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Sobre el barotrauma en peces durante 
su tránsito por hidro-estructuras: una 
estrategia global para el desarrollo 
sustentable de los recursos hídricos
RESuMEN: los peces de agua dulce constituyen uno de 
los grupos más amenazados entre los vertebrados y las dis-
minuciones poblacionales se consideran como alarmantes 
en términos de biodiversidad y suceden en perjuicio de las 
comunidades humanas cuyo bienestar y nutrición depen-
den de las pesquerías basadas en estos recursos. Una ac-
tividad que se asocia a la declinación de las poblaciones de 
peces de agua dulce es la construcción de infraestructura 
para el desarrollo de recursos hídricos, como presas, weirs 
e instalaciones hidroenergéticas. Los peces que transitan 
a través de la infraestructura hídráulica y de irrigación 
durante su migración hacia el mar, experimentan disminu-
ciones de presión que producen lesiones (barotrauma), 
las cuales pueden contribuir a la mortalidad. Existe una 
nueva iniciativa para expandir la infraestructura para la 
hidroenergía e irrigación y aumentar así la seguridad de 
agua y la generación de energía de bajo costo en términos 
de producción de carbono. El efecto del barotrauma en los 
peces debe ser estudiado y mitigado para asegurar que el 
progreso sea sustentable para las pesquerías. Esto impli-
cará expandir el conocimiento acerca de las lesiones rela-
cionadas al barotrauma con respecto a como se encuentra 
ahora; sobre todo el conocimiento de la migración hacia 
el mar que realizan los juveniles de especies de salmón en 
el Pacífico noroeste, con el fin de incorporar una mayor 
diversidad de estadios de vida y especies de diferentes par-
tes del mundo. En este artículo se resume la investigación 
concerniente al barotrauma en los peces durante su trán-
sito por hidro-estructuras y se plantea un marco investiga-
tivo para promover un enfoque estándarizado y global. El 
enfoque que se ofrece provee relaciones precisas para el 
desarrollo adaptativo de tecnologías amigables para los 
peces, diseñadas con la finalidad de mitigar las amenazas 
que enfrentan las pesquerías de agua dulce ante la rápida 
expansión de la infraestructura hídrica.

FEATURE

understanding Barotrauma in Fish Passing Hydro 
 Structures: A Global Strategy for Sustainable Development 
of Water Resources
Richard S. Brown
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ABSTRACT: Freshwater fishes are one of the most imperiled 
groups of vertebrates, and population declines are alarming in 
terms of biodiversity and to communities that rely on fisher-
ies for their livelihood and nutrition. One activity associated 
with declines in freshwater fish populations is water resource 
development, including dams, weirs, and hydropower facilities. 
Fish passing through irrigation and hydro infrastructures dur-
ing downstream migration experience a rapid decrease in pres-
sure, which can lead to injuries (barotrauma) that contribute to 
mortality. There is renewed initiative to expand hydropower and 
irrigation infrastructure to improve water security and increase 
low-carbon energy generation. The impact of barotrauma on 
fish must be understood and mitigated to ensure that develop-
ment is sustainable for fisheries. This will involve taking steps 
to expand the knowledge of barotrauma-related injury from its 
current focus, mainly on seaward-migrating juvenile salmonids 

of the Pacific Northwest, to incorporate a greater diversity of 
fish species and life stages from many parts of the world. This 
article summarizes research that has examined barotrauma dur-
ing fish passage and articulates a research framework to pro-
mote a standardized, global approach. The suggested approach 
provides clearly defined links to adaptive development of fish 
friendly technologies, aimed at mitigating the threats faced by 
global freshwater fisheries from the rapid expansion of water 
infrastructure.
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INTRODuCTION

Freshwater fish are the second most endangered vertebrate 
group (Saunders et al. 2002), and many species currently face 
extinction (Ricciardi et al. 1999). Species declines are not abat-
ing, and in many parts of the world such declines have signifi-
cant social and economic implications. Many of the world’s 
developing nations rely heavily on freshwater fish for their 
livelihood, as both a source of income and food. For example, 
the Lower Mekong River basin (i.e., Cambodia, Laos, Thailand, 
Vietnam) supports the world’s largest inland fishery, worth be-
tween US$4.3 and $7.8 billion annually (Hortle 2009). Fish and 
other aquatic organisms are essential for the livelihood, nutri-
tion, and food security of citizens of the Lower Mekong River 
basin, accounting for 47%–80% of total animal protein con-
sumed (Hortle 2007). 

Many activities have had a role in freshwater fish declines 
throughout the world, including development of water infra-
structure (Dudgeon et al. 2006). Water infrastructure, includ-
ing dams, weirs, and hydropower facilities, can change natural 
flow regimes, degrade habitat and water quality, and interrupt 
or otherwise negatively impact important upstream and down-
stream fish migrations (Kingsford 2000; Agostinho et al. 2008). 
Though water infrastructure can create a complete barrier to fish 
movements, structures can also selectively injure or kill fish as 
they pass (Williams et al. 2001; Godinho and Kynard 2009). In 
such cases, barotrauma (trauma due to changes in barometric 
pressure) is of particular concern where hydropower facilities 
and irrigation structures create adverse hydraulic conditions that 
can injure and kill passing fish (Cada 1990; Baumgartner et al. 
2006; Brown et al. 2012a). 

Globally, the infrastructure associated with hydropower 
and other water resource development are extensive and ex-
panding rapidly, especially in areas such as China, Brazil, and 
Africa (Geoscience Australia and ABARE 2010). Brazil is one 
example where hydropower generation is projected to increase 
38% by 2020 (Ministério de Minas e Energia/Empresa de Pes-
quisa Energética [MME/EPE] 2011) through large hydropower 
projects, such as the Belo Monte Dam on the Xingu River of 
the Amazon Basin (the third largest [11,233 MW] hydropower 
production facility in the world; MME/EPE 2011; Castro et 
al. 2012) and the Santo Antônio (3,150 MW power potential) 
and Jirau (3,300 MW power potential) dams on the Madeira 
River. Worldwide, opportunities are being explored to install 
small-scale (typically less than 10 MW) hydroelectric facilities 
at water infrastructures built for other purposes, such as exist-
ing irrigation weirs (Bartle 2002; Paish 2002; Baumgartner et 
al. 2012). 

The expansion of hydropower generation is in response 
to increasing demand for power in developing regions and a 
global desire for increased use of renewable energy in response 
to climate change. However, to maintain fish diversity and curb 
social and economic impacts in light of this development, re-
search is needed to guide the design and management of hy-
dropower facilities and other water infrastructure. In particular, 

minimizing barotrauma associated with passage through water 
infrastructure is a complex issue and of particular concern. In 
this article we review the science related to barotrauma with 
the objective of highlighting what is known and the knowledge 
gaps that exist in adaptively managing the threats faced by 
freshwater fisheries from the rapid expansion of water infra-
structure. Though information covered may provide insight for 
barotrauma induced by angling, commercial fishery bycatch op-
erations, or scientific sampling involving quickly bringing fish 
to the surface of a water body, the main focus of this article is 
furthering the understanding of barotrauma among fish passing 
downstream through dams, weirs, and hydropower facilities. 
In addition, this article does not provide an exhaustive review 
of all such water infrastructure passage related barotrauma (for 
further background information see Cada 1990) but focuses on 
the state of the science, provides insight for interpreting past 
research, and provides modeling and research frameworks for 
future endeavors in barotrauma research.

BAROTRAuMA DuRING WATER 
 INFRASTRuCTuRE PASSAGE

It has long been acknowledged that fish can be killed or 
injured when passing through hydroturbines at hydroelectric fa-
cilities (Cramer and Oligher 1964). Similarly, it has been shown 
that fish can be harmed during passage through bypass systems 
or spillways at hydroelectric facilities (Muir et al. 2001). But the 
impact is not confined to structures specifically designed for the 
generation of hydropower, and considerable injury and mortal-
ity rates have also been reported for fish passing weirs primarily 
built to capture and divert river flows for irrigation (Baumgart-
ner et al. 2006). This aside, research carried out to understand 
the mechanisms for injury during water infrastructure passage 
has been predominately focused around hydroelectric turbine 
passage (Coutant and Whitney 2000). 

When fish pass through hydrostructures, such as hydrotur-
bines, shear forces, blade strike, and pressure changes can lead 
to injury and death (Deng et al. 2005, 2007a, 2010; Cada et 
al. 2006; Brown et al. 2009, 2012b). Although one of the most 
apparent sources of injuries to fish may be strike from turbine 
blades, the likelihood of strike is low for small fish (Franke et al. 
1997). Not all fish passing through hydroturbines are exposed 
to damaging levels of shear force or blade strike (Deng et al. 
2007b), because this depends on the route taken by fish through 
the system and blade strike can vary to a large degree with fish 
size (Franke et al. 1997). All fish, however, are exposed to pres-
sure changes, and the magnitude of change depends largely on 
turbine design, the path of the fish through the turbine, the op-
eration of the turbine, the total operating head, the submergence 
of the turbine, and the rate of flow through the turbine (Carlson 
et al. 2008; Deng et al. 2010; Brown et al. 2012b). 

As fish pass between turbine blades, they are typically ex-
posed to a sudden (occurring in <1 s) decompression before 
returning to near surface pressure as they enter the downstream 
channel (Deng et al. 2007b, 2010). In hydroturbines, this can 
commonly involve decreases in pressure to levels between 
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surface pressure (101 kPa) and half of surface pressure of ap-
proximately 50 kPa (Carlson et al. 2008). Fish passing through 
other types of hydrostructures are also exposed to rapid pressure 
changes (see Carlson et al. [2005] for an example of pressure 
fluctuations at a pump storage facility). Although little research 
has been done to quantify pressure changes outside of the hy-
droturbine realm, initial hydraulic investigations of irrigation 
weirs, where water is discharged under a gate (referred to as 
“undershot weirs”), show that passing fish would experience 
rapid decompression (in <1 s) to slightly below surface pres-
sure as they are taken from depth in the upstream pool and dis-
charged into surface waters downstream of a structure (C. A. 
Boys [New South Wales Department of Primary Industries] and 
Z. D. Deng [Pacific Northwest National Laboratory], personal 
communication). 

The rapid decompression associated with infrastructure 
passage can lead to barotrauma arising from one of two major 
pathways. The first is governed by Boyle’s law, where damage 
occurs due to the expansion of a preexisting gas phase within 
the body of the fish, such as contained in the swim bladder 
(Keniry et al. 1996; Brown et al. 2012e; Pflugrath et al. 2012). 
Boyle’s law (P1V1 = P2V2 [where P1 and V1 are the initial pres-
sure and gas volume and P2 and V2 are the resultant pressure 
and gas volume]) states that within a closed system (at constant 
temperature), the volume of a gas is inversely proportional to 
the pressure acting on the volume (Van Heuvelen 1982). For 
a fish passing through infrastructure, if the surrounding pres-
sure is decreased by half, the volume of the preexisting gas in 
the body doubles. Injuries arising from this pathway typically 
include ruptured swim bladders and exopthalmia (Figure 1), 
everted stomach or intestine (Figures 2A and 2B), internal rup-
ture of vasculature (hemorrhaging), and gas bubbles (emboli) 
in the vasculature, organs, gills, and fins (Tsvetkov et al. 1972; 
Rummer and Bennett 2005; Gravel and Cooke 2008; Brown et 
al. 2009, 2012b).

The second pathway is governed by Henry’s law, where 
gas may come out of solution due to decompression-induced 
reduction in solubility, resulting in bubble formation (Brown 
et al. 2012e). Henry’s law states that the amount of gas that 
can be dissolved in a fluid, such as blood plasma, is directly 
proportional to the partial pressure to which it is equilibrated. 
Thus, when the surrounding pressure is reduced, the dissolved 
gas may come out of solution, resulting in gas bubble formation, 
the basis for the bends in scuba divers who return to the surface 
too quickly. As fish pass through areas of low pressure, such 
as through hydroturbines, and experience decompression, their 
blood and other bodily fluids may become temporarily super-
saturated and gas bubbles may form in the blood, organs, gills, 
or fins (emboli). As the gas bubbles grow, they can also lead 
to internal rupture of vasculature (hemorrhaging; Brown et al. 
2012b; Colotelo et al. 2012). 

Henry’s and Boyle’s laws may not be equally important 
in governing injury to fish during water infrastructure passage. 
Brown et al. (2012e) determined that, among juvenile Chinook 
Salmon (Oncorhynchus tshawytscha), injury and mortalities ob-

served due to rapid decompression (simulating turbine passage) 
were largely caused by swim bladder expansion and rupture (as 
governed by Boyle’s law), and the likelihood of mortality due 
to gases coming out of solution in the blood and tissue (as gov-
erned by Henry’s law) was relatively low. They found that if ju-
venile Chinook Salmon were slowly decompressed to very low 
pressures (13.8 kPa; with 101 kPa representing surface pres-
sure) over 2.9–3.6 min (median = 3.3 min), the fish could expel 
gas from their swim bladder via the pneumatic duct (a connec-
tion between the swim bladder and esophagus; Figure 3), pre-
venting its rupture and subsequent barotraumas (e.g., emboli in 
the fins, gills, and blood vessels; exopthalmia; hemorrhaging). 
If fish were maintained at these low pressures, it took several 

Figure 1. Exopthalmia (eyes popped outward) observed in (A) the Brazil-
ian species Corvina captured downstream of a hydropower facility and 
(B) in juvenile Steelhead exposed to rapid decompression from depth 
(510.1 kPa, the equivalent to 40.7 m) to near surface pressure (117.2 
kPa; Brown et al. 2012e). Photo credit: Carlos Bernardo M. Alves, Bio-
Ambiental Consultancy.
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minutes (mean = 3.0; range 2.2–7.0) before emboli and mortal-
ity were observed, presumably associated with Henry’s law. In 
comparison, however, if juvenile Chinook Salmon were rapidly 
decompressed, the swim bladder often ruptured, expelling gas 
into the tissue and vasculature leading to hemorrhaging, emboli, 
and exopthalmia.

Though it appears that barotraumas governed by Henry’s 
law are slow to develop relative to those linked to Boyle’s law in 
juvenile Chinook Salmon, there are species-specific differences 
in damages that occur when fish are exposed to decompression. 
For instance, where Brown et al. (2012e) saw mortality due to 
Henry’s law in juvenile Chinook Salmon exposed to 2.2–7.0 
min of low pressure (13.8 kPa), Colotelo et al. (2012) found 
that juvenile Brook (Lampetra richardonii) and Pacific Lam-
prey (Entosphenus tridentatus) were uninjured when exposed to 
these same low pressures for over 17 min. Thus, the likelihood 
of emboli formation (and associated injuries such as hemor-
rhaging) may vary substantially among species. Though only 
a few species have been examined to date, it appears unlikely 
that gas coming out of suspension and forming emboli is the 
major cause of injury and mortality among fish passing hydro-
structures because they are seldom if ever exposed to pressures 
below surface pressure for more than even a single second.

However, it should be kept in mind that supersaturation 
of gas is a large problem associated with dams. High levels of 
total dissolved gas (TDG) are associated with water routed over 
spillways. Water falling over spillways and into deep plunge 
basins of dams can cause gas to be entrained into the water 
(Ebel 1969). Prolonged exposure to elevated TDG can cause 
gas bubble disease (GBD) in fish. The difference between GBD 
and bubbles forming in the blood associated with barotrauma is 
that GBD involves gas moving from the surrounding supersatu-
rated water into the tissues of the fish, leading to the formation 
of emboli (Beyer et al. 1976). Alternatively, when fish are de-
compressed during passage of a hydrostructure, the temporary 
supersaturation of the blood can cause bubbles to come out of 
suspension in the blood and tissues (Beyer et al. 1976). Thus, 
the source of the supersaturated gas is from within the fish in-
stead of from the surrounding supersaturated water. Although 
a review of GBD is not within the scope of this article, it is 
possible that elevated TDG could lead to an increase of baro-
trauma. If fish with emboli present in their body due to GBD 
are decompressed during passage of hydrostructures, a higher 
amount of barotrauma may occur due to the expansion of those 
bubbles than may occur when the river water does not have 
elevated levels of TDG.

This leads to another factor that should be kept in mind 
when interpreting the barotrauma literature. Some researchers 
have had issues with confusing barotrauma with GBD when 
conducting decompression studies on fish. If the water the fish 
are held in while under pressure in test chambers is aerated or 
otherwise saturated with gas (similar to experiments by Bishai 
[1960] and D’Aoust and Smith [1974]), fish could experience 
GBD when decompressed, essentially the same condition as the 
bends in humans. This would lead to an extended period where 
the blood and tissues of the fish would be supersaturated instead 
of the very short period of supersaturation that fish would be 
exposed to during hydrostructure passage.

IMPLICATION OF SWIM BLADDER 
MORPHOLOGY 

Barotrauma damage is frequently attributed to swim blad-
der expansion and rupture and, as such, the diversity in swim 
bladder form and function among fish may have significant 
implications for the relative susceptibility to injury. There are 
two broad groups, physoclists and physostomes. Physostomes, 
which are evolutionarily more basal fishes (e.g., lungfishes, 
sturgeons, and euteleosts), have a swim bladder that is con-
nected to the esophagus via a pneumatic duct (often referred 
to as an open swim bladder). These fish gulp air at the surface 
and force it into their swim bladder. The second group is called 
physoclists, which are evolutionarily more derived fishes (neo-
teleosts), which have a swim bladder that is not connected to the 
esophagus (often referred to as a closed swim bladder; Figures 
3 and 4) and the presence of a gas gland and countercurrent 
vasculature (called “retia”) is used to regulate swim bladder 
volume and thus buoyancy (Pelster and Randall 1998). Physo-
clists may be much more likely to be injured during passage of 
hydrostructures than physostomes because they cannot quickly 

Figure 2. Images of an (A) everted stomach in the Brazilian species 
Mandi-amarelo and (B) an everted intestine in Serrudo. Photo credit: 
Carlos Bernardo M. Alves, Bio-Ambiental Consultancy.
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release gas as the swim bladder expands during rapid decom-
pression (Brown et al. 2012e). To add to the complexity, most 
fish that are physoclistous as adults are physostomous as larvae, 
which enables initial swim bladder inflation by gulping air (e.g., 
Bailey and Doroshov 1995; Rieger and Summerfelt 1998; Trot-
ter et al. 2003). Thus, the vulnerability to barotrauma may vary 
greatly within a species depending on its life stage (Tsvetkov et 
al. 1972). Another noteworthy variation in swim bladder mor-
phology is found in the most diverse family of freshwater fishes, 
the cyprinids, which form a major component of the migratory 
fauna of Asian rivers. They have a physostomous swim bladder, 
but it has two chambers with an anterior projection closer to the 
Weberian apparatus to enhance hearing (Alexander 1962; Fig-
ure 5). The chambers are connected by an additional duct under 
autonomic muscular control (Dumbarton et al. 2010). Thus, dur-
ing rapid decompression, excess gas would need to be voided 
through both chambers and two ducts simultaneously in order 
to prevent barotrauma due to swim bladder damage. 

In order to predict the extent of inter- and intraspecific baro-
traumas that may be induced by hydrostructures within a given 
river system, it is crucial to understand how pressure changes 
affect fish with different types of swim bladders at different 
life stages. Physostomes are able to quickly expel gas via the 

pneumatic duct, using the gass-puckreflex (gas spitting reflex; 
Franz 1937), which is under autonomic control. The rate of this 
reflex is likely critical in reducing injury due to rapid decom-
pression but appears to vary between—and even within—spe-
cies (Harvey et al. 1968; Shrimpton et al. 1990). Shrimpton et 
al. (1990) determined that smaller Rainbow Trout had a higher 
gas pressure release threshold than larger fish (when examining 
fish in a range from less than 10 to ~250 g). Additionally, there 
have been observations of siluriform Catfish with everted stom-
achs (Figures 2A and 2B) downstream of hydroelectric facili-
ties, which indicates that gas was not released fast enough from 
their physostomous swim bladder to avoid barotrauma during 
rapid decompression. 

Unlike physostomes, physoclists can only regulate buoy-
ancy through a relatively slow process of gas diffusion into and 
out of the swim bladder (see Figure 3). The physoclistous swim 
bladder is filled predominantly by oxygen that is released from 
a pH-sensitive hemoglobin as it is acidified within the retia of 
the swim bladder (Pelster and Randall 1998). The rate of swim 
bladder filling and the partial pressures that can be ultimately 
generated varies widely among physoclists, with some species 
able to attain neutral buoyancy at much deeper depths than oth-
ers (Fange 1983). Some species, like Tench (Tinca tinca), can 

Figure 3. (A) Esophagus, (B) pneumatic duct, (C) physostomous swim bladder, and (D) stomach of a juvenile Chinook Salmon are shown 
in the upper left panel. The other three panels are photos of a physoclistous Smallmouth Bass swim bladder. The inflated swim bladder 
is shown in the lower left panel with the incoming vasculature source shown (E). The upper and lower right panels show a deflated swim 
bladder and the vascular rete (E also shows the incoming source of the vasculature). Photo credit: Ricardo W. Walker.
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take weeks to fill their swim bladder (Jacobs 1934), whereas 
Bluefish (Pomotomus saltatrix) may be able to do so relatively 
rapidly (less than 4 h after puncture; Wittenberg et al. 1964) but 
still require hours to days. Presumably, these rates of swim blad-
der filling are indicative of rates of emptying, which are much 
too slow to prevent barotrauma due to the rapid (occurring in a 
fraction of a second) pressure changes that occur during water 
infrastructure passage. Thus, physoclistous species are likely 

very susceptible to barotraumas and likely much more sensi-
tive than physostomous species; however, this remains to be 
investigated.

In addition to physoclists and physostomes, there is a third 
group of freshwater fishes that do not have a swim bladder and 
are therefore likely to have low susceptibility to barotrauma 
arising from Boyle’s law. Juvenile Brook and Pacific Lamprey 

Figure 4. The type of swim bladder present in different taxa of fish. Fish with an opening between the swim bladder and the 
esophagus (physostomes) and without this opening (physoclists) are shown, as well as fish without a swim bladder (the upper 
most three classes).
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are two such species and were uninjured when rapidly decom-
pressed in simulations of hydroturbine passage including expo-
sure to pressures much lower (13.8 kPa) than commonly seen 
during turbine passage (Colotelo et al. 2012). Additionally, both 
species were held at this low pressure for an extended period of 
time (>17 min) without either immediate or delayed (>120 h) 
mortality (Colotelo et al. 2012). Together, these results suggest 
limited susceptibility to barotrauma via either the Boyle’s or 
Henry’s law pathways. In comparison to the Pacific Lamprey, 
when juvenile Chinook Salmon were rapidly decompressed to 
these same low pressures, more than 95% suffered mortal in-
juries (Brown et al. 2012b). Migratory fish species that reside 
in freshwater at least part of their lives and do not have swim 
bladders are not common but include Bull Shark (Carcharhinus 
leucas), freshwater Sawfish (Pristis microdon; a threatened spe-
cies), and lampreys. 

Other researchers have noted that fish without swim blad-
ders had low susceptibility to barotrauma. For example, Bishai 
(1961) found larval Plaice (Pleuronectes platessa L.; 3.5–5.0 
cm long) held at 202 kPa for 2–8 days were uninjured when de-
compressed over 5–10 min back to surface pressure (101 kPa). 
Similarly, Tsvetkov et al. (1972) found no damage to larval At-
lantic Salmon (Salmo salar; 2–2.5 cm long; without a developed 
swim bladder) after being held at 101–606 kPa for 40 h or more 
and brought to surface pressure in less than 3 s. However, nei-
ther of these experiments involved reducing fish to pressures 
below surface pressure where barotrauma due to Henry’s law 
(gas coming out of suspension in their blood and tissues) would 
have been anticipated.

IMPLICATION OF LIFE HISTORY AND 
 BEHAvIOR 

In addition to the physiological traits of fish, barotrauma 
research on freshwater species needs to be based on a template 
of ecology and behavior (Table 1). Understanding what life 
stages will be exposed to water infrastructure passage is criti-
cal to understanding the susceptibility of wild populations to 
barotrauma. The majority of research related to hydroturbine 
passage has been focused on seaward-migrating juvenile salmo-

nids. Most salmonid species are semelparous (having a single 
reproductive episode before death) and, as such, the only life 
stage that may be affected by downstream passage is juveniles. 
There are, however, iteroparous (having multiple reproductive 
cycles over a lifetime) species that may pass through turbines as 
they migrate back to the ocean after spawning (e.g., Steelhead 
Trout [Oncorhynchus mykiss], Brown Trout [Salmo trutta], At-
lantic Salmon, and Dolly Varden [Salvelinus malma malma]). 
Iteroparous species are also common in other bioregions such 
as South America, Asia, and Australia, where both adult and 
juvenile life stages may have to migrate downstream through 
hydropower and irrigation structures. In large floodplain riv-
ers such as in South East Asia, South America, and Australia, 
egg and larval drift is a common life history trait (Baran et al. 
2001; Humphries et al. 2002; Koehn and Harrington 2005; 
Godinho and Kynard 2009), and this mode of migration will 
increase the likelihood of encountering water infrastructure. 
Within North America, there are also many species (such as 
Paddlefish [Polyodon spathula], Walleye [Sander vitreus], and 
sturgeon [Scaphirhynchus spp.]) where eggs, larvae, or small 
juveniles can drift for long distances (Purkett 1961; Corbett and 
Powles 1986; Braaten et al. 2008). Early life stages are fragile 
and may be more susceptible to barotrauma than larger indi-
viduals because their bodies (swim bladder and other internal 
organs) are less robust (Tsvetkov et al. 1972), and the expansion 
of gas in the swim bladder may be more likely to cause dam-
age relative to their body size. Understanding the ecology and 
timing of larval drift, as well as the time of first inflation of the 
swim bladder, will be critical in understanding their suscepti-
bility to barotrauma. Additionally, more information is needed 
about physiological changes in larval physoclistous fish. They 
commonly have larvae with an open swim bladder but lose the 
connection between their swim bladder and esophagus as they 
develop. Identifying when this occurs may aid in understanding 
their increased susceptibility to barotrauma, important informa-
tion for managing systems where these types of fish are present. 

Larval drifting fish may also be susceptible to barotrauma 
due to expansion of metabolically produced gas. Brown et al. 
(2013a) noted barotrauma in the form of erratic swimming, 
death, and herniation-like abnormalities on the abdomen of 
larval White Sturgeon (Acipenser transmontanus) at the point 
when they first started feeding (8 days after hatching) but did 
not have an inflated swim bladder. They also noted gas in the 
intestines about 7 months after hatching that could also lead to 
barotrauma upon decompression.

Susceptibility to barotrauma is also likely to be influenced 
by the position fish occupy in the water column. Neutral buoy-
ancy in fish is achieved by maintaining swim bladder volume 
constant, which is accomplished at deeper depths by having a 
higher gas pressure according to Boyle’s law (see above). The 
depth and water pressure a fish has occupied prior to infrastruc-
ture passage (commonly referred to as “acclimation pressure”) 
likely dictates the amount of gas a fish must have in its swim 
bladder to maintain neutral buoyancy because gases are com-
pressible. If fish are benthic oriented, such as catfish, which are 
abundant riverine species in Asia and North and South America, 

Figure 5. Two-chambered swim bladder of the Hypsibarbus lagleri, a 
 species endemic to the Mekong basin of South East Asia.
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their initial acclimation pressure may be high and the lowest 
pressure (often referred to as “nadir”) experienced during hy-
droturbine passage will likely have a greater impact on swim 
bladder expansion. The ratio of pressure change (acclimation 
pressure/hydroturbine nadir pressure) experienced by the fish 
during passage is therefore likely a major factor dictating the 
level of injury a fish may experience. In contrast, fish that typi-
cally occupy shallower depths (including those species with 
buoyant drifting larval stages) require less gas to achieve the 
same swim bladder volume needed for neutral buoyancy and 
therefore may be less susceptible to barotrauma due to rapid de-
compression. However, research is needed to determine whether 
benthic-oriented fish are neutrally or negatively buoyant, be-
cause this will have implications for the impact of the pressure 
change on barotrauma.

IMPLICATION OF THE RATIO OF 
 PRESSuRE CHANGE ON SWIM BLADDER 
INJuRY

Fish injury following rapid pressure change is predomi-
nantly associated with expansion of preexisting gases, which 
often leads to rupture of the swim bladder (Brown et al. 2012e). 
Thus, prediction of barotraumas in fish passing through hydro-
structures requires a firm understanding of the degree to which 
gas expands within fish when they are decompressed. Based 
upon Boyle’s law (see above), one of the primary determinants 

of swim bladder volume change (and therefore likelihood of 
injury) will be the ratio of pressure change experienced by the 
fish during passage. This ratio may be as simple as dividing the 
pressure associated with the depth to which fish are acclimated 
and neutrally buoyant prior to passage with the nadir (lowest 
pressure) experienced during infrastructure passage. The fol-
lowing analogy acts to illustrate the importance of the ratio of 
pressure change rather than absolute pressure change to swim 
bladder volume and thus the potential for barotrauma. If a fish 
is brought to the surface (101 kPa) from an acclimation depth 
of 10 m (202 kPa) at which it is neutrally buoyant, it will ex-
perience a pressure change ratio of 2 (202 kPa/101 kPa), which 
implies that swim bladder volume would double (in the absence 
of body wall constraints). In this scenario, the absolute pressure 
change is 101 kPa (202 − 101 kPa; see Figure 6 for an example). 
The same doubling of swim bladder volume would also occur in 
a fish acclimated to surface water (101 kPa) that passes through 
a hydroturbine with a nadir pressure of 50.5 kPa because the 
ratio of pressure change is 2, even though the absolute pres-
sure change is only 50.5 kPa, half the value of the example 
above. Understanding the significance of Boyle’s law and its 
potential impacts on fish can inform the hydraulic design of 
hydroturbines and other water control structures to control the 
nadir pressure and minimize the ratio of pressure change. This 
approach is currently being used by the U.S. Army Corps of 
Engineers to design new turbines to replace aging turbines at 
Columbia and Snake River dams (Brown et al. 2012a; Trumbo 

Table 1. Various traits that can influence the susceptibility of fish to barotrauma, along with example species. 

Physiological, behavioral, or life history trait affecting 
susceptibility to barotrauma Presence or absence Susceptibility to 

barotrauma Example species or project References

The amount of free (undissolved) gas in the body

Presence of a swim bladder
Yes High Chinook Salmon

Colotelo et al. (2012)
No Low Pacific Lamprey

Type of swim bladder
Open (physostomous) Low Chinook Salmon

Abernethy et al. (2001)
Closed (physoclistous) High Bluegill

Ability to expel gas out of the swim bladder through 
pneumatic duct

Better Low Large Rainbow Trout
Shrimpton et al. (1990)

Poorer High Small Rainbow Trout

Ability to fill the swim bladder with vasculature (rete)
Better High Bluegill

Harvey (1963); Fange (1983)
Poorer Low Chinook Salmon

Acclimation depth ability
Better High Burbot, Rainbow Trout

Fange (1983)
Poorer Low Chinook Salmon

Pressure exposure

Acclimation depth
Deeper High Burbot Stephenson et al. (2010); 

Fange (1983)Shallower Low Chinook Salmon

Exposure pressure
Higher Low Irrigation weirs/spillways

Brown et al. (2012b)
Lower High High-head dams

Ratio of pressure change 
(acclimation pressure/
exposure pressure)

Higher High Hydroturbine
Brown et al. (2012a)

Lower Low Bypass system

Rate of ratio pressure change
Higher High Hydroturbine

Brown et al. (2012e)
Lower Low Angling

Life history

Migrational patterns
More migratory High Murray Cod, Salmonids

 
More sedentary Low Trout Perch (Percopsis omiscomaycus)

Larval or juvenile drift stage
Yes High Sturgeon, Murray Cod Brown et al. (2013);

Baumgartner et al. (2009)No Low Salmonids

Structural integrity

High Low Adult fish Baumgartner et al. (2009); 
Tsvetkov et al. (1972)Low High Larval or juvenile fish or eggs
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et al. 2013). They recently contracted with industry to design 
and supply two new turbine runners for installation into Ice Har-
bor Lock and Dam.

DETERMINING ACCLIMATION PRESSuRES 
AND CAPACITY FOR SWIM BLADDER 
 INFLATION 

Due to the importance of the ratio of pressure change in 
predicting the likelihood of barotrauma, it is necessary to de-
termine the acclimation depth of fish as they approach hydro-
structures and then determine the extent of the low pressures 
the fish will be exposed to during passage. Consideration must 
also be given to the swim bladder volume immediately prior 
to nadir exposure because some fish may expel gas from the 

bladder when exposed to pressure reductions associated with 
hydrostructure passage (Brown et al. 2012e) but before the nadir 
pressure exposure. Some different approaches can be used when 
trying to determine the acclimation depths of approaching fish, 
based upon the physiology of that particular species. 

As a first approach, the depth from which fish are ap-
proaching structures should be known. Fish could be captured 
or monitored just upstream of dams or weirs under the assump-
tion that this is the depth occupied during downstream migra-
tion. Identifying these migration depths could be facilitated by 
stratified sampling at different depths in the water column. Fish 
could then be captured and placed into a simple field hyperbaric 
chamber, where the pressure could be controlled and modified 
to determine the pressure or depth where the fish is neutrally 
buoyant. A neutrally buoyant fish appears level in the water 
column, instead of head down (positively buoyant) or head up 
(negatively buoyant; see Pflugrath et al. 2012). Another ap-
proach would be to move fish up and down in a water column 
(thus varying pressure) to determine at which depth they are 
neutrally buoyant. It may be necessary, depending on behavior, 
for some fish species to be sedated in order to determine buoy-
ancy (Brown et al. 2005). Though these types of approaches 
have been used in laboratory research (Brown et al. 2005), field 
research into this area is needed. 

The above methods may be fairly straightforward in fish 
with physoclistous swim bladders but more complicated in 
physostomes where gases can be expelled through a pneumatic 
duct. The latter may be minimized by sedating fish in a way to 
minimize stress such as slowly adding anesthetic to the water 
(similar to Brown et al. 2005); however, specific methods need 
to be developed. 

Determining the maximum depth at which a fish species 
or life stage can attain neutral buoyancy is also very important 
information. This information can be used to predict susceptibil-
ity to barotraumas because it will influence the maximal ratio 
of pressure change that a fish may experience when passing 
through a specific hydroturbine or weir structure. Pflugrath et 
al. (2012) determined the maximum depth at which juvenile 
Chinook Salmon could maintain neutral buoyancy by attaching 
weights to the outside of the fish. As more mass was added, 
fish would gulp air at the water surface and fill their swim blad-
der until they were again neutrally buoyant. As more mass was 
added, the point at which fish could no longer attain neutral 
buoyancy was determined. Calculations of swim bladder vol-
ume and Boyle’s law were then used to estimate the depth at 
which the determined maximum swim bladder volume resulted 
in neutral buoyancy (Pflugrath et al. 2012). This method is only 
useful for physostomous fish that only fill their swim bladder 
through gulping air at the water surface and forcing it through 
the pneumatic duct (such as Chinook and Sockeye Salmon; Har-
vey 1963; unlike fish like American Eels [Anguilla rostrata], 
which have an open swim bladder and an active retia). 

Determining the maximum depth of neutral buoyancy in 
physoclistous fish or physostomous fish with a functioning rete 

Figure 6. (A) Path through a hydroturbine, (B) an example of a pressure 
scenario that could be experienced, and (C) the swim bladder volume 
change (%) for fish neutrally buoyant at two different depths. The solid 
line represents a fish acclimated to near surface pressure, and the dot-
ted line represents a fish acclimated to a depth of approximately 8 m 
(181.7 kPa).
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could be conducted by slowly increasing the pressure in a hy-
perbaric chamber until neutral buoyancy can no longer be at-
tained. The rate of swim bladder inflation in these fish is slow 
and variable among species and life stages (Fange 1983). This 
will have to be taken into account in experimental designs to 
assess maximum acclimation depths because some species may 
need to be held under pressure for long periods to determine 
the bounds of their buoyancy regulatory abilities. In addition, 
if pressures are increased too quickly, fish may not be able to 
attain neutral buoyancy at depths as great as those treated with 
slower increases in pressure. For physostomous fish, it may be 
necessary to remove all gas bubbles from the chamber to ensure 
that the swim bladder is inflated solely through the rete and not 
by gulping compressed gas bubbles inside the chamber, which 
could otherwise overestimate acclimation depths. 

DETERMINING EXPOSuRE PRESSuRES 
DuRING FISH PASSAGE

The nadir pressure is critical in determining the ratio of 
pressure change and is an essential parameter in predicting 
barotraumas as fish pass through hydro or irrigation structures. 
This pressure can be estimated using computational fluid dy-
namics models or can be determined in situ using a multiple 
sensor fish surrogate (Deng et al. 2007b). The latest generation 
6-degree-of-freedom version of this device is an autonomous 
sensor package, consisting of three rate gyros, three acceleration 
sensors, a pressure sensor, and a temperature sensor (Deng et 
al. 2007b; Figure 7). It was developed at Pacific Northwest Na-
tional Laboratory for the U.S. Department of Energy and U.S. 
Army Corps of Engineers to characterize the physical condi-
tions and physical stressors to which fish are exposed as they 
pass through complex hydraulic environments. This device is 
currently 24.5 mm in diameter and 90 mm in length, weighs 42 
g, and is nearly neutrally buoyant in freshwater. Although this 
makes it similar to the size and density of a migrating yearling 

Salmon smolt, this does not preclude its usefulness in systems 
where juvenile salmonids are not present. The multiple sensor 
fish surrogate provides actual measurements of pressure, the 
three components of linear acceleration (up–down, forward–
back, and side-to-side), and the three components of rotational 
velocities (pitch, roll, and yaw) and internal temperature at a 
sampling frequency of 2,000 Hz, extending from its release lo-
cation to the end of the particular passage.

For barotrauma research, the most important parameter 
to measure from a multiple sensor fish surrogate is pressure, 
which can be used to determine pressure profiles, estimate the 
depth of the fish during passage, and determine passage rates 
through different regions of a hydropower or weir structure. 
For example, the pressure profile of a typical turbine passage is 
characterized by an increase in pressure as fish pass downward 
toward and through the turbine intake, a rapid decompression 
(typically significantly below surface pressure in a fraction of 
a second) as the fish pass the turbine blade and a slow return to 
surface pressure through the draft tube (examples are provided 
in Brown et al. [2009] and Stephenson et al. [2010]). For pas-
sage through an undershot irrigation weir (where bypass water 
flows underneath the weir), the pressure profile reveals a slow 
increase in pressure upstream of the gate and a rapid decompres-
sion (<1 s) to slightly below surface pressure under the gate and 
a return to surface pressure in the tailwater. 

The rate of decompression mentioned above is an impor-
tant consideration when determining barotrauma susceptibility, 
because it can affect a physostomous species’ ability to expel 
gas from the swim bladder. Brown et al. (2012e) found that 
when decompression occurred slowly (0.6–1.0 kPa/s), Chinook 
Salmon expelled gas more frequently and thus avoided baro-
trauma when compared to those decompressed at rapid rates 
(758.4 to 3,874.9 kPa/s; Brown et al. 2012b). Thus, clearly the 
rate of decompression associated with structure passage is cru-
cial in predicting impacts; however, this information is often 
lacking and is needed. 

Multiple sensor fish surrogates have been widely used to 
evaluate hydroturbine, spillway, and other fish bypass systems 
as well as pump storage and irrigation weir facilities. For ex-
ample, it was deployed at different elevations and operation 
conditions to evaluate the biological performance of the ad-
vanced hydropower turbine (AHT) at Wanapum Dam (Wash-
ington State) to support its relicensing application. The AHT 
was designed to improve operational efficiency and increase 
power generation while improving the survival for fish passing 
through the turbines. The multiple sensor fish surrogate mea-
surements confirmed that the AHT provided a better pressure 
and rate of pressure change environment for fish passage and 
improved the passage of juvenile salmon at Wanapum Dam 
(Deng et al. 2010). The multiple sensor fish surrogate is un-
dergoing design changes such as the size, aspects of function, 
deployment and recovery, availability, and cost to extend its 
range of use and provide information for the development of 
fish-friendly hydrosystems internationally.

Figure 7. The mulitsensor fish surrogate showing the location of the mea-
surement axes for the three rate gyros (that measure angular velocity, 
ω), three linear accelerometers (that measure the acceleration, a), and 
pressure transducers (Deng et al. 2007b).  
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MODELING THE PROBABILITY OF 
 MORTALITY OR INJuRY

Once the range of natural acclimation pressures and the 
exposure pressures to be expected during passage through the 
hydraulic structures are determined, laboratory experiments can 
be conducted to relate the rate and magnitude of decompression 
to the expected mortality and injury of fish during infrastructure 
passage (Brown et al. 2009, 2012b, 2012e). These experiments 
involve exposing fish to pressure profiles that simulate passage 
through a hydroturbine or irrigation infrastructure under a range 
of ratios of pressure change. Such a laboratory approach for the 
simulation of infrastructure passage is being used to great ef-
fect to guide engineers when replacing turbines at dams in the 
Pacific Northwest of the United States (Brown et al. 2012a). 
However, a relationship between ratio pressure change and 
mortality and injury has only been determined for one species 
and life stage—juvenile Chinook Salmon (Brown et al. 2012b, 
2012c)—and is likely to be species and life stage specific. 

The type of equipment needed to simulate the different 
types of infrastructure passage can vary. Simulation of rapid 
decompression associated with hydroturbine passage requires 
sophisticated pressure chambers such as those described by 
Stephenson et al. (2010). These chambers are able to replicate 
the large ratio of pressure changes commonly observed during 
hydroturbine passage, which include nadirs well below atmo-
spheric to pressures approaching 0 kPa. However, systems that 
only need to simulate smaller ratio pressure changes with na-
dirs of surface pressure (as may be characteristic of irrigation 
structures) or fairly slow pressure changes may be comparably 
simpler and inexpensive to construct. Simple systems could also 
be used in the laboratory to increase and decrease pressures to 
examine the capacity of fish to regulate their buoyancy. 

The ultimate goal of this type of laboratory work should be 
to model the relationship between the ratio of pressure change 
fish are exposed to and the probability of injury or mortality. 
For all of the reasons previously mentioned, the ranges of ratio 
pressure change to be tested should be informed through care-
ful consideration of the acclimation pressures prior to passage 
and the range of nadir pressures a fish is likely to be exposed 
to when it encounters various infrastructures throughout its life 
history. Once a relationship between mortality and pressure 
change is established with suitable statistical rigor, it is theo-
retically possible to predict the mortality of that species and life 
stage to any passage scenario, and it is only necessary to know 
the acclimation depth of the fish prior to passage and the nadir 
pressure expected at the hydropower or irrigation structure.

It is rarely practical to hold fish for extended periods fol-
lowing experimentation, and these holding conditions could 
vary widely and not represent field conditions. For these rea-
sons, it may be possible to infer delayed mortality from the inju-
ries immediately evident following rapid decompression during 
laboratory studies. McKinstry et al. (2007) combined the likeli-
hood that fish had certain injuries present following simulated 
turbine passage with the likelihood of mortality to establish a 

mortal injury metric. Brown et al. (2012b, 2012c) subsequently 
determined that the likelihood a fish will be mortally injured 
relates to pressure exposure using the following equation:

5.56 3.85*

5.56 3.85*
Probability of mortal injury

1

LRP

LRP

e

e

− +

− ++
=

, 

where LRP is the natural log of the ratio of pressure change (ac-
climation/nadir pressures) to which the fish are exposed.

Techniques similar to those used by McKinstry et al. (2007) 
and Brown et al. (2012b) could be used to derive mortality met-
rics for other species. Brown et al. (2012e) determined that the 
ability of physostomes to expel gas from their swim bladder 
increases the variability in mortality when they are exposed to 
pressure changes. However, because physoclists cannot expel 
gas when rapidly decompressed, the anticipated level of varia-
tion is expected to be lower. Consequently, though Brown et al. 
(2012b) tested over 5,000 juvenile Chinook Salmon to deter-
mine the relationship between pressure change and fish damage, 
smaller sample sizes will likely suffice for physoclistous fish. 
However, to guide the international development of a broad 
range of sustainable hydro and irrigation structures, it is impor-
tant to characterize the effect of pressure changes on a diverse 
range of physostomous and physoclistous species at different 
life history stages.

Laboratory experiments to determine the relationship be-
tween pressure changes and fish damage must take into con-
sideration the depth to which fish are acclimated prior to water 
infrastructure contact, as well as the limits of fish buoyancy 
compensation. Researchers, managers, and turbine designers 
should be very careful when interpreting existing literature re-
lated to barotrauma in fish. Even 40 years ago, researchers like 
Tsvetkov et al. (1972) were concerned about the underestima-
tion of fish injury associated with pressure changes due to meth-
odological problems and inaccuracies. Examples provided by 
Tsvetkov et al. (1972) include tests where fish were not allowed 
to properly acclimate before being exposed to pressure reduc-
tions, such as placing physoclistous fish under high pressure and 
allowing them inadequate time to acclimate (just a few minutes, 
which is not adequate time for the swim bladder to be filled 
by the retia). They also highlighted studies of physostomous 
species where fish were acclimated to high pressures without 
access to air, thus not allowing fish to acclimate and fill their 
swim bladder. 

These types of problems are not uncommon and also exist 
with a series of early experiments conducted by Abernethy et 
al. (2001, 2002, 2003). In these studies, juvenile Rainbow Trout 
and Chinook Salmon were placed into pressure chambers and 
held at surface pressure (101 kPa) or the pressures present at 19 
m (191 kPa) of depth for 16–22 h. Fish were then exposed to 
rapid pressure reduction to pressures approximately in the range 
of 2–10 kPa (although the actual lowest pressures fish were ex-
posed to during all tests were not noted). However, because the 
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fish held at 191 kPa were not provided with an air surface, they 
could not fill their swim bladder and become neutrally buoyant. 
Thus, results indicated that fish approaching turbines at 19 m 
would have the damage similar to that of fish approaching at 
surface pressure. However, these unrealistic results were part 
of a chain of research that developed into the understanding of 
the importance of acclimation in barotrauma experiments (Ste-
phenson et al. 2010).

Caution should also be taken when interpreting some field-
based research and scale-model investigations of turbines. For 
many studies of turbine passage survival, balloons and radio 
transmitters are attached to fish to aid in their retrieval (see 
Mathur et al. [1996] for an example). Before release from the 
surface of a dam, the balloons are injected with a liquid, leading 
to a chemical reaction that creates gas. This allows fish to pass 
through the turbine while the balloons are deflated and then 
be recaptured in the tailwater of a dam after the balloons have 
inflated. Though these studies have provided a large amount of 
valuable data on the effects of turbine passage, the information 
they provide related to barotrauma is likely a best-case scenario 
because fish are typically injected into turbine entrances from 
surface pressure. In addition, some studies done on scaled mod-
els of turbines (Cook et al. 2003; Electric Power Research Insti-
tute and U.S. Department of Energy 2011), which hold promise 
for reducing strike and shear injuries to fish, were conducted by 
releasing fish into the scale turbine at surface pressure. Thus, 
these studies also likely provide a best-case scenario for baro-
trauma-related injuries.

FIELD vALIDATION OF MODELED 
 MORTALITY RELATIONSHIPS

Any modeled data will benefit from ground-truthing to en-
sure that the predictions generated in the laboratory adequately 
reflect the complexities experienced in real-world systems. The 
mortality models described above are no exception. When pos-
sible, estimates made in the laboratory can be verified on exist-
ing or pilot hydroturbine or weir structures. The development 
of new designs is progressing at a rapid rate, particularly in 
the small-scale hydropower market (Baumgartner et al. 2012). 
Therefore, there are great opportunities for researchers to work 
with developers to validate the predictions made in the labora-
tory when assessing the suitability of pilot projects. In some 
parts of southeastern Australia, state fisheries management 
agencies are already requiring developers to initiate field vali-
dation of new small-scale hydro designs as a preferred interme-
diate step between laboratory studies and possible large-scale 
adoption of any technology (Baumgartner et al. 2012). Field 
validations may involve running live fish through facilities in 
parallel with multiple sensor fish surrogates, with the measured 
mortality rates and ratio of pressure changes compared with 
laboratory modeling. In the end, this will improve the confi-
dence that developers and fisheries management agencies have 
in laboratory generated predictions. 

Another factor that is critical for increasing the confidence 
in field results is to design experiments so that injury and mor-

tality estimates are not biased. One important consideration is to 
ensure that all fish are acclimated to appropriate depths (corre-
sponding to natural migration behavior) prior to being exposed 
to infrastructure passage. This has often not been the case in 
field examinations, as pointed out by Stephenson et al. (2010). 

Another consideration involves the use of telemetry tags 
to estimate the route of passage and survival of fish. The mass 
of the tag relative to the mass of the fish (referred to as “tag 
burden”) has been shown to influence growth, behavior, swim-
ming performance, and survival for tagged fish when compared 
to untagged conspecifics (Zale et al. 2005; Brown et al. 2010), 
and is of particular importance for fish exposed to rapid changes 
in pressure. Carlson et al. (2012) demonstrated that for juvenile 
Chinook Salmon exposed to rapid decompression associated 
with simulated turbine passage, the probability of injury and 
mortality increased as tag burden increased. Fish carrying a neg-
atively buoyant telemetry tag increase the amount of gas forced 
into the swim bladder to offset the additional mass and achieve 
neutral buoyancy, making them more susceptible to barotrauma 
(Gallepp and Magnuson 1972; Perry et al. 2001). In addition, 
having a telemetry transmitter inside the body cavity may limit 
the amount that a swim bladder can expand before it ruptures or 
causes compression-related injuries. Therefore, field estimates 
of mortality that are based upon tagged fish have the potential 
to overestimate the severity of barotrauma injury. To overcome 
this, we recommend using the smallest tag possible to minimize 
tag burden or a neutrally buoyant, externally attached tag (tag 
burden of 0%; Deng et al. 2012; Janak et al. 2012; Brown et 
al. 2012d, 2013b), when examining survival of fish exposed 
to rapid decompression associated with infrastructure passage.

AN ADAPTIvE APPROACH TO 
 SuSTAINABLE DEvELOPMENT

Recently there have been renewed global efforts in the ex-
pansion of hydropower projects. The retrofitting of new hydro 
projects to existing structures has also been encouraged by the 
U.S. Department of Energy to increase the output of American 
hydropower capability (Hadjerioua et al. 2012). In some parts 
of the world, established irrigation networks are being explored 
for their potential to support new economies relating to power 
generation (Botto et al. 2010). In many other regions, new dams 
are being planned. As part of Brazil’s decennial plan (MME/
EPE 2011), 48 hydropower dams are proposed for construction 
by 2020. Most of these would be in the Amazon and Tocan-
tins-Araguaia hydrographic regions. These dams are likely to 
threaten fish diversity of the Amazon (20% of the world’s fresh-
water fishes, representing about 1,400 species) by regulating 
flows and disrupting important fish migrations (Rosa and Lima 
2008). It is a similar story for the world’s largest inland fishery 
in the Lower Mekong River, where it is predicted that construc-
tion of 11 mainstem dams will lead to a major decline in fish 
populations, significantly compromising food security (Halls 
and Kshatriya 2009). If these dire scenarios are to be avoided, it 
will be necessary to ensure safe fish passage at new and existing 
structures, with management decisions underpinned by rigorous 
science. 
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Based on the information provided in this review, we 
recommend a logical staged approach to conducting the baro-
trauma research that will be necessary for refining infrastructure 
design throughout the world (Figure 8).The first stage involves 
conducting the field or desktop investigations necessary to de-
termine which species and life history stages are of interest. 
The majority of barotrauma research to date has focused on the 
susceptibility of juvenile Chinook Salmon, largely driven by 
the legislative need to protect this threatened species during its 
critical seaward-migration in the U.S. Pacific Northwest, where 
a large number of hydropower facilities could negatively influ-
ence their survival. In other large river systems of the world, 
including the Mekong River in Southeast Asia, the Amazon 
in South America, and the Murray-Darling River in Austra-
lia, a diverse range of species and life history stages undertake 
downstream migrations (Barthem et al. 1991; Araujo-Lima 
and Oliveira 1998; Humphries and King 2004; Lintermans and 
Phillips 2004; Baran and Myschowoda 2008) and are therefore 
at risk of injury and mortality at existing and proposed hydro-

power and irrigation operations. For fisheries scientists wishing 
to embark on barotrauma-related research in these regions, the 
decision regarding which species and size classes to prioritize 
for study is daunting. Such decisions could be aided by con-
sidering the many factors associated with the susceptibility to 
barotrauma (see Table 1), including both ecological and biologi-
cal considerations. By assigning weighted scores corresponding 
to the factors for each species in an assemblage of fish, multi-
variate classification approaches could be used to identify key 
groupings of fish based upon similarity in barotrauma vulner-
ability (see Table 1). Choosing some fish and life history stages 
from the higher vulnerability groupings may provide a good 
starting point for experimentation. 

Once the species of study have been selected, a combina-
tion of field and lab testing and modeling can both determine 
the depth of neutral buoyancy as fish approach structures during 
migration (or acclimation depth) and the expected range of ex-
posure pressures during infrastructure passage (Figure 8). This 

will provide a range of ratio pressure changes that 
fish can be subjected to in experimental pressure 
chambers and, from this, injury or mortality re-
lationships can be modeled. Care must be taken 
during this experimentation to ensure that fish are 
properly acclimated (acclimated to the range of 
pressures that reflect depths where fish are neu-
trally buoyant as they approach structures). Fish 
acclimated to surface pressures are likely to pro-
vide results that are not necessarily representative 
of fish in the natural environment because accli-
mation depth is a very important parameter (Tsvet-
kov et al. 1972; Stephenson et al. 2010).

The models generated by laboratory experi-
ments can then be used to refine infrastructure 
design, with models and designs further validated 
during pilot field trials. This field validation and 
testing is seen as a critical link in the adaptive 
management loop that will ensure that fisheries 
scientists and engineers keep the research and de-
velopment applied and ultimately targeted on the 
goal of promoting sustainable water resource de-
velopment. 

Minimizing fisheries losses at water infra-
structure is a global problem, and major investment 
will be needed to promote innovative technology 
if the current fisheries losses throughout the world 
are to be abated. A global problem requires a global 
solution, and we therefore encourage international 
cooperation in future research efforts. There are 
many similarities in fish species among different 
regions of the world and, thus, international col-
laboration will greatly reduce redundancy. For 
example, catfish species are common throughout 
North and South America, Asia, and Europe, and 
sturgeons (a type of fish with drifting larval stages) 
are common in North America, Asia, and Europe. 

Figure 8. Recommended barotrauma research framework showing logical flow of 
activities and linkages with industry under an adaptive management model.
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Similarly, larval drift will be a key consideration in many parts 
of Australia, Asia, and South America and also occurs among 
North American species. We are at a time where technology al-
lows us to initiate downstream passage research among many 
species at a global scale using standardized approaches. Such 
a global approach could provide a more rapid advancement of 
science and engineering while minimizing duplication of effort.
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