroelectric plant operations on sturgeon feeding behaviour (Golder 
2009a). Underwater videography using ROVs has been employed for several years in the upper 
Columbia River in Canada to document behaviour and habitat use by wild white sturgeon adults 
and by hatchery-reared and released juveniles (Hildebrand et al., 1999) as well as to document 
unusually large (approximately 60,000 fish) aggregations of sturgeon in the stilling basin below 
the spillways at Bonneville Dam 
(http://videos.oregonlive.com/oregonian/2008/05/sturgeon_ball.html). An ROV also was used to 
identify critical overwintering habitats for the endangered white sturgeon in the Nechako River, a 
tributary to the Fraser River in British Columbia, Canada (RL&L 1997). 
 
 

 
 

Photo Plate 11. Screen capture of hatchery-released juvenile white sturgeon in the Columbia River, 
British Columbia. Photo: Golder Associates Ltd. 

 
Underwater video camera systems have been used to study overwintering habitats of shortnose 
sturgeon in the upper Kennebecasis River, New Brunswick, Canada (Xinhai et al, 2007), 
characterize lake sturgeon spawning and substrate preference in the Big Manistee River in 
Michigan (Chiotti et al., 2008), and identify white sturgeon spawning and early life-stage rearing 
substrates in the upper Columbia River in Canada (Golder 2009b). White sturgeon use of 
tailrace areas below existing hydroelectric dams in the Columbia River (Canada) was also 
examined using fixed video cameras and the information generated led to a plan to protect 
sturgeon during tailrace excavation (Golder 2003; Plate 3). White sturgeon mortality at the 
Brilliant Expansion power plant was reduced after video monitoring of the powerplant draft tubes 
and outlets illustrated behavioural responses to reduced flow (Golder 2009c). Cameras were 
used to provide real-time data on sturgeon presence during short duration forced outages of the 
powerplant; video footage recorded after the shut down were reviewed by the dam operators to 
assess if sturgeon have entered the draft tubes. Depending on the results, different start-up 
protocols were implemented to reduce risks to sturgeon. 
 
 



 
 

Photo Plate 12. Screen capture of adult white sturgeon in the plungepool of Brilliant Dam (Kootenay 
River, British Columbia). Photo: Golder Associates Ltd. 

 
Hydroacoustic Technologies 
Fisheries acoustics has its origin in the marine environment. Over the last three decades, active 
hydroacoustic techniques have developed and proven to be a relatively easily applied method of 
unobtrusively evaluating fish populations in various freshwater and marine environments 
(Nealson and Tritt, 2003). The principles of hydroacoustic assessment of fish are provided by 
Burczynski (1979) and MacLennan and Simmonds (1992). Hydroacoustic techniques have a 
very high sampling power and do not affect fish health, behaviour, or the environment being 
monitored and have been successfully applied to a variety of fisheries evaluations, including 
both mobile and stationary assessments of aquatic systems. 
 
Mobile survey hydroacoustic techniques are generally conducted by placing a hydroacoustic 
system in a boat, traversing predetermined transects in a body of water, and sampling fish and 
bottom characteristics (Nealson and Tritt, 2003). Sampled fish produce characteristic acoustic 
signals that can be processed using specialized software to produce estimates of fish density, 
abundance, behaviour, and size distribution. Sonars and sounders have been developed that 
can be used to characterize sea, lake and river bottoms and profiles of the upper layers of the 
ocean bottom. Advanced substrate classification analysis can be achieved using calibrated 
(scientific) echosounders and parametric or fuzzy-logic analysis of the acoustic data. Side-scan 
sonars can be used to derive detailed maps of the topography of an area by moving the sonar 
across and just above the bottom. Low frequency sonars have been used for continental shelf 
wide surveys while high frequency sonars are used for more detailed surveys of smaller areas. 
Various synthetic aperture sonars (SAS) are under active development (http://www.hydro-
international.com/issues/articles/id920- Synthetic_Aperture_Sonar_Challenges.html). This 
technology has now become commercially viable and the technique is particularly well suited for 
towed or remotely operated underwater vehicles. SAS is expected to replace traditional side-
scan sonars for many applications in the future. 
 
Acoustic systems presently all have some sampling limitations with respect to their ability to 
resolve targets very close to boundaries, such as the bottom. Sturgeon are primarily benthic 
oriented and often in close proximity to the bottom. In addition, research describing sturgeon 
target strength, or the amount of acoustic energy reflected from the fish, is limited. To be 



effectively detected, a fish must return target strength values greater than the surrounding 
background noise levels. The primary reflecting structure in most fish is the swim bladder, 
although bones, scutes and other body structures do provide some contribution (Jech and 
Horne 1998). The sturgeon swim bladder is the primary acoustic reflecting structure and is 
located just below the spine, some distance from the ventral surface of the fish. This may aid in 
detecting these fish on the bottom with a downlooking acoustic system, as there is some 
inherent separation between the upper surface of the bladder and the bottom itself due to fish 
morphology (Nealson and Tritt, 2003). 
 
The following describes some specific applications of how hydroacoustics have been used as 
an observational technology in the study of sturgeons or their habitats.  
 
Split Beam 
The split-beam technique offers several advantages not available with other hydroacoustic 
techniques (Ehrenberg 1984). With split-beam target tracking, individual measured echoes may 
or may not be retained, depending on selection criteria that discriminates fish echoes from other 
echoes. Selected echoes are tracked to group all echoes from one individual fish. Mean target 
strength is calculated from the group of echoes from one fish, based on individual-echo target 
strength measurements made using the split-beam method. As with the other techniques, the 
signal can be echo integrated, to provide biomass estimates, if desired.  
 
The advantages of split-beam techniques over other hydroacoustic techniques lay primarily in 
their improvements in location within the acoustic beam (and in resulting estimates of fish target 
strength), and in minimized susceptibility to noise. Given identical levels of bias in angular 
resolution, the split-beam system can locate fish within the beam with much greater resolution 
than single-beam, dual-beam, or sidescan systems (Traynor and Ehrenberg 1990; Ehrenberg 
and Torkelson 1996). The three-dimensional location of each fish is known for each ping (i.e., 
each ensonification). This improved spatial resolution results in improved target strength 
estimates. More accurate target strength estimates allow more accurate spatial expansions, 
resulting in more accurate estimates of fish abundance and/or biomass.  
 
Split-beam hydroacoustics was used to detect shortnose sturgeon (A. brevirostrum) in the 
Delaware River (Nealson and Tritt, 2003). The study was conducted by measuring shortnose 
sturgeon target strength (using net captured fish) and the range from the bottom at which 
sturgeon could be acoustically-resolved. The authors concluded that shortnose sturgeon could 
be readily detected by a scientific split-beam hydroacoustic system using a combination of 
attributes (target strength, position relative to the bottom, and echo envelope shape). The 
demersal distribution of shortnose sturgeon is well-established and also appeared to be a useful 
metric for distinguishing these fish from other species. 
 
Fixed-location, split-beam sonar technology was used successfully to identify adult lake 
sturgeon (A. fulvescens) as they moved upstream and downstream for spawning in the 
Sturgeon River, Michigan (Auer and Baker, 2007). Data collected included direction of 
movement, swimming speed, range from transducer, time and date of passage, and target 
strength. The lake sturgeon spawning population size was estimated and results showed that 
spilt-beam sonar can be applied to spawning assessments, without the stress of actually 
handling the large, pre-spawning fish. 
 
Side Scan 
Trawling and side scan sonar analysis was used to document an area of consistently high lake 
sturgeon density in Lake St. Clair near the St. Clair River delta (Thomas and Haas, 2002). Side 
scan sonar was used to estimate the abundance of lake sturgeon in a 255-ha section of the lake 



and the data were used to enhance protection and habitat restoration efforts for lake sturgeon in 
this and other Great Lakes connecting waters. 
 
On the Lower Missouri River, side-scan sonar data were collected in areas with the potential to 
contain shovelnose sturgeon (Scaphirhynchus platorynchus) and pallid sturgeon (S. albus) 
habitats (Reuter et al., 2008). Hydroacoustic data sets were collected at the reach scale (mean 
reach length, 2.4 kilometres) to include the immediate vicinity of a targeted sturgeon location as 
well as the full range of adjacent habitats. The images obtained were useful for visualizing 
channel substrate and detecting the presence of adult sturgeon. 
 
The NOAA Chesapeake Bay Office (NCBO) used side-scan sonar to characterize the benthic 
habitats of Atlantic sturgeon (A. oxyrinchus oxyrinchus) in the James River, Virginia and identify 
habitat attributes that may be required to sustain viable sturgeon populations 
(http://www.thsoa.org/hy09/0512P_02.pdf). Areas of high frequency sturgeon occurrence (as 
determined through concurrent telemetry studies) were targeted using a side-scan sonar 
system. Numerous habitat features were identified and the data will be integrated with tracking 
data and habitat imagery to identify essential Atlantic sturgeon habitats. 
 
Broadband 
Experiments were conducted in the tidal Delaware River to determine if shortnose sturgeon 
could be detected by broadband sonar and, if so, to develop classifiers that could differentiate 
shortnose sturgeon from co-occurring fish species (Brundage and Jung, 2009). The false-
positive rate of incorrect identification of a sturgeon was 16.5%. Notwithstanding this potential 
problem, the authors concluded that the results of this preliminary study were promising, and 
further investigations to improve classifier performance were warranted. 
 
To assist in identifying potential lake sturgeon (A. fulvescens) habitat in the lower Bad River 
complex, a digital sonar system combined with a global positioning system was used to provide 
georeferenced data, and specialized sonar, bottom typing, GIS and statistical software to 
acoustically map bottom substrate types, locations and bathymetry (Cholwek et al., 2005). 
Ground truth data were developed from both petite Ponar bottom samples and associated 
acoustic data which were processed with bottom typing software. These data were used to 
produce substrate models and maps.  
 
Fish finders 
Many commercial and recreational sturgeon anglers use high quality hydroacoustic gear to 
locate sturgeon in estuarine and marine environments along the east and west coast of North 
America. A fish finder with multiple zoom settings, bottom lock, and split screens options are 
best (http://www.nwfish.com/Sturgeon/fish_finders_101.htm). Units that allow setting the 
window size for a specific number of feet while in bottom track, will provide higher signal 
resolution into that will show any irregularities on the bottom as well as fish holding right on the 
bottom. Sturgeon are very difficult to see when they are holding tight to a hard bottom such as 
bedrock or gravel, and are usually represented by a "spike" or "bump" 



 

                                  
 

Figure 4. Examples of common representations of sturgeon on a fish finder. The image on the left 
depicts sturgeon when they are slightly suspended off of the bottom. The image on the right shows 
sturgeon when they are holding tight to the bottom. 

 
 
DIDSON 
In large rivers, a common approach for estimating population size of anadromous fish is to 
count upstream-migrating fish at a fixed site, using split-beam hydroacoustic equipment. A 
disadvantage of split-beam sonar in this application is that it generally does not provide 
sufficient information to allow species identification. A newer technology that can be used to 
count upstream migrants is the DIDSONTM, a high-definition imaging sonar that provides near-
video quality images. When used at a range of 5-10 m, video files clearly show body shape and 
swimming behaviour of individual fish. Split-beam gear provides more precise information about 
fish position, but DIDSON data are much easier to interpret, can be used to identify sturgeon to 
genus, and allow for on-screen measuring of fish lengths. Initial field trials showed potential for 
utilizing these technologies to determine habitat, identify sturgeon, and estimate densities 
(http://cars.desu.edu/aqua-sci/Abstracts/LB_et_al_acoustic.pdf). DIDSONTM has also been used 
to document white sturgeon presence and activity in the vicinity of power plant outlets (LGL and 
Golder, 2009). 
 
Restoration and management of the Lower Missouri River (LMOR) to support recovery of the 
endangered pallid sturgeon required quantifying habitats to isolate specific habitats that may 
present bottlenecks to reproduction and survival (Jacobson et al., 2009). The approach taken 
involved intensive reach-scale hydroacoustic mapping using a suite of multi-beam bathymetry, 
Acoustic Doppler Current Profiler (ADCP), high-resolution side scan sonar, and DIDSON 
imagery combined with intensive telemetric tracking. This approach provided measures of 
habitat availability and selection variables at sub-meter to bedform scales, commensurate with 
the scale at which fish occupied these habitats. The DIDSON imagery indicated that during 
spawning, sturgeon occupy the lee slopes of dunes facing upstream (presumably to minimize 
energy expenditure) but episodically move out of dune fields and into deep, fast water over 
coarse substrate (presumably to release eggs and milt). This multi-scale, multi-instrument 
remote-sensing approach was essential for improving understanding of the linkages between 
life stages of a rare fish and its environment. 
 
Future research 
At present, observational techniques for sturgeon research have primarily been used to provide 
information on sturgeon behaviour and habitat use. These techniques enable researchers to 
directly observe sturgeon in their natural environment in a manner that does not influence their 
behaviour and have substantially increased our knowledge of how sturgeons interact with each 
other and their environment. Most importantly, these techniques have identified critical sturgeon 
habitats that in turn, have resulted in the protection of these habitats through direct 
management regulations. As these observational techniques are developed further, their 
potential uses will continue to expand. Direct observation of sturgeon behaviour at dams and 
existing fish passage facilities, either through video or sonic imagery can be used to provide 
information that may lead to the development of appropriate passage facilities for anadromous 



sturgeon. As sonar techniques are refined and new algorithms to process and interpret digital 
signals are developed, these techniques have the potential to be used to identify individuals and 
provide large area assessments of sturgeon distribution and abundance.  
 
 

DISCUSSION AND CONCLUSIONS 
 
The marine life history and distribution of many sturgeons remains a mystery. However, new 
technologies developed over the past two decades have greatly increased our knowledge base 
regarding the life history of some sturgeons. Refined methods of analyzing DNA provide fine-
scale information about genetic structure at the river basin or even sub-basin level. 
Improvements in telemetry equipment and observational techniques have allowed researchers 
to identify and characterize key habitats, from spawning sites at the upstream extent of 
migration to overwintering sites and migratory paths in coastal ocean waters. Telemetry and 
tagging studies have also shown that estuarine and marine sites used for foraging or 
overwintering may contain sturgeon from multiple populations. Tagging, genetic, and 
observational studies have revealed that sturgeon can travel considerable distances from their 
natal rivers, but that they generally inhabit coastal, shelf areas during their migrations. Also, 
individuals generally seem to return to natal rivers for reproduction. Taken as a whole, this 
information shows that sturgeons have complex life-history strategies that are reliant on specific 
habitats for different life stages. As such, to fully protecting a given species requires a 
comprehensive approach including research and conservation efforts in rivarian and marine 
environments. 
 
Yet even with these technological advancements, there are few sturgeon species for which we 
have a fairly comprehensive understanding of respective life histories, particularly in the marine 
environment. For the 16 marine-oriented sturgeons, only two (green and Gulf sturgeon) have 
been well studied with respect to their marine distribution (see: Table 1; Case Studies section), 
and even these species would benefit from additional study of the habitat use by early life-
history stages in marine environments. Current studies of Atlantic sturgeon in North America are 
now providing an understanding of the marine life history of this species. For the remaining 
species, many of which are Critically Endangered and some of which are still subject to 
commercial and recreational fishing, there is a pressing need to apply many of the tools 
discussed here. As illustrated in Table 2, only two species of sturgeon (Adriatic and European) 
outside of North America have benefited from telemetry studies and our review has indicated 
few other studies where other techniques have been applied to non-North American taxa. 
European and Asian species are clearly in need of studies that utilize the techniques described 
here. Thus, while we have numerous tools in our management toolbox, we are lagging in our 
application of these tools to study most sturgeon species.  
 
The different tools reviewed here can be used individually or in combination to answer certain 
questions; we have highlighted several of these questions within the text of each section and in 
Table 3. As illustrated for many species, tagging, telemetry, genetics and sometimes 
observational techniques are often used in combination. Tagging and genetics are 
complementary tools for characterizing movement on an immediate and fine ecological scale 
(tagging) as well as an evolutionary scale (genetics). Tagging can also include multiple 
methods, with simple internal or external tags combined with electronic tags. Population and 
dynamics models, which are in some cases the vessel that is being driven by both conventional 
and telemetry-based tagging studies, may determine the core study design and elements such 
as number of tags deployed, level of recapture effort, etc. Microchemistry techniques may be 
used to complement movement studies and to add information on contaminants. Background 
research may be needed, however, to correctly apply and interpret microchemistry results, and 
additional work is required to validate some aspects of the approach. Observational techniques 



are most useful in characterizing habitat uses within marine or freshwater environments, 
behaviour, and small scale movements, although recent advances has shown promise for use 
in assessing abundance and distribution as well. 
 
Table 3. Schematic of the appropriate techniques for understanding different aspects of the biology of 
sturgeons. Applicable techniques are ranked 1-4 in order of utility with a rank of 1 being highest in terms 
of applicability. 
 

 Genetics External or 
PIT Tags 

Electronic 
Tags 

Microchemistry Observational 

Marine 
distribution 

3 2 1 4  

Population 
structure 

1 3 2 4  

Habitat 
characterization 

 4 2 2 1 

In-river 
distribution 

 2 1 4 3 

Population 
abundance/ 
modelling 

2 1 3  3 

Response to 
disturbance 
(e.g. dam or 
dredging  
operation) 

 3 2  1 

Life-history 
characterization 
(e.g. spawning 
periodicity, age 
at maturity, 
growth) 

 2 1   

 
 
Tagging, telemetry studies, and photographic imagery can be useful ways to engage the public 
in research and raise awareness about the conservation status of sturgeons. Angler programs 
using tag and release can provide a means of engagement and collecting useful data on growth 
and movement. Telemetry studies, particularly those using satellite tags, can be accomplished 
through individual sponsorship of a tag and an individual fish. The movement data generated 
can be shared with the sponsoring individual and with the public through a dedicated website. 
Imagery of sturgeon behaviour in the wild is a powerful visual tool can be used to enhance 
public outreach programs and galvanize public support for protection and recovery. Such 
programs can also be useful for education purposes as they can be used by school groups 
studying fish movement and conservation. 
 
Data collected by the methods described in this paper can provide useful insights into the life 
history of sturgeon stocks, and ultimately enable suitable management and conservation plans 
to be made and implemented. For example, information regarding temporal and spatial 
movements, migrations, and periodic residency, coupled with a general knowledge of life history 
events such as spawning and in-river overwintering, could provide a high level of confidence 
regarding the location and extent of proposed habitat protection for stock conservation. Genetic 
data on population structure is essential for identifying particularly vulnerable or endangered 
stocks and setting appropriate management actions to conserve them. Gaining an 



understanding of life-stage-specific movement patterns and spatial distribution is also required 
to properly assess the impacts of anthropogenic activities such as fishing and gravel extraction 
and to specify management actions accordingly. 
 
All of the techniques and applications discussed require a certain amount of specialized training. 
Given the widespread use of many techniques, however, especially for sturgeons, assistance 
can be readily obtained via contact with experienced researchers. Collaborative research is 
likely the best approach given that many techniques require up-front purchasing of expensive 
equipment and the learning curve can be steep. We hope that this review sparks interest and 
enthusiasm amongst researchers, especially those outside of North America, and provides 
some necessary tools and references for forming new studies. Sturgeon conservation would be 
greatly enhanced by increased knowledge of the marine distribution of these incredible 
imperilled creatures. 
 
 



ACKNOWLEDGEMENTS 
 
The authors thank the following reviewers for their input on draft versions of this document: 
 

Ronald Bruch 
Wisconsin Department of Natural Resources 
Oshkosh, Wisconsin, USA 
 
Gordon Glova 
LGL Limited environmental research associates 
Sidney, British Columbia, Canada 
 
Seth Miller 
Bodega Marine Lab 
University of California Davis 
Davis, California, USA 
 
Marvin Rosenau 
British Columbia Institute of Technology 
Vancouver, British Columbia, Canada 

 
We also thank the Pacific Ocean Shelf Tracking (POST) Project and their partners, the Census 
of Marine Life, Gordon and Betty Moore Foundation and Vancouver Aquarium Marine Science 
Centre, for their support.  This work is a contribution to the Census of Marine Life. 
 
The use of trade, product, industry or firm names or products or software or models, whether 
commercially available or not, is for informative purposes only and does not constitute an 
endorsement by the U.S. Government or the U.S. Geological Survey. 
 
 



LITERATURE CITED 
 
Adams, P.B., C.B. Grimes, S.T. Lindley, and M.L. Moser. 2002. Status review for North 

American green sturgeon, Acipenser medirostris. National Marine Fisheries Service, 
Southwest Fisheries Science Center, Santa Cruz, CA. 

Adams, W.E., L.W. Kallemeyn, and D.W. Willis. 2006. Lake Sturgeon, Acipenser fulvescens, 
movements in rainy lake, Minnesota and Ontario.  Can Field Nat 120(1):71-82. 

Allen, P.J., J.A. Hobbes, J.J. Cech Jr., J.P. Van Eenennaam, and S.I. Doroshov. 2009. Using 
trace elements in pectoral fin rays to assess life history movements in sturgeon: 
estimating age at initial seawater entry in Klamath River green sturgeon.  Trans. Am. 
Fish. Soc. 138:240-250.    

Anan, Y., T. Kunito, S. Tanabe, I. Mitrofanov, and D.G. Aubrey. 2005. Trace element 
accumulation in fishes collected from coastal waters of the Caspian Sea. Mar. Poll. Bull. 
51(8-12):882-888.   

Arai, T. and N. Miyazaki. 2001. Use of otolith microchemistry to estimate the migratory history 
of the Russian sturgeon, Acipenser guldenstadti. J. Mar. Biol. Ass. U.K. 81:709-710. 

Arai, T., A.V. Levin, A.N. Boltunov, and N. Miyazaki. 2002. Migratory history of the Russian 
sturgeon (Acipenser guldenstadti) in the Caspian Sea, as revealed by pectoral fin spine 
Sr:Ca ratios. Mar. Biol. 141:315-319. 

Armstrong, J. and J. Hightower. 2002. Potential for restoration of the Roanoke River 
population of Atlantic sturgeon. J. Appl. Ichthyol. 18(4-6):475-480. 

Atlantic Sturgeon Status Review Team. 2007. Status Review of Atlantic sturgeon (Acipenser 
oxyrinchus oxyrinchus). Report to National Marine Fisheries Service, Northeast 
Regional Office. February 23, 2007. 174 pp. 

Auer, N. (1999). Population characteristics and movements of Lake Sturgeon in the Sturgeon 
River and Lake Superior. J Great Lakes Res 25(2): 282-293. 

Auer, N.A. and E.A. Baker. 2007. Assessment of lake sturgeon spawning stocks using fixed-
location, split-beam sonar technology. Journal of Applied Ichthyology, Volume 
23(2):113-121. 

Bacheler, N.M., J.A. Buckel, J.E. Hightower, L.M. Paramore, and K.H. Pollock. 2009. A 
combined telemetry-tag return approach to estimate fishing and natural mortality rates of 
an estuarine fish. Canadian Journal of Fisheries and Aquatic Sciences 66:1230-1244. 

Barton, B.A., H. Bollig, B.L. Hauskins, and C.R. Jansen. 2000. Juvenile pallid sturgeon 
(Scaphirhynchus albus) and hybrid pallid x shovelnose (S. albus x platorynchus) 
sturgeons exhibit low physiological responses to acute handling and severe 
confinement. Comp. Biochem. Physiol. 126A:125-134. 

Bayunova, L., I. Barannikova, and T. Semenkova. 2002. Sturgeon stress reactions in 
aquaculture. J. Appl. Ichthyol. 18:397-404. 

Beamesderfer, R.C.P., T.A. Rien, and A.A. Nigro. 1995. Differences in the dynamics and 
potential production of white sturgeon of impounded and unimpounded white sturgeon in 
the lower Columbia River. Transactions of the American Fisheries Society. 124:857-872 

Becker, B.J., L.A. Levin, F.J. Fodrie, and P.A. McMillan. 2007. Complex larval connectivity 
patterns among marine invertebrate populations. Proc. Nat. Acad. Sci. 104:3267-3272. 

Belanger, J.M., J.H. Son, K.D. Laugero, G.P. Moberg, S.I. Doroshov, S.E. Lankford, and J.J. 
Cech Jr. 2001. Effects of short-term management stress and ACTH injections on 
plasma cortisol levels in cultured white sturgeon, Acipenser transmontanus. Aquaculture 
203:165-176. 

Benson, R.L., S. Turo, and B.W. McCovey. 2007. Migration and movement patterns of green 
sturgeon (Acipenser medirostris) in the Klamath and Trinity rivers, California, USA.  
Environmental Biology of Fishes 79(3-4):269-279. 

Billard, R. and G. Lecointre. 2001. Biology and conservation of sturgeon and paddlefish. 
Reviews in Fish Biology and Fisheries 10:355-392. 

Birstein, B.J., W.E. Bemis, and J.R. Waldman. 1997. Environmental Biology of Fishes 48:427-



435. 
Birstein, V. J., G. Ruban, A. Ludwig, P. Doukakis, and R. DeSalle. 2005. The enigmatic 

Caspian Sea Russian sturgeon: how many cryptic forms does it contain? Systematics & 
Biodiversity 32:203-218. 

Birstein, V.J. 1993. Sturgeons and paddlefishes: threatened fishes in need of conservation. 
Conservation Biology 7:773-787. 

Birstein, V.J., P. Doukakis, B. Sorkin, and R. DeSalle. 1998. Population aggregation analysis 
of caviar producing species of sturgeon and implications for diagnosis of black caviar. 
Conservation Biology 124:766-775. 

Bordner. C.E., S.I. Doroshov, D.E. Hinton, R.E. Pipkin, R.B. Fridley, and F. Haw. 1990. 
Evaluation of marking techniques for juvenile and adult white sturgeons reared in 
captivity. Pages 293-303 In: N.C. Parker, A.E. Giorgi, R.C. Heidinger, D.B. Jester. Jr., 
E.D. Prince, and G.A. Winans (eds.). Fish-Marking Techniques. American Fisheries 
Society, Bethesda. MD. 

Boreman, J. 1997. Sensitivity of North American sturgeons and paddlefish to fishing mortality.  
Environmental Biology of Fishes 48:399-405. 

Bronzi, P., E. Garofalo, V.Z. Dalla, A. Battaglia, S. Ansferri, and C. Pogglioli. 2006. Telemetry 
test trials on the behaviour of sub-adults of Acipenser naccarii reared in captivity and 
released into the River Po (Italy). J. Appl. Ichthyol. 22:152-159. 

Bruch, R. M., T. Dick, and A. Choudhury. 2001. A field guide for the identification of stages of 
gonad development in lake sturgeon, Acipenser fulvescens Rafinesque, with notes on 
lake sturgeon reproductive biology and management implications. WI Dept. Nat. Res. 
Oshkosh and Sturgeon for Tomorrow publication. Graphic Communications Center, Inc. 
Publisher, Appleton, WI. 38 pp. 

Brundage, H.M. and J. Jung. 2009. Experiments with broadband sonar for the detection and 
identification of endangered shortnose sturgeon. Marine Technology Society Journal 
43(3):78-82. 

Campana, S.E. and S.R. Thorrold. 2001. Otoliths, increments, and elements: keys to a 
comprehensive understanding of fish populations?  Can. J. Fish. Aquat. Sci. 58:30-38. 

Campana, S.E., G.A. Chouinard, J.M. Hanson, A. Fréchet, and J. Brattey. 2000. Otolith 
elemental fingerprints as biological tracers of fish stocks. Fish. Res. 46:343-357. 

Caron, F., D. Hatin, and R. Fortin. 2002. Biological characteristics of adult Atlantic sturgeon 
(Acipenser oxyrinchus) in the St Lawrence River estuary and the effectiveness of 
management rules. J. Appl. Ichthyol. 18(4-6):580-585. 

Caswell, N., D. Peterson, B.A. Manny, and G.W. Kennedy. 2004. Spawning by lake sturgeon 
(Acipenser fulvescens) in the Detroit River. J. Appl. Ichthyol. 20(1):1-6. 

Cataldi, E., P. Di Marco, A. Mandich, and S. Cataudella. 1998. Serum parameters of Adriatic 
sturgeon Acipenser naccarii (Pisces: Acipenseriformes): effects of temperature and 
stress. Comparative Biochemistry and Physiology Part A 121:351-354. 

Ceapa, C., P. Williot, F. Le Menn, and B. Davail-Cuisset. 2002. Plasma sex steroids and 
vitellogenin levels in stellate sturgeon (Acipenser stellatus Pallas) during spawning 
migration in the Danube River. J. Appl. Ichthyol. 18:391-396. 

Chebanov, M.S. and Y.N. Chmyr. 2005. Early sexing and staging maturity in live sturgeons by 
using ultrasound technique. Federal Centre of Selection and Genetics for Aquaculture.  
Krasnodar, Russian Federation. (Chebanov@strug.kuban.ru). 

Chiotti J.A., J.M. Holtgren, N.A. Auer, and S.A. Ogren. 2008. Lake sturgeon spawning habitat 
in the Big Manistee River, Michigan. North American Journal of Fisheries Management 
2008 (28):1009-1019. 

Cholwek, G., D. Yule, M. Eitrem, H. Quinlan, and T. Doolittle. 2005. Mapping potential lake 
sturgeon habitat in the lower Bad River complex. U.S.G.S. Lake Superior Biol. Station 
report. 21 pp. 

Clarke, A.D., K.H. Telmer, and J.M. Shrimpton. 2007. Elemental analysis of otoliths, fin rays, 
and scales: a comparison of bony structures to provide population and life history 



information for the Arctic grayling (Thymallus arcticus). Ecol. Freshwater Fish 16:354-
361. 

Cloern, J.E., S.N. Luoma, and F.H. Nichols. 2006. Managing Coastal Resources of the US. 
USGS. Available online at 
http://sfbay.wr.usgs.gov/general_factsheets/coastal_resources.html.  Accessed 5/2010. 

Collins, M., D. Cooke, B. Post, J. Crane, J. Bulak, T.I.J. Smith, T.W. Greig, and J.M. Quattro. 
2003. Shortnose sturgeon in the Santee-Cooper Reservoir System, South Carolina.  
Transactions of the American Fisheries Society 132(6):1244-1250. 

Colombo, R.E., P.S. Wills, and J.E. Garvey. 2004. Use of ultrasound imaging to determine sex 
of shovelnose sturgeon. N. Am. J. Fish. Manage. 24:322-326. 

Coutant, C.C. 1990. Microchemical analysis of fish hard parts for reconstructing habitat use: 
practice and promise. Am. Fish. Soc. Symp. 7:574-580. 

Craig, J.M., D.M. Papoulias, M.V. Thomas, M.L. Annis, and J. Boase. 2009. Sex assignment 
of lake sturgeon (Acipenser fluvescens) based on plasma sex hormone and vitellogenin 
levels. J. Appl. Ichthyol. 25:60-67. 

Crossman, J.A., P.S. Forsythe, E.A. Baker, and K.T. Scribner. 2009. Overwinter survival of 
stocked age-0 lake sturgeon. J. Appl. Ichthyol. 25(5):516-521. 

Cunningham, C.L., D.G. Reid, M.K. McAllister, G.P. Kirkwood, and C.D. Darby. 2007. A 
Bayesian state-space model for mixed-stock migrations, with application to northeast 
Atlantic mackerel (Scomber scombrus). Afr. J. Mar. Sci. 29 (3):347-357. 

Curtis, G., J. Ramsey, and D.L. Scarnecchia. 1997. Habitat use and movements of 
shovelnose sturgeon in Pool 13 of the upper Mississippi River during extreme low flow 
conditions. Environmental Biology of Fishes 50(2):175-182. 

DeLonay, A.J., D.M. Papoulias, M.L. Wildhaber, M.L. Annis, J.L. Bryan, S.A. Griffith, S.H. 
Holan, and D.E. Tillet. 2007. Use of behavioral and physiological indicators to evaluate 
Scaphirhynchus sturgeon spawning success. J. Appl. Ichthyol. 23(4):428-435. 

DeVore, J., B. James, and R. Beamesderfer. 1999. Lower Columbia River white sturgeon 
current stock status and implications. Washington Department of Fish and Wildlife. 
Washington, US. 

DeVore, J.D., B.W. James, C.A. Tracy, and D.A. Hale. 1995. Dynamics and potential 
production of white sturgeon in the unimpounded lower Columbia River. Transactions of 
the American Fisheries Society 124:845-856. 

Di Marco, P., D.J. McKenzie, A. Mandich, P. Bronzi, E. Cataldi, and S. Cataudella. 1999. 
Influence of sampling conditions on blood chemistry values of Adriatic sturgeon 
Acipenser naccarii (Bonaparte, 1836). J. Appl. Ichthyol. 15:73-77. 

Divers, S.J., S.S. Boone, J.J. Hoover, K.A. Boysen, K.J. Killgore, C.E. Murphy, S.G. George, 
and A.C. Camus. 2009. Field endoscopy for identifying gender, reproductive stage and 
gonadal anomalies in free-ranging sturgeon (Scaphirhynchus) from the lower Mississippi 
River. J. Appl. Ichthyol. 25:68-74. 

Doukakis, P., D. Erickson, M. Baimukhanov, Y. Bokova, S. Erbulekov, A. Nimatov, amd E.K. 
Pikitch. 2008. Field and genetic approaches to enhance knowledge of Ural River 
sturgeon biology. In: V. Lagutov (ed.). Rescue of Sturgeon Species in the Ural River 
Basin. Springer, The Netherlands, pp. 277-292. 

Doukakis, P., V.J. Birstein, and R. DeSalle. 2005. Intraspecific structure within three caviar-
producing sturgeons (Acipenser gueldenstaedtii, A. stellatus, and Huso huso) based on 
mitochondrial DNA analysis. Journal of Applied Ichthyology 216:457-460. 

Drauch, A. M., B.E. Fisher, E.K. Latch, J.A. Fike, and O.E. Rhodes. 2008. Evaluation of a 
remnant lake sturgeon population's utility as a source for reintroductions in the Ohio 
River system. Conservation Genetics 9(5):1195-1209. 

Dugo, M.A., B.R. Kreiser, S.T. Ross, W.T. Slack, R.J. Heise, and B.R. Bowen. 2004. 
Conservation and management implications of fine-scale genetic structure of Gulf 
sturgeon in the Pascagoula River, Mississippi. J. Appl. Ichthyol. 20(4):243-251. 

Dulvy, N.K., Y. Sadovy, and J.D. Reynolds. 2003. Extinction vulnerability in marine 



populations. Fish and Fisheries 4:25-64. 
Edwards, R.E., F.M. Parauka, and K.J. Sulak. 2007. New insights into marine migration and 

winter habitat of Gulf sturgeon. Pages 183-196 in J. Munro, D. Hatin, J.E. Hightower, K. 
McKown, K.J. Sulak, A.W. Kahnle, and F. Caron. Anadromous sturgeons: Habitats, 
threats, and management. American Fisheries Society, Symposium 56. 

Edwards, R.E., K.J. Sulak, M.T. Randall, and C.B. Grimes. 2003. Movements of Gulf sturgeon 
(Acipenser oxyrinchus desotoi) in nearshore habitat as determined by acoustic 
telemetry. Gulf of Mexico Science 21(1):59-70. 

Elsdon, T.S. and B.M. Gillanders. 2003. Reconstructing migratory patterns of fish based on 
environmental influences on otolith chemistry. Rev. Fish Biol. Fish. 13:219-235. 

Erickson, D., K. Kappenman, M. Webb, N. Ryabinin, A. Shmigirilov, B. Belyae, G. 
Novomodny, A. Mednikova, E. Pikitch, and P. Doukakis. 2007. Sturgeon conservation in 
the Russian Far East and China. Endangered Species Bulletin XXXII:28-32. 

Erickson, D.L. and J.E. Hightower. 2007. Oceanic distribution and behavior of green sturgeon 
(Acipenser medirostris). Pages 197-211 In: J. Munuo, D. Hatin, K. McKown, J. 
Hightower, K. Sulak, A. Kahnle, and F. Caron (eds.). Proceedings of the symposium on 
anadromous sturgeon: status and trends, anthropogenic impacts, and essential habitats. 
Quebec City, Quebec, Canada. 11-13 August 2003. American Fisheries Society, 
Bethesda, Maryland. 

Erickson, D.L. and M.A.H. Webb. 2007. Spawning periodicity, spawning migration, and size at 
maturity of green sturgeon, Acipenser medirostris, in the Rogue River, Oregon. 
Environmental Biology of Fishes 79:255-268. 

Erikson, D.L., J.A. North, J.E. Hightower, J. Weber, and L. Lauck. 2002. Movement and 
habitat use of green sturgeon, Acipenser medirostris, in the Rogue River, Oregon. 
Journal of Applied Ichthyology 18:565-569. 

Finney, S.T., J.J. Isely, and D.W. Cooke. 2006. Upstream migration of two pre-spawning 
shortnose sturgeon passed upstream of Pinopolis Dam, Cooper River, South Carolina. 
Southeast Nat. 5(2):369-375. 

Foster, A. and J. Clugston. 1997. Seasonal migration of Gulf sturgeon in the Suwannee River, 
Florida.  Transactions of the American Fisheries Society 126(2):302-308. 

Foster, E.P., M.S. Fitzpatrick, G. Feist, C.B. Schreck, J. Heidel, J. Spitsbergen, and J. Yates. 
2001. Plasma androgen correlation, EROD induction, reduced condition factor, and the 
occurrence of organochlorine pollutants in reproductively immature white sturgeon 
(Acipenser transmontanus) from the Columbia River, USA.  Arch. Environ. Contam. 
Toxicol. 41:182-191. 

Fowler, A.J., S.E. Campana, C.M. Jones, and S.R. Thorrold. 1995. Experimental assessment 
of the effect of temperature and salinity on elemental composition of otoliths using laser 
ablation ICPMS.  Can. J. Fish. Aquat. Sci. 52:1431-1441. 

Fox, D.A., J.E. Hightower, and F.M. Parauka. 2000. Gulf sturgeon spawning migration and 
habitat in the Choctawhatchee River system, Alabama-Florida. Transactions of the 
American Fisheries Society 129:811-826. 

Gazey, W.J. and M.J. Staley. 1986. Population estimation from mark-recapture experiments 
using a sequential Bayes algorithm. Ecology 67:941-951. 

Geist, D., R. Brown, V. Cullinan, S.R. Brink, K. Lepla, P. Bates, and J.A. Chandler. 2005. 
Movement, swimming speed, and oxygen consumption of juvenile white sturgeon in 
response to changing flow, water temperature, and light level in the Snake River, Idaho. 
Transactions of the American Fisheries Society 134(4):803-816. 

Gessner, J., G.-M. Arndt, R. Tiedemann, R. Bartel, and F. Kirschbaum. 2006.  Remediation 
measures for the Baltic sturgeon: status review and perspectives.  J Appl Ichthyol 22: 
23-31. 

Gessner, J., G-M. Arndt, A. Ludwig, and F. Kirschbaum. 2007. Remediation of Atlantic 
sturgeon in the Baltic Sea: background, status, and perspectives. American Fisheries 
Society Symposium 56:301-317. 



Golder. 2003. Brilliant Dam Expansion project: White sturgeon monitoring program, 2002-
2003. Report prepared for Brilliant Expansion Power Corporation, Victoria, B.C. 
Prepared by Golder Associates Ltd., Castlegar, BC. Golder Report No. 0228026F: 17 p. 
+ 1 app. 

Golder. 2009a. Observations of white sturgeon behaviour in Waneta eddy during a zero flow 
event at Waneta Dam. Report prepared for BC HYDRO, Castlegar, BC. Prepared by 
Golder Associates Ltd., Castlegar, BC.  Golder Report 08-1480-0088 8pp + 1 app. 

Golder. 2009b. Lower Columbia River juvenile white sturgeon detection: 2008 investigations 
data report. Report prepared for BC Hydro, Castlegar, B.C. Prepared by Golder 
Associates Ltd., Castlegar, BC. Golder Report No. 08-1480-0040F: 24 p. + 2 app. 

Golder. 2009c. Post Project white sturgeon monitoring in the Brilliant Expansion tailwater area 
– Summary Report 2008. Report prepared for Columbia Power Corporation, Castlegar, 
BC. Prepared by Golder Associates Ltd., Castlegar, BC. Golder Report No. 
0814800003F: 21 pp + 1 app. 

Grunwald, C., L. Maceda, J. Waldman, J. Stabile, and I. Wirgin. 2008. Conservation of Atlantic 
sturgeon Acipenser oxyrinchus oxyrinchus: delineation of stock structure and distinct 
population segments. Conserv. Genet. 9(5):1111-1124. 

Hall, J., T. Smith, and S.D. Lamprecht. 1991. Movements and habitats of shortnose sturgeon, 
Acipenser brevirostrum, in the Savannah River.  Copeia 3:695-702. 

Harris, J., D. Parkyn, and D.J. Murie. 2005. Distribution of Gulf of Mexico sturgeon in relation 
to benthic invertebrate prey resources and environmental parameters in the Suwannee 
River estuary, Florida. Transactions of the American Fisheries Society 134(4):975-990. 

Hatin, D., R. Fortin, and F. Caron. 2002. Movements and aggregation areas of adult Atlantic 
sturgeon (Acipenser oxyrinchus) in the St Lawrence River estuary, Quebec, Canada. J. 
Appl. Ichthyol. 18(4-6):586-594. 

Hauser, L. and J.E. Seeb. 2008. Advances in molecular technology and their impact on 
fisheries genetics. Fish and Fisheries 9:473-486.  

Heise, R., W. Slack, S. Ross, and M. Dugo. 2004. Spawning and associated movement 
patterns of Gulf sturgeon in the Pascagoula River Drainage, Mississippi. Transactions of 
the American Fisheries Society 133(1):221-230. 

Heublein, J.C., J.T. Kelly, C.E. Crocker, A.P. Klimley, and S.T. Lindley. 2009. Migration of 
green sturgeon, Acipenser medirostris, in the Sacramento River. Environmental Biology 
of Fishes 84:245-258. 

Hewitt, D.A., E.C. Janney, B.S. Hayes, and R.S. Shively. 2010. Improving inferences from 
fisheries capture-recapture studies through remote detection of PIT tags.  Fisheries 
35(5):217-231. 

Hightower, J., K. Zehfuss, D. Fox, and  F. Parauka. 2002. Summer habitat use by Gulf 
sturgeon in the Choctawhatchee River, Florida. J. Appl. Ichthyol. 18(4-6):595-600. 

Hoenig, J.M., N.J. Barrowman, W.S. Hearn, and K.H. Pollock. 1998. Multiyear tagging studies 
incorporating fishing effort data. Canadian Journal of Fisheries and Aquatic Sciences 
55:1477-1483. 

Holan, S.H., G.M. Davis, M. Wildhaber, A. DeLonay, and D. Papoulias. 2009. Hierarchical 
Bayesian Markov switching models with application to predicting spawning success of 
shovelnose sturgeon. J. Royal Stat. Society. C-App 58:47-64. 

Hublein, J.C., J.T. Kelly, C.E. Crocker, A.P. Klimley and S.T. Lindley. 2009: Migration of green 
sturgeon, Acipenser medirostris, in the Sacramento River.  Environ. Biol. Fish. 84:245-
258. 

Huff, J.M. 1975. Life history of Gulf of Mexico sturgeon, Acipenser oxyrhynchus desotoi, in the 
Suwannee River, Florida. Florida Marine Research Publication 16. 

Hunter, E., J.N. Aldridge, J.D. Metcalfe, and G.P. Arnold. 2003. Geolocation of free-ranging 
fish on the European continental shelf as determined from environmental variables. 
Marine Biology 142:601–609. 

Israel, J.A. and B. May. 2010. Indirect genetic estimates of breeding population size in the 



polyploid green sturgeon (Acipenser medirostris). Molecular Ecology 19(5):1058-1070. 
Israel, J.A., J. Bando, E.C. Anderson, and B. May. 2009. Polyploid microsatellite data reveal 

stock complexity among estuarine North American green sturgeon (Acipenser 
medirostris).  Canadian Journal of Fisheries and Aquatic Sciences 66:1491–1504. 

Israel, J.A., J.F. Cordes, M.A. Blumberg, and B. May. 2004. Geographic patterns of genetic 
differentiation among collections of green sturgeon. N. Am. J. Fish. Manage. 24:922-
931. 

Jackson, N.D., J.E. Garvey, and R.E. Colombo. 2007. Comparing aging precision of calcified 
structures in shovelnose sturgeon. J. Appl. Ichthyol. 23(4):525-528. 

Jacobson, R.B., A. Delonay, C. Vishy, C.M. Elliott, J.M. Reuter, and K.A. Chojnacki. 2009. 
Multi-scale hydroacoustic remote sensing of sturgeon and their habitats in a large, turbid 
river. American Geophysical Union, Fall Meeting 2009, abstract #H54A-06. 
http://adsabs.harvard.edu/abs/2009AGUFM.H54A.06 

Jordan, G.R., R.A. Klumb, G. Wanner, and W. Stancill. 2006. Poststocking movements and 
habitat use of hatchery-reared juvenile pallid sturgeon in the Missouri River below Fort 
Randall Dam, South Dakota and Nebraska. Transactions of the American Fisheries 
Society 135(6):1499-1511. 

Khodorevskaya, R.P., G.I. Ruban, and D.S. Pavlov. 2009. Behavior, migrations, distribution 
and stock of sturgeons in the Volga-Caspian basin. World Sturgeon Conservation 
Society: Special Publication N. 3. Books on Demand GmbH, Norderstedt, Germany. 

Kieffer, M. and B. Kynard. 1996. Spawning of the shortnose sturgeon in the Merrimack River, 
Massachusetts. Transactions of the American Fisheries Society 125(2):179-186. 

Kohlhorst, D.W. 1979. Effect of first pectoral fin ray removal on survival and estimated harvest 
rate of white sturgeon in the Sacramento-San Joaquin estuary. Calif. Fish Game 
65:173-177. 

Kynard, B. and M. Kieffer. 2002. Use of a borescope to determine the sex and egg maturity 
stage of sturgeons and the effect of borescope use on reproductive structures. J. Appl. 
Ichthyol. 18:505-508. 

Kynard, B., M. Breece, M. Atcheson, M. Kieffer, and M. Mangold. 2009. Life history and status 
of shortnose sturgeon (Acipenser brevirostrum) in the Potomac River. J. Appl. Ichthyol. 
25:34-38. 

Kynard, B., R. Suciu, and M. Horgan. 2002. Migrations and habitats of diadromous Danube 
River sturgeons in Romania: 1998-2000. J. Appl. Ichthyol. 18:529-535. 

Kynard, B.K., E. Parker, and B. Kynard. 2010. Ontogenetic behavior of Kootenai River white 
sturgeon, Acipenser transmontanus, with a note on body color: A laboratory study. 
Environmental Biology of Fishes 88(1) 2010. 

Lallaman, J.J., R.A. Damstra, and T. Galarowicz. 2008. Population assessment and 
movement patterns of lake sturgeon (Acipenser fulvescens) in the Manistee River, 
Michigan, USA. J. Appl. Ichthyol. 24(1):1-6. 

Laney, R.W., J.E. Hightower, B.R. Versak, M.F. Mangold, W.W. Cole, and S.E. Winslow. 
2007. Distribution, habitat use and size of Atlantic sturgeon captured during cooperative 
winter tagging cruises, 1988-2006. American Fisheries Society Symposium 56:167-182. 

Lankford, S.E., T.E. Adams, and J.J. Cech Jr. 2003. Time of day and water temperature 
modify the physiological stress response in green sturgeon, Acipenser medirostris. 
Comp. Biochem. Physiol. A: Mol. Integr. Physiol. 135:291-302. 

Latour, R.J., J.M. Hoenig, D.A. Hepworth, and S.D. Frusher. 2003.  A novel tag-recovery 
model with two size classes for estimating fishing and natural mortality, with implications 
for the southern rock lobster (Jasus edwardsii) in Tasmania, Australia.  ICES Journal of 
Marine Science 60:1075-1085. 

LGL and Golder. 2009. Sturgeon monitoring at Arrow Lakes generating station in 2008. 
Report submitted to Columbia Power Corporation, Castlegar, BC by LGL Limited 
environmental research associates, Sidney, BC, and Golder Associates Ltd., Castlegar, 
BC. 17 pp. 



Limburg, K.E. and J.R. Waldman. 2009. Dramatic declines in North Atlantic diadromous 
fishes.  Bioscience 59(11):955-965. 

Lindley, S.T., D.L. Erickson, M.L. Moser, G. Williams, O.P. Langness, B.W. McCovey Jr., M. 
Belchik, D. Vogel, W. Pinnix, J.T. Kelly, J.C. Heublein, and A.P. Klimley. 2010 (in 
review). Electronic tagging of green sturgeon reveals population structure and 
movement among estuaries. Trans Am Fish Soc. 

Lindley, S.T., M.L. Moser, D.L. Erickson, M. Belchik, D.W. Welch, E. Rechisky, J.T. Kelly, J.C. 
Heublein, and A.P. Klimley. 2008. Marine migration of North American green sturgeon. 
Transactions of the American Fisheries Society 137:182-194. 

Malekzadeh Viayeh, R., M.A.H. Webb, A. Hallajian, and R. Kazemi. 2007. Biochemical and 
morphometric parameters as indicators of sex and gonadal stage of maturity in Persian 
sturgeon, Acipenser persicus. J. Appl. Ichthyol. 22:364-368. 

Martell, S.J.D. and C.J. Walters. 2002. Implementing harvest rate objectives by directly 
monitoring exploitation rates and estimating changes in catchability.  Bull. Mar. Sci. 
70(2):695-713. 

McKinley, S., G. Van Der Kraak, and G. Power. 1998. Seasonal migrations and reproductive 
patterns in the lake sturgeon, Acipenser fulvescens, in the vicinity of hydroelectric 
stations in northern Ontario. Environmental Biology of Fishes 51(3):245-256. 

Michielsens, C.G., M.K. McAllister, S. Kuikki, T. Pakarinen, L. Karlsson, L., A. Romakkaniemi, 
I. Pera, and S. Mantyniemi. 2006. A Bayesian state-space mark-recapture model to 
estimate exploitation rates in mixed stock fisheries. Canadian Journal of Fisheries and 
Aquatic Sciences 63:321-334. 

Michielsens, C.G.J. 2003. Bayesian decision theory for fisheries management of migratory 
species with multiple life histories. PhD Thesis, Imperial College, University of London. 

Moghim, M., A.R. Vajhi, A. Veshkini, and M. Masoudifard, M. 2002. Determination of sex and 
maturity in Acipenser stellatus by using ultrasonagraphy. J. Appl. Ichthyol. 18:325-328.  

Moser, M.L. and S.T. Lindley. 2007. Use of Washington estuaries by subadult and adult green 
sturgeon. Environmental Biology of Fishes 79(3-4):243-253. 

Mugue, N.S., A.E. Barmintseva, S.M. Rastorguev, V.N. Mugue, and V.A. Barmintsev. 2008. 
Polymorphism of the mitochondrial DNA control region in eight sturgeon species and 
development of a system for DNA-based species identification. Russian Journal of 
Genetics 44(7):793-798. 

Mulligan, T.J., F.D. Martin, R.A. Smucker, D.A. Wright. 1987. A method of stock identification 
based on the elemental composition of striped bass Morone saxatilis (Walbaum) 
otoliths.  J. Exp. Mar. Biol. Ecol. 114, 241-248.     

Musick, J.A. 1999. Ecology and conservation of long-lived marine animals. pp1-10 in J.A. 
Musick, ed.: Life in the slow lane: Ecology and conservation of long-lived marine 
animals. American Fisheries Society Symposium 23. American Fisheries Society, 
Bethesda, Maryland (USA). 

Nealson, P.A. and G.W. Tritt. 2003. Feasibility assessment of split-beam hydroacoustic 
techniques for monitoring shortnose sturgeon in the Delaware River. Prepared for 
Environmental Research and Consulting, Inc., Chadds Ford, PA.  Prepared by 
Hydroacoustic Technology Inc., Seattle, WA. HTI Project P1372: 39 pp. 

Nelson, T.C., W.J. Gazey, and K.K. English. 2008. Status of white sturgeon in the lower 
Fraser River: report on the findings of the lower Fraser River white sturgeon monitoring 
and assessment program 2007. Report prepared by the Fraser River Sturgeon 
Conservation Society, Vancouver, BC.  
http://www.frasersturgeon.com/pdf/fraserwhitesturgeon2007.pdf 

Nelson, T.C., W.J. Gazey, K.K. English, and M.L. Rosenau. 2004. Status of white sturgeon in 
the lower Fraser River: report on the findings of the lower Fraser River white sturgeon 
monitoring and assessment program 1999-2004. Report prepared for the Fraser River 
Sturgeon Conservation Society, Vancouver, BC.   

Neufeld, M.D. and P.J. Rust. 2009. Using passive sonic telemetry methods to evaluate 



dispersal and subsequent movements of hatchery-reared white sturgeon in the 
Kootenay River. J. Appl. Ichthyol. 25:27-33. 

Odenkirk, J.S. 1989. Movement of Gulf of Mexico sturgeon in the Apalachicola River, Florida. 
Proceedings of the Annual Conference, Southeastern Association of Fish and Wildlife 
Agencies 43:230-238. 

Paetkau, D., R. Slade, M. Burden, A. Estoup. 2004. Genetic assignment methods for the 
direct, real-time estimation of migration rate: a simulation-based exploration of accuracy 
and power. Molecular Ecology 13(1):55-65. 

Paragamian, V. and G. Kruse. 2001. Kootenai River white sturgeon spawning migration 
behavior and a predictive model. North American Journal of Fisheries Management 
21(1):10-21. 

Parkyn, D., D. Murie, D. Colle, and J. Holloway. 2006. Post-release survival and riverine 
movements of Gulf of Mexico sturgeon (Acipenser oxyrinchus desotoi) following induced 
spawning. J. Appl. Ichthyol. 22(1):1-7. 

Parkyn, D.J. J.E. Murie, D.E. Harris, J.D. Colle, and J. Holloway. 2007. Seasonal movements 
of Gulf of Mexico sturgeon in the Suwannee River and estuary. Pages 51-68 in J. 
Munro, D. Hatin, J.E. Hightower, K. McKown, K.J. Sulak, A.W. Kahnle, and F. Caron. 
Anadromous sturgeons: Habitats, threats, and management. American Fisheries 
Society, Symposium 56. 

Parsley, M.J., C.D. Wright, B. van der Leeuw, E. Kofoot, C. Peery, and M. Moser. 2007. White 
sturgeon (Acipenser transmontanus) passage at the Dallas Dam, Columbia River, USA. 
J. Appl. Ichthyol. 23(6):627-635. 

Parsley, M.J., N.D. Popoff, B. van der Leeuw, and C. Wright. 2008. Seasonal and diel 
movements of white sturgeon in the lower Columbia River.  Transactions of the 
American Fisheries Society 137(4):1007-1017. 

Pedersen, M.W., D. Righton, U.H. Thygesen, K.H. Andersen, and H. Madsen. 2008. 
Geolocation of North Sea cod (Gadus morhua) using hidden Markov models and 
behavioural switching.  Canadian Journal of Fisheries and Aquatic Sciences 65:2367-
2377. 

Pine, W.E., K.H. Pollock, J.E. Hightower, T.J. Kwak, and J.A. Rice. 2003. A review of tagging 
methods for estimating fish population size and components of mortality.  Fisheries 
Research 28(10):10-23. 

Pine, W.E., M.S Allen, and V.J. Dreitz. 2001. Population viability of the Gulf of Mexico 
sturgeon: inferences from capture-recapture and age-structured models. Transactions of 
the American Fisheries Society 130:1164-1174. 

Pollock, K.H., J.M. Hoenig, and C.M. Jones. 1991. Estimation of fishing and natural mortality 
when a tagging study is combined with a creel survey or port sampling. Am. Fish. Soc. 
Monogram. 12:423–434. 

Pritchard, J.K., M. Stephens, and P. Donnelly. 2000. Inference of population structure using 
multilocus genotype data. Genetics 155:945-959. 

Reuter, J.M., R.B. Jacobson, C.M. Elliott, H.E. Johnson III, and A.J. DeLonay. 2008. Side-
scan sonar imagery from "Hydraulic and Substrate Maps of Reaches Used by Sturgeon 
(Genus Scaphirhynchus) in the Lower Missouri River, 2005-07" U.S. Geological Survey 
Data Series 386,  Reston, Virginia. 

Rien, T.A. and R.C.P. Beamesderfer. 1994. Accuracy of precision of white sturgeon age 
estimates from pectoral fin rays. Trans. Am. Fish. Soc. 123, 255-265. 

Rien, T.A., R.C.P. Beamesderfer, and C.A. Foster. 1994. Retention, recognition, and effects 
on survival of several tags and marks for white sturgeon. California Fish and Game 
80:161-170. 

RL&L. 2000. Fraser River white sturgeon monitoring program: Comprehensive report (1995-
1999). Report by RL&L Environmental Services Ltd., for BC Fisheries, Victoria, BC. 

Rochard, E., G. Castelnaud, M. Lepage. 1990. Sturgeons (Pisces: Acipenseridae); threats 
and prospects. Journal of Fish Biology 37:123-132. 



Rodzen, J.A. and B. May. 2002. Inheritance of microsatellite loci in the white sturgeon 
(Acipenser transmontanus). Genome 45:1064-1076. 

Rodzen, J.A., T. Famula, and B. May. 2004. Estimation of parentage and relatedness in the 
polyploid white sturgeon (Acipenser transmontanus) using a dominant marker approach 
for duplicated microsatellite loci.  Aquaculture 232:165-182. 

Rogillio, H.E., R.T. Ruth, E. Behrens, C. Doolittle, W. Granger, and J. Kirk. 2007. Gulf 
sturgeon movements in the Pearl River drainage and the Mississippi sound. North 
American Journal of Fisheries Management 27(1):89-95. 

Ross, S.T., W.T. Slack, R. Heise, M. Dugo, M., H. Rogillio, B. Bowen, P. Mickle, and R. 
Heard. 2009. Estuarine and coastal habitat use of Gulf sturgeon (Acipenser oxyrinchus 
desotoi) in the north-central Gulf of Mexico. Estuar. Coast 32(2):360-374. 

Schreck, C.B. 2010. Stress and fish reproduction: the role of allostatsis and hormesis. Gen. 
Comp. Endocrinol. 165:549-556. 

Secor, D.H. and J.R. Rooker. 2000. Is otolith strontium a useful scalar of life cycles of 
estuarine fishes? Fish. Res. 46:359-371. 

Secor, D.H. and J.R. Waldman. 1999. Historical abundance of Delaware Bay Atlantic sturgeon 
and potential rate of recovery. pp 203-216 in J.A. Musick (ed.). Life in the slow lane: 
ecology and conservation of long-lived marine animals. American Fisheries Society 
Symposium 23. American Fisheries Society, Bethesda, Maryland, (USA). 

Secor, D.H. and P.M. Picolli. 1996. Age- and sex-dependent migrations of striped bass in the 
Hudson River as determined by chemical microanalysis of otoliths.  Estuaries 19(4):778-
793. 

Secor, D.H., J.R. Rooker, E. Zlokovitz, V.S. Zdanowicz. 2001. Identification of riverin, 
estuarine, and coastal contingents of Hudson River striped bass based upon otolith 
elemental fingerprints. Mar. Ecol. Prog. Ser. 211:245-253. 

Shmigirilov, A.P., A.A. Mednikova, and J.A. Israel. 2007. Comparison of biology of the 
Sakhalin sturgeon, Amur sturgeon, and kaluga sturgeon from the Amur River, Sea of 
Okhotsk, and Sea of Japan biogeographic province. Environmental Biology of Fishes 
79:383–395. 

Sibert, J.R. and D.A. Fournier. 1994. Evaluation of advection-diffusion equations for 
estimation of movement patterns from tag recapture data. In: Proceedings of the First 
FA0 Expert Consultation on Interactions of Pacific Ocean Tuna Fisheries. Volume 1 - 
Summary report and papers on interaction. R.S. Shomura, J. Majkowski, and S. Lanai 
(eds). FA0 Fisheries Tech. Pap. No. 336/1: 108-121. 

Sibert, J.R., M.K. Musyl, and R.W. Brill. 2003. Horizontal movements of bigeye tuna (Thunnus 
obesus) near Hawaii determined by Kalman filter analysis of archival tagging data. Fish. 
Oceanogr. 12:141-151. 

Sulak, K.J., and J.P. Clugston. 1998. Early life history stages of Gulf sturgeon in the 
Suwannee River, Florida. Transactions of the American Fisheries Society 127:758-771. 

Sulak, K.J., M.T. Randall, R. Edwards, T. Summers, K. Luke, W. Smith, A. Norem, W. Harden, 
R. Lukens, F. Parauka, S. Bolden, and R. Lehnert. 2009. Defining winter trophic habitat 
of juvenile Gulf sturgeon in the Suwannee and Apalachicola rivermouth estuaries, 
acoustic telemetry investigations.  J. Appl. Ichthyol. 25(5):505-515. 

Swearer, S.E., J.E. Caselle, D.W. Lea, and R.R. Warner. 1999. Larval retention and 
recruitment in an island population of a coral-reef fish. Nature 402:799-802. 

Tao, J., Y. Qiao, X. Tan, and J. Chang. 2009. Species identification of Chinese sturgeon using 
acoustic descriptors and ascertaining their spatial distribution in the spawning ground of 
Gezhouba Dam. Chinese Science Bulletin. 54(21):3972-3980. 
http://www.springerlink.com/content/0m648654580092n4/ 

Taverny, C., M. Lepage, S. Piefort, P. Dumont, and E. Rochard. 2002. Habitat selection by 
juvenile European sturgeon (Acipenser sturio) in the Gironde estuary (France). J. Appl. 
Ichthyol. 18:536-541. 

Teo, S.L.H., S. Blackwell, A. Boustany, A. Walli, K. Weng, and B.A. Block. 2004. Validation of 



geolocation estimates based on light level and sea surface temperature from electronic 
tags. Mar. Ecol. Prog. Ser. 283:81-98. 

Thomas, M.V. and R.C. Haas. 2002 Abundance, age structure, and spatial distribution of lake 
sturgeon (Acipenser fulvescens) in the St. Clair System. Michigan Department of 
Natural Resources, Lake St. Clair Fisheries Research Station, Harrison Township, MI. 
Fisheries Research Report 2076. 

Thresher, R.E. 1999. Elemental composition of otoliths as a stock delineator in fishes.  Fish. 
Res. 43:165-204. 

Thuemler, T.F. 1997. Lake sturgeon management in the Menominee River, a Wisconsin-
Michigan boundary water. Environmental Biology of Fishes 48:311-317. 

Tiedemann, R., K. Moll, K.B. Paulus, M. Scheer, P. Williot, R. Bartel R., J. Gessner, and F. 
Kirschbaum. 2006. Atlantic sturgeons (Acipenser sturio, Acipenser oxyrinchus): 
American females successful in Europe. Naturwissenschaften 94 (3):213-217. 

U.S. Fish and Wildlife Service and the Gulf States Marine Fisheries Commission. 1995. Gulf 
sturgeon recovery plan. U.S. Fish and Wildlife Service, Atlanta, Georgia. 

Vajhi, A.R., M. Moghim, A. Veshkini, and M. Masoudifard. 2001. Sex and maturity 
determination by ultrasonography in Persian sturgeon (Acipenser gueldenstaedti 
persicus). Abstract. 4th International Sturgeon Symposium, Oshkosh, Wisconsin USA, 
July 8-13. 

Veinott, G., T. Northcote, M. Rosenau, and R.D. Evans. 1999. Concentrations of strontium in 
the pectoral fin rays of the white sturgeon (Acipenser transmontanus) by laser ablation 
sampling-inductively coupled plasma-mass spectrometry as an indicator of marine 
migrations. Can. J. Fish. Aquat. Sci. 56:1981-1990. 

Veinott, G.I. and R.D. Evans. 1999. An examination of elemental stability in the fin ray of the 
white sturgeon with laser ablation sampling-inductively coupled plasma-mass 
spectrometry (LA-ICP-MS). Trans. Am. Fish. Soc. 128:352-361. 

Waldman, J.R., J.T. Hart, and I.I. Wirgin. 1996. Stock composition of the New York Bight 
Atlantic sturgeon fishery based on analysis of mitochondrial DNA. Transactions of the 
American Fisheries Society 125(3):364-371. 

Walters, C.J. and S. Martell. 2004. Fisheries Ecology and Management. Princeton, New 
Jersey. Princeton University Press. 

Walters, C.J., J. Korman, and S. McAdam. 2005. An assessment of white sturgeon stock 
status and trends in the lower Fraser River. Canadian Science Advisory Secretariat 
Research Document 2005/066. 60pp. 

Walters, C.J., S.J.D. Martell, and J. Korman. 2006. A stochastic approach to stock reduction 
analysis. Canadian Journal of Fisheries and Aquatic Sciences 63:212-223. 

Ward, D.L. 2000. Retention of passive integrated transponder tags applied to white sturgeon 
in Columbia River reservoirs. Apx. A In: White sturgeon mitigation and restoration in the 
Columbia and Snake rivers upstream from Bonneville Dam. Annual Progress Report 
1998. Report to Bonneville Power Administration (BPA Report DOE/BP-00000140-1). 

Warner, R.R., S.E. Swearer, J.E. Caselle, M. Sheehy, and G. Paradis. 2005: Natal trace-
elemental signatures in the otoliths of an open-coast fish. Limnol. Oceanogr. 50:1529-
1542. 

Webb, M.A.H. and S.I. Doroshov.  Submitted. Importance of environmental endocrinology in 
fisheries management of sturgeons. Gen. Comp. Endrocrinol. 

Webb, M.A.H., G.W. Feist, C.B. Schreck, E.P. Foster, and M.S. Fitzpatrick. 2002a. Potential 
classification of sex and stage of gonadal maturity of wild white sturgeon using blood 
plasma indicators. Trans. Am. Fish. Soc. 131:132-142. 

Webb, M.A.H., J.A. Allert, K.M. Kappenman, J. Marcos, G.W. Feist, C.B. Schreck, and C.H. 
Shackleton. 2007. Identification of plasma glucocorticoids in pallid sturgeon in response 
to stress. Gen. Comp. Endocrinol. 154:98-104. 

Welch, D.W., S. Turo, and S.D. Batten. 2006. Large-scale marine and freshwater movements 
of white sturgeon. Transactions of the American Fisheries Society 135(2):386-389. 



Welsh, A., T. Hill, H. Quinlan, C. Robinson, and B. May. 2008. Genetic assessment of lake 
sturgeon population structure in the Laurentian Great Lakes. N. Am. J. Fish. Manage. 
28:572-591. 

Whitlock, R.E. and M. McAllister. 2009. A Bayesian mark-recapture model for multiple-
recapture data in a catch-and-release fishery. Canadian Journal of Fisheries and 
Aquatic Sciences 66(9):1554-1568. 

Wildhaber, M.L., D.M. Papoulias, A.J. DeLonay, D.E. Tillitt, J.L. Bryan, M.L. Annis, and J.A. 
Allert. 2005. Gender identification of shovelnose sturgeon using ultrasonic and 
endoscopic imagery and the application of the method to pallid sturgeon. J. Fish Biol. 
67:114-132. 

Wirgin, I., C. Grunwald, E. Carlson, J. Stabile, D.L. Peterson, and J. Waldman. 2005. Range-
wide population structure of shortnose sturgeon, Acipenser brevirostrum, based on 
sequence analysis of the mitochondrial DNA control region. Estuaries 28(3):406-421. 

Wooley, C.M., and E.J. Crateau. 1982. Observations of Gulf of Mexico sturgeon (Acipenser 
oxyrhynchus desotoi) in the Appalachicola River, Florida. Florida Scientist 45:244-248. 

Wooley, C.M., and E.J. Crateau. 1985. Movement, microhabitat, exploitation, and 
management of Gulf of Mexico Sturgeon, Apalachicola River, Florida. North American 
Journal of Fisheries Management 5:590-605. 

Xinhai L., M.K. Litvak, and J.E. Hughes-Clarke. 2007. Overwintering habitat use of shortnose 
sturgeon (Acipenser brevirostrum): defining critical habitat using a novel underwater 
video survey and modeling approach. Canadian Journal of Fisheries and Aquatic 
Sciences 64(9):1248-1257. 

Yang, D., B. Kynard, Q. Wei, X. Chen, W. Zheng and H. Du. 2006. Distribution and movement 
of Chinese sturgeon, Acipenser sinensis, on the spawning ground located below the 
Gezhouba Dam during spawning seasons. Journal of Applied Ichthyology 22 Suppl. 
1:145-151. 

Young, W. and D. Scarnecchia. 2005. Habitat use of juvenile white sturgeon in the Kootenai 
River, Idaho and British Columbia. Hydrobiologia 537:265-271. 

 
 


