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Abstract


Empirical evidence exists that some marine animals perceive and orient to local distortions


in the earth’s main static geomagnetic field. The magnetic fields produced by undersea elec-

tric power cables that carry electricity from hydrokinetic energy sources to shore-based


power stations may produce similar local distortions in the earth’s main field. Concerns exist


that animals migrating along the continental shelves might orient to the magnetic field from


the cables, and move either inshore or offshore away from their normal path. We have stud-

ied the effect of the Trans Bay Cable (TBC), an 85-km long, high voltage, direct current (DC)


transmission line leading underwater from Pittsburg, CA to San Francisco, CA, on fishes


migrating through the San Francisco Estuary. These included Chinook salmon smolts


(Oncorhynchustshawytscha) that migrate downstream through the San Francisco Estuary


to the Pacific Ocean and adult green sturgeon (Acipensermedirostris), which migrate


upstream from the ocean through the estuary to their spawning habitat in the upperSacra-

mento River and return to the ocean after spawning occurs. Based on a detailed gradiome-

ter survey, we found that the distortions in the earth’s main field produced by bridges across


the estuary were much greater than those from the Trans Bay Cable. The former anomalies


exceeded the latter by an order of magnitude ormore. Significant numbers of tagged Chi-

nook salmon smolts migrated past bridges, which produced strong magnetic anomalies, to


the Golden Gate Bridge, where they were recorded by dual arrays of acoustic tag-detecting


monitors moored in lines across the mouth of the bay. In addition, adult green sturgeon suc-

cessfully swam upstream and downstream through the estuary on the way to and from their


spawning grounds. Hence, the large anomalies produced by the bridges do not appear to


present a strong barrier to the natural seasonal movement patterns of salmonid smolts and


adult green sturgeon.


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 1 / 1 6


a1111111111

a1111111111

a1111111111

a1111111111

a1111111111


OPEN ACCESS


Citation: Klimley AP, Wyman MT, Kavet R (2017)


Chinook salmon and green sturgeon migrate


through San Francisco Estuary despite large


distortions in the local magnetic field produced by


bridges. PLoS ONE 12(6): e0169031 . doi:10.1371/


journal.pone.0169031


Editor: Michael L Fine, Virginia Commonwealth


University, UNITED STATES


Received: July 28, 2016


Accepted: December 9, 2016


Published: June 2, 2017


Copyright: ©2017 Klimley et al. This is an open


access article distributed under the terms of the


Creative Commons Attribution License, which


permits unrestricted use, distribution, and


reproduction in anymedium, provided the original


author and source are credited.


Data Availability Statement: All relevant data are


within the paper and its Supporting Information


files.


Funding: This studywas funded by the US


Department of Energy, Office of Energy Efficiency


and Renewable Energy, award no. DE-EE0006382


and by the US Department of the Interior, Bureau


of Ocean EnergyManagement, Environmental


Studies Program, Washington, DC, through


InteragencyAgreement NumberM14PG00012. It


was funded through a cost share agreement with


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0169031&domain=pdf&date_stamp=2017-06-02
http://creativecommons.org/licenses/by/4.0/


Introduction


The earth’s magnetic field has two components, the dipolar main field, produced by the con-

vective movements ofmolten iron in the earth’s core, and distortions in this field from mag-

netic particles embedded in the earth’s outer crust [1]. The latter are referred to as magnetic


anomalies in the earth’s field. Observational evidence exists that some marine animals perceive


and orient to local distortions in the earth’s main geomagnetic field. For example, scalloped


hammerhead sharks have been shown to use these magnetic gradients to guide their diurnal


migrations from a seamount to and from nighttime feeding grounds [2]. The paths coincide


with magnetic maxima (“ridges”) and minima (“valleys”) leading away from the seamount.


Evidence exists that baleen whales strand where rotation ofoceanic plates results in weakly


magnetized sections ofcrust intersecting the western coastline ofGreat Britain [3] and eastern


coastline ofNorth America [4]. While suggestive, the conclusions that can be drawn from such


correlational studies are limited without experimental confirmation.


The magnetic fields produced byundersea cables that carry electricity from electric power


generation sources to shore-based power stations mayproduce similar local distortions in the


earth’s main field. Concern exists that animals thatmigrate along the continental shelves


might orient to the magnetic fields from the cables, and move either inshore or offshore away


from their normal path. We have studied the effect ofthe Trans BayCable (TBC), an 85-km


long, high voltage, direct current transmission line leading from Pittsburg, CA to San Fran-

cisco, CA, on two fish species migrating through the San Francisco Estuary (Fig 1). These are


Chinook salmon smolts (Oncorhynchus tshawytscha) that emigrate downstream through the


San Francisco Estuary to the Pacific Ocean [5,6] and adult green sturgeon (Acipensermediros-

tris), which immigrate upstream to their spawning habitat in the upper Sacramento River and


subsequently, back down to the ocean after spawning occurs [7,8]. Experimental [9–12] and


observational studies [13] have established that species within the salmonid family orient to


magnetic fields and mayuse them to guide their movements during migration. Anatomical


studies have revealed that the sturgeons have electroreceptors, and hence are capable ofusing


similar fields to provide guidance during migration [14].


Previously, we described the effect ofthe load current carried on the TBC cables on the


local magnetic field [15]. The static magnetic field was measured while traversing the cable


roughly perpendicular to its path at varying heights above the sea floor. Gradiometer surveys


were conducted at four sites: 1) San Francisco-Oakland BayBridge (BB), 2) Richmond-San


Rafael Bridge (RSR), 3) Benicia-Martinez Bridge (Ben), and 4) San Pablo Bay (SP). Seventy


eight of167 survey lines at these sites yielded profiles in which an anomaly in the geomagnetic


field indicated the cable’s presence. The magnetic field profiles measured along survey lines


that ran approximately perpendicular to the cable’s heading at the four locations together with


the magnetometer’s height above the sea floor were entered into a regression model to estimate


load current, the cable’s depth and the angular rotation ofthe cable’s two conductors from the


horizontal (the ‘twist’ angle). A strong concordance was found between the measured and cal-

culated anomalies in the geomagnetic field, as well as between the measured and calculated


distance between the anomalies’ maxima and minima. This knowledge permits researchers to


estimate to a first order the magnitude ofthe fields from the TBC cables in the future just


based upon the documented (or alternatively, the assumed) line load, without having to con-

duct exhaustive gradiometer surveys in the future.


In this paper, we compare the magnetic field emitted byTBC to the anomalies in the geo-

magnetic field created by the three large bridges running perpendicular to the migration routes


ofthese species. The strengths ofthe anomalies from the bridges exceed those ofthe cable bya


magnitude ofa power often or greater. We further analyzed the migratorymovements of
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salmon and sturgeon migrating through the San Francisco Estuary in relation to the magnetic


field anomalies from the TBC cable and bridges. In a future paper(s), we will examine in more


detail the effect ofthe cable on the migratory path ofChinook salmon and green sturgeon.


Methods


The technology for mapping ofthe geomagnetic field and anomalies was described in a previ-

ous study [15] and is summarized here in briefalong with the procedures for mapping the


magnetic field in this study. Magnetic field surveys were conducted in four locations ofthe San


Francisco Bay between July 10th and August 8th, 2014 (Fig 1). A cross-bay array ofacoustic


biotelemetry receivers (VR02, Vemco Ltd.,Halifax) were maintained at each site, the San Fran-

cisco-Oakland BayBridge, the Richmond-San Rafael Bridge, and the Benicia-Martinez Bridge,


as well as a non-bridge location in the San Pablo Bay. These receivers were separated, based on


range tests, so that theydetected all fish carrying coded acoustical beacons (V7, V9, and V16,


Vemco Lmt., Halifax) as the salmon and green sturgeon passed through the arrays on their


migrations between the upper Sacramento River and Golden Gate. Surveys ofthe static mag-

netic field were performed with a transverse gradiometer (G-882 TVG, Geometrics, Inc., San


Jose, CA) (Fig 2). This device is equipped with two cesium vapor gradiometer ’fish’ separated


by1.5 m on a frame with stabilizer weights and fins. These devices measured the totalmagnetic


field as a scalar quantity, that is, not as the resultant ofthree mutually-orthogonal vectors. The


Fig 1 . Overviewof the Trans BayCable route and surveyarea. The Trans BayCable (dark blue line) conducts electricity from the city of

Pittsburg, CA to San Francisco. Magnetic field surveys were conducted overan area with a width of 1 km (pink survey lines) at the following

sites: 1 ) Benicia Bridge, 2) San Pablo Bay, 3) Richmond Bridge, and 4) BayBridge. The inset shows both a picture of the cable and its

construction.


doi:10.1371/journal.pone.0169031 .g001


Fish migrate through estuary despite large distortions in the magnetic field produced by bridges


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 3 / 16




dual cesium sensors are synchronized to 1 ms sampling with sensitivities up to 0.004 nT/
p

Hz


RMS or approximately 0.01 nT peak to peak at 10 Hz. A depth sensor (depth under the water


surface, 0.5% accuracy) and an echo-sounder altimeter (height above the sea floor, 1% resolu-

tion) attached to the frame provided positional information to the operators. Data was trans-

mitted through the reinforced tow line to an onboard computer (Toughbook, Panasonic),


which was interfaced with a Trimble GeoExplorer XT Global Positioning System (GPS) with


Hurricane LI antenna (Trimble Navigation Limited, Sunnyvale, CA) for display ofthe mag-

netic intensitymeasurements with sub-meter positional accuracy (after post-processing). The


gradiometer was carried on a wooden platform, lowered into the water with an A-frame, and


towed along survey lines pre-mapped with MagLog magnetic data acquisition software (Geo-

metrics, Inc.). The MagLog display on the computer provided a graphic representation ofthe


vessel’s location in relation to the pre-mapped survey lines, and this was used by the helmsper-

son to accurately steer the boat along the survey line.


Separate surveys were conducted to characterize the magnetic field anomalies due to the


TBC and the bridges. Firstly, the gradiometer was towed perpendicular to the cable’s direction


(corresponding roughly to a path parallel to the arrays oftag-detecting receivers). These lines


extended along the entire span ofthe bridge as far towards the banks as possible and at least 1


km outwards from the fish detection array in San Pablo Bay. Transect lines started as close to


the bridge/array as possible on each side and were repeated every 100 m away from the bridge/


arrayup to 1 km (Fig 2). The purpose ofthese survey tracts was to verify the model ofthe mag-

netic fields produced by the cable (see Kavet et al. for details, [15]) and to provide data needed


Fig 2. Magnetic survey transects conducted at Richmond Bridge. The survey transects (see horizontal red lines) extended one kilometer to either

side of bridge. The path of the Trans BayCable (vertical red line) passes under the bridge in a north-south orientation. Insert: transverse gradiometer

(G-882 TVG, Geometrics, Inc, San Jose, California) featuring two magnetometers mounted side by side 1 .5 m apart (Photo: Geometrics).


doi:10.1371/journal.pone.0169031 .g002
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to create a local magnetic field map and a local magnetic field gradient map over the detection


range ofthe fish detecting monitors. Secondly, the gradiometer was towed perpendicular to


the bridges out to 1 km on both sides ofeach bridge. At least three ofthese transects were con-

ducted at each bridge site. The purpose ofthese transects was to measure the magnetic field


distortion created by the bridges. Survey tracts were conducted close to the surface (less than a


meter underwater) and at greater depth in deeper locations (a meter above channel bottom).


We conducted tows at these two depths in order to ensure that we sampled both the upper and


lower magnetic field profiles in the water channel.


After the survey, the measurements were post-processed and mapped using MagPickmag-

netometer data processing software [16]. Post-processing included the following: 1) differen-

tially correcting the GPS points to get sub-meter accuracyon survey locations using Trimble


GPS Pathfinder Office software (Trimble Navigation Ltd.), 2) correcting for tidal stage based


on tidal stage data downloaded from the nearest port stations operated by the National Oce-

anic and Atmospheric Administration, NOAA, 3) eliminating diurnal and other variations in


the Earth’s magnetic field by subtracting the magnetic field measures recorded at the base sta-

tion at Jasper Ridge Biological Preserve, parallel to the coast ofthe bay, from field measures,


and 4) removal ofthe DC offset between the two magnetometers. Stages 2 and 3 were carried


out using MagPick’s universal regex parser plugin. After post-processing was complete, two


types ofmaps were interpolated for each survey area using the survey lines that run perpendic-

ular to the axis ofthe cable. The first is a totalmagnetic field map that illustrates the anomalies


present in the local magnetic field, calculated as the average magnetic field measured by the


two magnetometers minus the Earth’s total magnetic field. The second is a gradient map (also


called a quasi-analytic signal map), which depicts the rate ofchange in the local magnetic field


anomalies in nT/m. The magnitude ofthe quasi-analytic field was calculated using: 1) the


transverse component ofthe gradient vector ofthe local magnetic field using the difference of


the two magnetometers divided by their 1.5 m separation, 2) the longitudinal component of


the gradient vector using the average ofthe two magnetometers and the data collected along


the survey line, and 3) the estimated vertical derivative ofthe gradient vector (see [16] for


details). These maps were created for the surface and deep tows at each survey location, but


only the Richmond Bridge surface maps are shown here as illustrations. Graphs ofthe data


recorded by these individual profile lines were also produced, with distance along the survey


line expressed from east to west (as a convention to maintain consistency across all measured


profiles) on the abscissa and the measured magnetic field in nanotelsa (nT) on the ordinate.


The strength oflocal magnetic anomalies, such as those produced by the cable or the bridges,


were quantified by taking the difference between the maxima and minima magnetic field val-

ues measured by the gradiometer along its survey route as it passed perpendicular to these


objects ofinterest.


Records offish movement obtained from previous biotelemetry studies carried out both


before and after the Trans BayCable was installed in the San Francisco Estuarywere analyzed


in relation to the magnetic anomalies produced by the TBC and bridges. In these studies, Chi-

nook salmon smolts were tagged with uniquely coded ultrasonic transmitters and detected


throughout the San Francisco Bay as theymigrated to the Pacific Ocean by receivers attached to


bridges or anchored on the channel bottom. The receivers were attached to bridge supports,


based on range tests, so that theydetected all fish passing underneath the bridge along its entire


length. The receivers were deployed at a depth of3 m with their hydrophones facing downward.


Tags were detected at all depths during range tests. Seventy five percent ofthe coded signals


from the smaller transmitters, implanted within the bodycavity ofChinook salmon smolts,


were detected at a distance of75 m from the receiver over all tidal conditions, and this was con-

siderably farther than the greatest depth of18 m at the channel passing under the bridge (Eric


Fish migrate through estuary despite large distortions in the magnetic field produced by bridges


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 5 / 16




Chapman, pers. commun.). The majority ofChinook salmon smolts used in this studywere


tagged and tracked through the bayas part ofa study to determine the reach-specific rates of


movement and survival funded byCALFED and their movements relative to dredge removal


and deposition sites funded by the United States ArmyCorps ofEngineers [5–6]. Coded ultra-

sonic transmitters were also placed on adult green sturgeon captured throughout the estuary


and northern California coast to understand the factors governing their upstream spawning


migration to the headwaters ofthe Sacramento River, primarily funded by the California


Department ofFish and Wildlife and United States Bureau ofReclamation [7–8].


The workwas not carried out in a protected area, with a need to gain permission to access


the area. No specific permissions were need to conduct activities. The field studies were con-

ducted on Chinook salmon and green sturgeon. The latter is listed as ’Threatened’. However,


individuals ofneither species were handled, and hence no permit was required as their passage


was recorded. Theywere tagged during different research programs, with authorization by


National Marine Fisheries Service.


Results


Magnetic Anomaly from Cable


The DC load (or electrical demand) on the Trans BayCable produces amagnetic field that


sums as a vector to the earth’s natural field. This vector summation leads to the appearance of


adisturbance in the local background field. The anomaly in the local total field from the TBC


was clearly recorded by the gradiometer during the surveys. It is apparent from the thin line


with dark blue and red points with a vertical orientation on the map ofthe total field intensities


at the Richmond Bridge (Fig 3). These were produced as the magnetometer passed over the


cable at 100 m distance intervals away from the bridge on either side. The surface anomaly,


based on measurements recorded by the gradiometer towed  1 m below the sea surface, is


apparent on the map as hue change from blue green to red, equivalent to a difference from 238


nT to slightly over 292 nT on the color bar—a magnitude of54 nT using the color bar to esti-

mate the anomaly. The field distortion produced by the cable is also apparent in the map ofthe


geomagnetic gradient, termed quasi-analytic signal (Fig 4). The geomagnetic gradients


recorded as the gradiometer passed over the cable at 100 m distance intervals are apparent


from a change in color from purple to yellow, a difference from a fraction ofone nT/m to four


nT/m. The TBC anomalies produce minute alterations in the earth’s main field.


The distortion in the main field by the static magnetic field from the cable was also distin-

guishable in plots ofthe magnetic field anomaly as a function ofdistance traveled from east to


west along the survey routes perpendicular to the cable. Profiles ofmagnetic intensity are


shown as the gradiometer was towed across the TBC ca. 900 m north ofRichmond Bridge


both at the surface and sub-surface (Fig 5). The strength ofthe magnetic signal at the surface


decreases from nearly 300 nT to a minimum of226 nT, then increases to a maximum of320


nT, before returning again to a relatively steady state at 290 nT, all over a distance of150 m.


The overall magnitude ofthe anomalymeasured during this surface transect was 94 nT. As


one might expect, the anomaly recorded when the gradiometer was towed closer to the chan-

nel bottom along the same transect was greater than that recorded at the surface. The signal


strength decreased from 290 nT to a minimum of206 nT, then increased to 455 nT, before


dropping to its relatively steady state of280 nT, giving an overall anomaly of249 nT recorded


over a distance of150 m. The mean magnitudes ofcable-associated anomalies measured dur-

ing surface tows near the Benicia and Richmond Bridges and San Pablo Bay ranged from 93.5


to 117.0 nT, whereas the magnitude ofthe anomalies recorded during sub-surface tows at the


same bridges varied from 235.6 to 518.0 nT (Table 1). The anomalies from the cable recorded
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during the sub-surface tows were significantly greater than those from the surface tows (Krus-

kal-Wallis Test, p<0.0001), as the field from the TBC attenuated with vertical distance in an


inverse distance squared relationship (data not shown).


Magnetic Anomalies from Bridges


The magnetic anomalies associated with the bridges differed from the cable anomaly in form,


magnitude, depth distribution, and geographical extent (Fig 6). Let us first compare the anom-

aly from the Trans BayCable to that ofthe Richmond Bridge. The current in one conductor


and an equal and opposite current in the other created a dipole magnetic field that, in this


example, subtracted from the earth’s main field to the east ofthe cable and added to the field to


the west ofthe cable at the Richmond Bridge. The waveform on the magnetometer records


was not symmetrical with the negative excursion being smaller than the positive excursion in


the case illustrated. This was due to the vectoral addition ofthe local main field and the dipolar


field ofthe cable, and reinforcement ofthe field on one side and some cancelation on the other


side. The structure ofthe anomaly from the bridge is more complex. The ferromagnetic mate-

rials within the bridge abutments, which are likely concrete with iron bars, concentrate the


flux lines from the earth’s field leading to a deficit between the abutments. This is apparent in


the scalloped pattern ofalternating positive and negative peaks on the record ofthe total field


Fig 3. The local magnetic field anomalies existing around the Trans BayCable and Richmond Bridge. Note that the anomaly in the field produced

by the cable is evident in the dark blue and red points along the line indicating the path of the cable that passes through the bridge along a north-south axis.

The color scale uses non-linear colormapping based on the data distribution. Using this color equalization technique, each color occupies the same area

on screen as any other color, ultimately increasing map resolution and visualization of smallermagnetic anomalies.


doi:10.1371 /journal.pone.0169031 .g003
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when the boat was driven parallel to the bridge (see Fig 7). This pattern differed from the single


negative peak on the record when the magnetometer was towed under the bridge (see Fig 6).


The magnetometer passed within 25 m ofabutments during the former transect and 50 m dur-

ing the latter. For this reason, the positive anomalies from the abutments were present on the


record from survey line along the length ofthe bridge and not on the line underneath the


bridge, in which the boat was 50 m from the closest abutments. The latter survey line was far-

ther from the abutments, and for this reason the anomalywas more negative than for transect


parallel to the bridge. In conclusion, a large object with ferromagnetic materials, such as the


Richmond Bridge, thus distorts the magnetic flux lines from the earth’s field, which would be


essentially uniform in the bridge’s absence.


The bridges produce larger anomalies in the total field than those produced by current on


the TBC. The difference in magnitude ofthe anomalies from these two sources ofstatic mag-

netic fields was strikingly apparent both byvisual inspection ofthe total field and gradient


maps as well as by comparisons ofthe anomalies measured from the plots ofmagnetic inten-

sity from survey transects orientated perpendicular to the cable and bridge. For instance,


anomalies in the total field shown on the map varied from red to dark blue on the color scale,


indicating variation on the order 1,770 to -5,146 nT (Fig 3). The anomalies revealed in the


quasi-analytic signal varied from the color purple to red on the color scale, a gradient ofless


than one to 761 nT/m (Fig 4). Furthermore, the magnitude ofanomaly produced by the


Fig 4. The gradientmap of local magnetic fields existing around the Trans BayCable and Richmond Bridge. This quasi-analytic signal map

illustrates the rate of change in local magnetic field anomalies, denoted as nT/m. Note that the rate of change in the local magnetic fields associated with

the bridge is much greater than near the cable, and the distortion in the field extends farther from the bridge than the cable.


doi:10.1371 /journal.pone.0169031 .g004
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Richmond Bridge was similar at the surface and sub-surface tows, with overall strengths of728


and 726 nT, respectively. In both profiles, the measured anomaly decreased from roughly 300


nT to -400 nT before rising the same level. The mean measured strength ofthe surface mag-

netic anomalies created by the three bridges of2,492 nT was roughly 26 times that mean


strength of94.6 nT to the anomalies produced by the TBC. The mean strength ofthe sub-sur-

face anomalies ofthe Richmond and BayBridges of2655 nT exceeded the mean anomaly of


330.6 nT ofthe cable near the three bridges and San Pablo Baywas less, a factor of8.0, but still


substantial.


Unlike the cable anomalies, those from the bridges varied with depth at different bridges.


While the negative excursion recorded on the sub-surface transect was similar to that recorded


on the surface transect at the Richmond Bridge in Fig 6, this was not the case at the other brid-

ges or at different transect lines at Richmond Bridge. At the Benicia and BayBridges or at dif-

ferent transect lines further east on Richmond Bridge, the anomalies from deep tows were


larger than those from surface tows. However, there was no significant difference in the


Fig 5. The magnetic anomaly induced by electrical current passing through the Trans BayCable. Profile plots of the cable’s

measured magnetic anomaly are illustrated for both shallow,
 1 m belowsurface, and deep tows,
 3 m above bottom, along

survey transects far away from the bridge. The anomaly is shown as the gradiometerwas towed from
east to west over the cable

along transects orientated parallel to the bridge and perpendicular to the path of the cable. The anomaly recorded at the surface

was 94 nT while the anomaly near the bottom was 245 nT. The increase in magnetic intensity in the latter profile was due to the

gradiometer’s increased proximity to the cable. At ±80 meters from its centerline, the cable’s calculated contribution to the

background field is about ±2 nT (~0.0042% of background) regardless of measurement depth when the cable carries its rated load

of 1 ,000 amps. The anomaly exists over a distance of 80 meters, and consists of a negative and positive increment to the main

field.


doi:10.1371/journal.pone.0169031 .g005
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magnitude ofthe negative excursions when the surface transectswere compared to the sub-sur-

face transects near the bridges (Kruskal-Wallis Test, p<0.05). Differences in the magnitude of


the bridge anomalies likely stem from variation in the construction materials ofthe bridge


span and supports, the height ofthe bridge span over the water surface at the perpendicular


crossing, and the volume oftraffic occurring on the bridge at the time.


Finally, the bridges altered the earth’s field over a greater geographic extent than the TBC.


For example, the lateral width ofthe anomaly from the cable sampled near Richmond Bridge


was less than or equal to 150 m (Fig 3), whereas the width ofthe anomaly from Richmond


Bridge extended outward over total distances of1200 m (Fig 6). This lateral width from the


bridge anomaly exceeded that ofthe lateral width ofthe cable anomaly bynearly an order of


magnitude.


The large anomalies produced by the ferromagnetic properties ofthe bridges often masked


the anomalies ofthe Trans BayCable. The anomaly in the total field produced by the cable


could not be discriminated from the larger anomaly recorded to a distance of300 m north and


200 m south ofthe Richmond Bridge (see the dark blue color on Figs 3, 5, 6 and 7). The ‘signa-

ture’ ofthe cable was not apparent on the four nearest transects parallel to the bridge on the


north side and three transects on the south side. The anomaly in the magnetic gradient ofthe


bridge masked that ofthe cable to a distance of100 m north and south ofthe Richmond Bridge


(see red signal in Fig 4). At the BayBridge, only two of20 surface and 20 sub-surface surveys


oftotal field revealed the presence ofthe Trans BayCable.


Passage of Migratory Fishes through Bridge Magnetic Anomalies


The strong magnetic anomalies produced by the bridges along the migration route ofChinook


salmon smolts and adult green sturgeon do not appear to present a major barrier to migration


movements in the San Francisco Estuary. Manyofthe tagged Chinook salmon smolts were


detected near the Richmond Bridge and later when they reached the Golden Gate Bridge on


their migration to the sea. A total of1025 smolts with ultrasonic beacons placed on them from


2007–2011 were detected passing under the Benicia Bridge and entering San Francisco Bay


Table 1 . Summaryof magnetic field anomalies associated with the Trans BayCable (TBC) and bridges in the San Francisco Estuary. These are

deviations from the earth’s natural background magnetic field. The local magnetic fields (in nanotesla, nT) of the bridges and cable were measured with both

surface and deep tows during transects that ran perpendicular to the object of measure. The cable was surveyed at bridge site locations as well as a non-
bridge location in San Pablo Bay. Cable data is only presented from transectswhere the cable anomalywas clearly identifiable. Measurements from the two

magnetometers were averaged for this study.


Benicia Bridge San Pablo Bay Richmond Bridge Bay Bridge


TBC Bridge TBC TBC Bridge TBC Bridge


Surface Transects (N) 9 2 15 1 1 4 0 5


Mean 93.5 2507 1 17.0 95.7 2236 - - 2732


SD 42.4 490 22.1 13.4 1241 - - 2184


Median 76.4 2506 1 15.8 93.9 2374 - - 1 479


Min 54.2 2160 68.5 72.9 728 - - 901


Max 192.9 2853 151 .1 1 22.2 3468 - - 5923


Deep Transects (N) 7 1 20 14 3 2 4


Mean 235.6 - - 300.6 268.5 1 142 518.0 4168


SD 84.4 - - 1 30.5 49.4 737 241 .8 1 997


Median 207.9 3442 286.1 262.4 726 518.0 4363


Min 139.8 - - 144.9 197.6 707 347.0 1 847


Max 359.9 - - 661 .3 380.5 1993 689.0 6100


doi:10.1371 /journal.pone.0169031 .t001
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(Table 2). Ofthis total, 573 (56%) were detected as they passed near to the Richmond Bridge.


A total of457 (45%) reached the Golden Gate Bridge at the mouth ofthe bay. Hence, slightly


fewer than halfdid not stop their outward migration upon encountering the strong anomaly at


Richmond Bridge. We do not know the fate ofthe 452 smolts, or 44%, that did not reach Rich-

mond Bridge after passing under Benicia Bridge as well as the fate ofthe 116, or 20%, that did


not pass from the latter to Golden Gate Bridge.


Green sturgeons were not strongly deterred by the anomalies associated with the bridges.


Theymigrate through the San Francisco Estuary to the upper reaches ofthe Sacramento


River where they spawn and return through the estuary to the ocean after spawning con-

cluded. A total of74 inbound migration trips and 150 outbound migration trips by adult


green sturgeon were monitored from 2007 to 2014 (Table 2). Manyofthe sturgeon were


tagged and released upstream prior to their outbound migration. Inbound migrations were


first detected at Golden Gate Bridge, then Richmond Bridge, then Benicia Bridge while out-

bound migrations moved from Benicia Bridge, to Richmond Bridge, to Golden Gate Bridge.


Ofthese 74 inbound movements, 72 (97%) resulted in detections at Richmond Bridge and 67


Fig 6. The magnetic anomalyproduced by the Richmond Bridge as measured byperpendicular survey lines. Profile plots for surface and deep

tows are illustrated along transects (blackvertical lines) travelling perpendicular to the bridge. Note that the surface anomaly from the bridge is 728 nT and

sub-surface anomaly is 726 nT, exceeding that of the cable in magnitude by a factors of 7.7 and 3.0, respectively. The anomaly occurs over a distance of

1 ,200 m, and does not consist of a positive and negative excursion but only a negative excursion.


doi:10.1371 /journal.pone.0169031 .g006
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Fig 7. The magnetic anomalyproduced by the Richmond Bridge as measured byparallel survey lines. Profile plots for

surface and deep tows are shown for a survey transect located parallel to Richmond Bridge, approximately 50 m south of the bridge.

Successive maxima and minima along the profile are separated by a distance of 100 m, the approximate distance between bridge

supports. These observations indicate that the supports are also a strong source of anomalies, adding to the background field at

each structure, and subtracting from between each structure.


doi:10.1371/journal.pone.0169031 .g007


Table 2. Passage of Chinooksalmon smolts and adult green sturgeon through the magnetic anomalies produced by the Richmond, Benicia, and

Golden Gate Bridges. These are deviations from the earth’s natural background magnetic field. Data represents the number of individual fish detected at

each bridge in each yearas well as the percentage of total fish detected at the first array for subsequent locations along each migration route.


Year ChinookSalmon (Outbound Migrations) Green Sturgeon (Outbound Migrations) Green Sturgeon (Inbound Migrations)


Benicia 
Bridge (N) 

Richmond 
Bridge N (%) 

Golden Gate 
N (%) 

Benicia 
Bridge (N) 

Richmond 
Bridge N (%) 

Golden Gate 
N (%) 

Golden 
Gate (N) 

Richmond 
Bridge N (%) 

Benicia

Bridge N (%)


2007 32 19 (59%) 25 (78%) 5 3 (60%) 4 (80%) 6 5 (83%) 6 (1 00%)


2008 143 61 (43%) 61 (43%) 7 5 (71%) 7 (100%) 4 3 (75%) 4 (1 00%)


2009 375 201 (54%) 150 (40%) 12 12 (1 00%) 1 2 (1 00%) 5 5 (100%) 5 (1 00%)


2010 332 215 (65%) 165 (50%) 36 34 (94%) 33 (92%) 9 9 (100%) 8 (89%)


2011 143 77 (54%) 56 (39%) 19 19 (100%) 1 9 (1 00%) 3 3 (100%) 3 (1 00%)


2012 45 43 (96%) 43 (96%) 17 17 (100%) 1 1 (65%)


2013 5 5 (1 00%) 5 (100%) 15 15 (100%) 15 (100%)


2014 21 21 (1 00%) 1 9 (90%) 15 15 (100%) 15 (100%)


Total 1025 573 (56%) 457 (45%) 150 142 (95%) 1 42 (95%) 74 72 (97%) 67 (91%)


doi:10.1371 /journal.pone.0169031 .t002
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(91%) produced detections at Benicia Bridge at the confluence ofSan Francisco Baywith the


Sacramento-San Joaquin River Delta. Furthermore, 142 (95%) ofthe 150 total outbound


migrations resulted in detections at the Richmond Bridge and Golden Gate Bridge. Hence,


almost all ofthe green sturgeon entering or exiting the bay experienced the strong anomalies


associated with the bridges but were not deterred from their upriver or downriver migration


movements.


Discussion


Magnetic field anomalies were detected near the TBC due to its load current and the bridge


structures that span the baywithin the San Francisco Estuary due to their distortion ofthe nat-

ural geomagnetic field. We found that the distortions in the earth’s main field produced by


bridges were much greater in intensity and area than those from the cable. The former anoma-

lies exceeded the latter byover an order ofone or two magnitudes. Although the cable anoma-

lies increased stronglywith depth, the bridge anomalies were not consistently stronger at


either the surface or deep tows. A salmon smolt swimming along the cable would be experienc-

ing a small anomaly, and itmight utilize this to move out ofthe bay. However, it would


encounter a much stronger anomaly as it passed underneath the bridge. Would it ignore this


increase in magnetic intensity and continue on its migration out ofthe bay, or would it deflect


its movement east or west along the bridge?


Despite the magnitude ofthe anomalies produced by bridges, significant numbers oftagged


Chinook salmon smolts migrated downstream past the large anomaly produced by the Rich-

mond Bridge, to the Golden Gate Bridge, where theywere detected bydual arrays oftag-

detecting monitors moored in lines across the mouth ofthe bay. Furthermore, over 90% of


adult green sturgeon that entered the mouth ofthe bayduring inbound migrations passed


Richmond Bridge and were detected at Benicia Bridge on their wayupstream to spawn in the


headwaters ofthe Sacramento River. Outbound migrations experienced similar success, with


95% ofgreen sturgeon traveling downstream through the San Francisco Bay being detected at


Richmond Bridge and Golden Gate Bridge on their way to the Pacific Ocean. Hence, salmo-

nids and green sturgeon are not stronglydeterred by these strong magnetic anomalies from


bridges that run perpendicular to their migratory route.


Substantial percentages ofChinook salmon smolts migrating downstream as well as adult


green sturgeon moving upstream and downstream passed the Richmond Bridge with its strong


magnetic anomaly. These are species, for which evidence exists that they orient to magnetic


field [9–13] or have electroreceptors capable ofperceiving magnetic fields (the electroreceptors


maydetect motional electromotive force as a fish’s motion ‘cuts through’ the geomagnetic


field’s lines offlux) [14]. Westerberg and Begout Anras [17] tracked 25 silver eels in the vicinity


ofa high voltage, direct current cable with a greater load than the Trans BayCable, offthe


southern coast ofSweden. Approximately 60% ofthe eels passed over the cable during the


short tracks, indicating that the cable’s magnetic field did not obstruct their migration to any


significant extent. The responses ofeels were different in the presence ofan alternating cur-

rent. Coded acoustic beacons and stationary receivers similar to those used in this studywere


used to examine the effect ofthe magnetic field from a cable transmitting alternating current


on silver eels in the Baltic Sea. The rates ofmovement ofeels passing between arrays ofmoni-

tors north and south ofthe cable were compared to rates ofmovement across the cable


between arrays on either side [18]. The swimming speeds of60 eels were significantly lower


around the cable than both north and south ofthe cable. However, the behavior ofthe eels


could not be monitored during passage, leading the researchers to conclude that further work


is needed to understand the nature ofthe effect.
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Some salmon smolts detected at the Richmond Bridge did not reach the Golden Gate. We


do not know the fate ofthe smolts that did not reach Richmond Bridge after passing under


Benicia Bridge as well as the fate ofthe smolts that did not pass from the former to the Golden


Gate Bridge. There could be various reasons for this such as: 1) loss oflife due to predation, 2)


tag shedding, 3) lowdetection probability, or 4) miss-directed orientation. There is evidence


to be presented elsewhere (Wyman et al., in prep.) that more smolts maybe detected at the Bay


Bridge after the cable was activated than before, perhaps indicating that the cable may affect


the migration movements ofsome fish to some degree. Westerberg and Lagenfeldt argued that


an intensive tracking study is necessary to identify any effect on a migratory species [18]. We


recommend that an experiment be conducted to describe the response ofChinook smolts to


the static magnetic field from bridges. Do they slowdown when passing them? Conversely, do


theymove sideways along the length ofthe bridge? An array ofmonitors could be deployed


that extends across the Richmond Bridge, and extends northward and southward ofthe bridge.


Late-fall run Chinook salmon smolts could be released upstream ofthe bridge and tracked in


two dimensions as theymoved through it to the bay and continue their migration to the


ocean. Alternatively, transmitters carrying a strain gauge and 3-axis accelerometer could be


placed on green sturgeon to characterize the swimming behavior ofthe fish as they pass by the


bridge and a 3-axis gradiometer to measure the strength ofthe static magnetic field induced by


the bridge. Descriptions oftheir fine-scale movements in the absence ofthe cable have already


been published [19, 20] but those studies did not consider the potential role ofthe geomagnetic


field or the magnetic anomalies from the bridges. These experimental studies would provide a


better understanding ofthe responses ofmigratory fish to static magnetic field anomalies from


large bridge structures.


Supporting Information


S1 Fig. RawData, AnomalyGradient Map ofTBC.


(PDF)


S2 Fig. RawData, AnomalyMap and Surface and Subsurface Profiles ofTBC AwayFrom


Bridge.


(PDF)


S3 Fig. RawData, AnomalyMap and Surface and Subsurface Profiles ofTBC Near Bridge.


(PDF)


S4 Fig. RawData, AnomalyMap and Surface and Subsurface Profiles ofTBC Across


Bridge.


(PDF)


S1 Table. RawData, SummaryofAnomalies Associated with TBC.


(XLSX)


Acknowledgments


We would like to kindly thankTrans BayCable LLC for providing cable load data for our


study. We also thank the boat operators and crewwho helped conduct the gradiometer survey


(Ryan Battleson, TommyAgosta, Eric Chapman, Matt Pagel, Mike Thomas, Gabe Singer, and


Jamilynn Poletto) and the staffat Geometrics for their training and support (especiallyMikhail


Tchernychev, Ross Johnson, Randl Rivera, and Naiema Jackson). This studywas funded by


the US Department ofEnergy, Office ofEnergyEfficiency and Renewable Energy, award no.


DE-EE0006382 and by the US Department ofthe Interior, Bureau ofOcean Energy


Fish migrate through estuary despite large distortions in the magnetic field produced by bridges


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 14 / 16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169031.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169031.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169031.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169031.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0169031.s005


Management, Environmental Studies Program, Washington, DC, through InteragencyAgree-

mentNumber M14PG00012. It was funded through a cost share agreement with the Electric


Power Research Institute (Project 1–105902).


Author Contributions


Conceptualization: APK.


Data curation: MTW RK.


Formal analysis: MTW RK.


Funding acquisition: APK.


Investigation: APK MTW RK.


Methodology: APK.


Project administration: APK RK.


Resources: APK.


Supervision: APK RK.


Validation: APK MTW RK.


Visualization: APK MTW RK.


Writing – original draft: APK.


Writing – review&editing: APK MTW RK.


References

1 . Skiles D.D. The geomagnetic field: its nature, history, and biological relevance. In: Magnetite Biominer-

alization and Magnetoreception in Organisms. Edited by Kirschvink JL, Jones DS, MacFadden BJ. Ple-
num Press, NewYork: 1 985, 43–102.


2. KlimleyAP. Highly directional swimming by scalloped hammerhead sharks, Sphyrna lewini, and subsur-
face irradiance, temperature, bathymetry, and geomagnetic field. MarBiol1993; 1 17:1–22.


3. Klinowska M. Cetacean live stranding sites relate to geomagnetic topography. Aquatic Mammals. 1 985;

1 :27–32.


4. Kirschvink JL, Dizon AE, Westphal JA. Evidence from stranding for geomagnetic sensitivity in ceta-
ceans. JourExp Biol; 1 986, 120:1–24.


5. Hearn AR, Chapman ED, SingerGP, Brostoff WN, LaCivita PE, KlimleyAP. Movements of out-migrat-
ing late-fall run Chinook salmon (Oncorhynchustshawytscha) smolts through the San Francisco Bay

Estuary. EnvironBiolFish, 2014; 97:851–63.


6. Michel CJ, Ammann AJ, Chapman ED, Sandstrom PT, Fish HE, Thomas MJ, et al. The effects of envi-
ronmental factors on the migratorymovement patterns of Sacramento River yearling late-fall run Chi-
nook salmon (Oncorhynchustshawytscha). EnvironBiolFish, 2013; 96:257–71 .


7. Heublein J, Kelly JT, CrockerCE, KlimleyAP. Migration of green sturgeon in Sacramento River. Environ

BiolFish, 2009; 84:245–258.


8. Thomas MJ, Peterson ML, Chapman ED, Hearn AR, SingerGP, Battleson RD, et al. Behavior, move-
ments, habitat use of adult green sturgeon, Acipensermedirostris, in the upperSacramento River. Envi-
ronBiolFish, 2014. 97:133–146.


9. Haugh CV, WalkerMM. Magnetic discrimination learning in rainbow trout (Oncorhynchusmykiss). Jour

Navigation, 1 998; 51 :35–45.


10. Quinn TP, Brannon EL. The use of celestial and magnetic cues by orienting sockeye salmon smolts.

JourCompPhysiol, 1 982; 147:547–52.


11 . Quinn TP, Groot C. Orientation of chum salmon (Oncorhynchusketa) after internal and external mag-
netic-field alteration. CanJourFishAquatSci, 1 983; 40:1598–606.


Fish migrate through estuary despite large distortions in the magnetic field produced by bridges


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 15 / 16




12. TaylorPB. Experimental-evidence for geomagnetic orientation in juvenile salmon, Oncorhynchustscha-
wytschaWalbaum. JourFishBiol, 1 986; 28:607–23.


13. Putman NF, Lohmann KJ, Putman EM, Quinn TP, KlimleyAP, Noakes DG. Evidence for geomagnetic

imprinting as a homing mechanism in Pacific salmon. CurrentBiology, 2013: 23: 1–5. doi: 1 0.1016/j.

cub.2012.10.044 PMID: 23159600


14. Tricas TC, Carlson BA. Electroreceptors and magnetoreceptors. In CellPhysiologySourcebook. Else-
vier, 2012: 705–725.


15. Kavet R, Wyman M, and KlimleyP. Modeling magnetic fields from a DC power cable buried beneath

San Francisco Bay based on empirical measurements. PLoSONE, 2016: 1 1 :1–21 .


16. Tchernychev, M. 2013. MAGPICK- magnetic map and profile processing. UserGuide. Online access:

http://sourceforge.net/projects/magpick/


17. Westerberg H, Begout-Anras M-L. Orientation of silver eel (Anguillaanguilla) in a disturbed geomag-
netic field. In AdvancesinFishTelemetry. Edited by Moore A, Russell I. Norwich, England, CFAS:

2000, 149–375.


18. Westerberg H, Lagenfelt I. Sub-sea power cables and the migration behaviour of the European eel.

FishMgmtEcol, 2008; 1 5:369–375.


19. Kelly JT, Klimley AP, CrockerC E. Movements of green sturgeon, Acipensermedirostris, in the San

Francisco Estuary, California. EnvironBiologyFish, 2007; 79: 281–295.


20. Kelly JT, Klimley AP. Relating the swimming movements of green sturgeon to the movement of water

currents. EnvironBiologyFish, 2012; 93:1 51–167.


Fish migrate through estuary despite large distortions in the magnetic field produced by bridges


PLOS ONE | DOI:1 0.1 371 /journal.pone.0169031 June 2, 2017 16 / 16


http://dx.doi.org/10.1016/j.cub.2012.10.044
http://dx.doi.org/10.1016/j.cub.2012.10.044
http://www.ncbi.nlm.nih.gov/pubmed/23159600
http://sourceforge.net/projects/magpick/
http://sourceforge.net/projects/magpick/

