
METHOD

Comparison of fine-scale acoustic monitoring systems
using home range size of a demersal fish

Kelly S. Andrews • Nick Tolimieri •

Greg D. Williams • Jameal F. Samhouri •

Chris J. Harvey • Phillip S. Levin

Received: 14 December 2010 / Accepted: 16 May 2011 / Published online: 26 May 2011

� Springer-Verlag (outside the USA) 2011

Abstract We compared the results from fixed acoustic

transmitters and transmitters implanted in lingcod

Ophiodon elongatus provided by two fine-scale passive

acoustic monitoring systems: the older Vemco� Radio

Acoustic Positioning (VRAP) system and the newer VR2W

Positioning System (VPS) with either three or four

receivers. The four-receiver VPS method calculated five

times more positions of lingcod than VRAP and more than

twice as many as the three-receiver VPS. Calculated

positions of fixed transmitters were less precise with VRAP

than either VPS approach. Measurements of home range

for lingcod were similar between the four-receiver VPS

and VRAP, which were both greater than the three-receiver

VPS. Comparisons varied when lingcod were in/near

complex habitats. As new technology develops, it is

important to understand how new methods compare to

previous methods. This may be important when describing

patterns of movement or habitat use in the context of

changes in habitat or management efforts.

Introduction

The use of acoustic telemetry technology has become an

increasingly common approach to answering questions

about animals’ use of space, movement patterns, and nat-

ural history. In the marine environment, acoustic tracking

has been used extensively to estimate home range size,

movement behavior, and activity patterns of many reef-

associated fishes, often in reference to the design of marine

reserves (Zamora and Moreno-Amich 2002; Lowe et al.

2003; Parsons et al. 2003; Topping et al. 2005, 2006; Jadot

et al. 2006; Jorgensen et al. 2006; Kerwath et al. 2007;

Mitamura et al. 2009; Tolimieri et al. 2009; March et al.

2010).

For marine fish, acoustic transmitters are either

implanted into the peritoneal cavity of the fish (e.g.,

Andrews et al. 2009) or attached externally (e.g., Cartamil

and Lowe 2004). The transmitters or ‘‘tags’’ emit a series of

‘‘pings’’ that are decoded by acoustic receivers and provide

the researcher with a unique ID code corresponding to a

specific tagged individual. There are, in general, three

methods used to monitor individuals tagged with acoustic

transmitters, and each method provides distinct types and

scales of information about the movement patterns of

tagged individuals. First, passive acoustic receivers ‘‘lis-

ten’’ for and record the presence of tagged individuals

within the vicinity of the receiver, providing 24h a day

presence/absence data within the listening range of the

receiver (dependent on power of transmitter and acoustic

environment) over long temporal periods (months to

years). Second, active tracking methods involve following

tagged individuals from a boat giving an individual’s actual

path through its environment across large spatial scales

(tens of kilometers) for limited periods (tens of hours).

Third, fixed location, high-resolution passive acoustic

monitoring systems can calculate the x–y position of tagged

individuals and provide fine-scale resolution of movement

patterns over long temporal scales (weeks to months),

typically at small spatial scales (\1 km2).

One of the more commonly used high-resolution passive

monitoring systems has been Vemco�’s Radio Acoustic
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Positioning system (VRAP). Recently, however, Vemco�

has introduced the VR2W Positioning System (VPS) as a

lower-cost option to the VRAP. Both of these systems

estimate fine-scale movement data at the resolution of a

few meters. Positions of tagged individuals are calculated

by measuring the difference in arrival times of pings

among a minimum of three receivers. VRAP allows the

user to see movement of organisms in real time, while VPS

does not (see Table 1 for comparisons of the two systems).

The hydrophones used in VRAP are fixed to a buoy and are

typically submerged just under the surface of the water,

while the hydrophones in VPS are typically moored near

the bottom of the seafloor. The ability to detect tags varies

with the acoustic environment that includes ambient noise

(e.g., from a reef), variation in surface conditions caused by

weather patterns, or physical disturbances in the water

related to boat traffic or underwater substrates (reviewed by

Simpfendorfer et al. 2008). Thus, differences in location of

acoustic hydrophones (either near the surface or near the

bottom) may alter the accuracy of calculated positions or

alter the number of detections collected by each system.

There are also logistical and budgetary constraints associ-

ated with each system that may make one more accurate or

more cost-effective, respectively, than the other depending

on the researcher’s system, skill set, and budget. However,

the accuracy and precision of the two systems have not

been compared to determine whether one system signifi-

cantly outperforms the other. Without this information, it is

difficult to make logistical and budgetary decisions about

which system to employ.

In this study, we compared the performance of the

VRAP and VPS simultaneously on a temperate reef in

Puget Sound, WA, USA, using movement data for lingcod

Ophiodon elongatus. Specifically, we asked whether the

number of calculated positions, the precision of the cal-

culated positions, and the estimated home range of each

fish differ between the two fine-scale monitoring systems.

These comparisons are not exhaustive, but provide insight

into collecting data in a high-current environment with

complex substratum and should be interpreted as such.

Table 1 General logistical requirements and study design comparison of Vemco�’s Radio Acoustic Positioning (VRAP) system and the VR2W

Positioning System (VPS)

Details VRAP VPS

Equipment 3 buoys, radio base station, four antennae, dedicated

computer, and platform to locate base station and

computer

VR2W receivers (minimum of 3; no maximum)

Equipment cost *$50,000 CANa Four VR2W design: *$7,800 CANa ($1,950a per VR2W

receiver and necessary sync tag)

Data Real time Only known after post-processing

Data processing—

timing

Real-time locations calculated and stored as text files Post-processing time dependent on Vemco� personnel

Data processing—

costs

Personnel time $5,000a for up to four downloads of the same array of

receivers in the same location (no limit on number of

receivers

Data storage Text files

Computer’s capacity

Encrypted files

Receiver capacity (dependent of tag delay interval and # of

tags deployed—typically 4–6 weeks, but up to 1 year

possible)

Data loss During times of rough surface conditions or times when

reference tags are not detected

During times when sync tags are not detected or when

complex habitat interferes with detections

Power supply Buoys: rechargeable batteries Base Station: AC or DC D-cell batteries for VR2W: 12–15 months lifespan

Buoy or receiver

maintenance

frequency

Every 7–10 days to change buoy batteries Dependent on number of detections (typically 4–6 weeks,

but could be up to 1 year)

Hydrophone

positioning

Surface is standard, but cable extensions are available for

bottom deployment. Beware of bottom topography and

surface salinity

Can be moored on lines at the surface or bottom. Beware of

bottom topography and surface salinity

Spatial scale of

study

Depends on power of transmitters and acoustical

environment, but 300 m sides of the triangle are most

common

Individual triangle scale depends on power of transmitters,

but overall scale can be increased by adding receivers to

create additional triangles. As scale increases, logistics of

downloading also increase, but the cost of data processing

(see above) does not

a 2010 prices
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We used products from Vemco� for this comparison

because we are most familiar with this vendor’s equipment

and the data collected with these products. The intention of

this paper is not to endorse any vendor’s product, but

simply to compare commonly used methodologies.

Materials and methods

Study site

The study site was located at the southern end of Whid-

bey Island in Puget Sound, WA, USA (47� 54.3080N,

-122� 26.0720W) (Fig. 1). The study area ranged in depth

from approximately 8–19 m chart datum with 3 m tides.

This site is primarily low-relief sandstone composite with

strong east–west tidal flow of at least 1.4 m s-1 (2.7

knots, measured with Acoustic Doppler Current Profiler;

N. Tolimieri, unpublished data). In the approximate center

of the study area and running from the southwest to the

northeast, there is an uplifted ridge that ranges in height

from ca. 10 cm to as much as 8 m (Fig. 1). This ridge is

the primary physical structure in the study area. Although

not visible on the multibeam map in Fig. 1, a cave-like

area several meters deep extends horizontally under the

eastern, uplifted side of the ridge. The higher, eastern

fringe of the uplifted area generally supports brown

macroalgae Pterygophora californica and Agarum fim-

briatum from the ridge margin to ca. 10 m to the east in

the shallower areas. Small rocks (up to *0.3 m diameter)

and several large boulders (*2.0 m diameter) are scat-

tered throughout the area, especially to the east. To the

northwest and just out of the VRAP buoy triangle, but

within the triangles created by VPS receiver 4, is a

depression approximately 2–3 m deeper than the sur-

rounding area.

The tidal regime and uplifted ridge are the two features

of the site that are most important to the present analyses.

The tidal currents affect the position of surface deployed

VRAP receivers and the apparent position of tags (see

below). The uplifted ridge and cave-like areas are impor-

tant because they may interfere with the transmitter signals,

causing loss of data. In addition, the propagation of

transmitter signals may be inhibited by the growth of

macroalgae in the shallow areas on top of the ridge.

Fish tagging

Capture and tagging procedures are described in detail by

Tolimieri et al. (2009). In brief, SCUBA divers used large

hand nets to catch lingcod at approximately 10–20 m depth

on both sides of the ridge during slack tides in September

and October 2008. Fish were placed in wire mesh

enclosures (crab pots, 1–3 fish per) underwater and trans-

ferred to the surface for surgery. At the surface, a V13

acoustic transmitter (13 mm diameter; 36 mm length;

weight: 11 g in air, 6 g in water; 30–90 s random delay

interval; power output: 147 dB) was inserted into the

Fig. 1 Topography of the study site, location of the VRAP and VPS

receivers, and calculated positions for three tagged lingcod under the

three methods. Soundings in meters are given on the top pane.

Lingcod 2 = red circles, lingcod 8 = light blue circles, lingcod

14 = black circles. Yellow flag symbols indicate the location of

VRAP buoys and VPS receivers. Positions for buoys 1–3 (indicated

by numbers in callouts) were in the same position for VRAP and both

VPS methods. Receiver four was unique to the VPS.1 method

Mar Biol (2011) 158:2377–2387 2379
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peritoneal cavity. After a 5-min recovery period, fish were

returned to the water in the general vicinity of their capture.

VRAP system setup and data processing

In nearly all publications, the VRAP system consists of

three buoys, a radio base station, and a computer (described

in detail by Klimley et al. 2001). There are a few examples

of four-buoy VRAP configurations (e.g., Sauer et al. 1997;

O’Dor et al. 2001), but these were generally performed

during the initial development of the technology and the

software necessary to run a four-buoy configuration is not

generally provided with the VRAP system. Each buoy

consists of a hard-wired acoustic hydrophone submerged

underwater (either fixed to the buoy just under the surface

of the water or extended to the bottom of the seafloor),

ultrasonic receiver, a two-way radio link, a microprocessor

controller, and a rechargeable battery. The two-way radio

allows the buoys to send detection data to the base station

and receive communications from the base station for

calibrating and calculating the location and distance

between each buoy. This two-way communication also

allows for ‘‘real-time’’ detection data to be displayed on a

connecting computer. Using VRAP 5.1.1 software, the

VRAP system calculates the position of the fish by mea-

suring the difference between arrival times of the pings to

each of the three buoys (Klimley et al. 2001). The precision

of this system is often stated to be accurate to 1–2 m

(O’Dor et al. 1998; Klimley et al. 2001), but the ability of

any acoustic receiver to detect transmissions varies with

the acoustical environment and the behavior of tagged

individuals (e.g., Simpfendorfer et al. 2008). VRAP also

requires a platform, typically land-based, within line-of-

sight of the three buoys for the entire study period to house

the base station and computer. Each buoy is powered by a

rechargeable battery that lasts for approximately 7–10 days

depending on the number of detections made and the

number of calibrations of buoy position made during the

deployment.

Tidal currents at the Whidbey site are strong, which

caused the VRAP buoys to shift position substantially

(*40 m), primarily east to west, and rapidly between the

flood and ebb tides (Tolimieri et al. 2009). Because we

deployed the hydrophones in the standard position affixed

to the underside of the buoys (not extended via cables to

the bottom), the repositioning of the buoys caused by the

tides made it appear as if the fish moved with the tide,

when in fact, they did not. To correct for the tidally

induced buoy movement, we referenced a fish’s location to

four acoustic tags deployed at fixed positions within the

buoy array (referred to hereafter as ‘‘fixed tags’’). A fifth

fixed tag was deployed to mark a specific habitat feature

within the study area. This fifth tag was not used in data

correction, but is included in some of the analyses of sys-

tem performance described below. Fixed tags had a random

delay interval of 60–183 s.

Data processing followed Tolimieri et al. (2009). In

brief, when the VRAP buoys were deployed, we entered

the known latitude and longitude (based on Garmin

GPSMap192C) of each buoy into the VRAP software

program. We resolved the correct position of the fixed tags

based on their mean position during the first several hours

of a previous deployment of the VRAP (October 21, 2008)

when current direction, and therefore, buoy positions were

stable. We then corrected fish positions by subtracting the

apparent displacement of fixed tags from their actual

position using the most recent fixed tag position for each

fish position. Fish data that did not have a fixed tag refer-

ence within the previous 10 min were considered bad data

and removed from the data set. Additionally, to remove bad

fixed tag positions from the analysis, we used three of the

fixed tags to correct the position of the fourth tag. Prior to

correcting the fish data, we removed any fixed tag obser-

vations that were more than one standard deviation

(on either the x- or y-axis) from the corrected mean position

for each tag.

For this study, we used data collected April 20–May 17,

2009 when both VRAP and VPS were deployed simulta-

neously. VRAP buoys were moored approximately 300 m

apart on each side of the triangle (total area within the

triangle: 0.04 km2), which placed the majority of the reef

system inside the boundaries of the triangle (Fig. 1). The

base station, radio antenna, and computer were housed in a

private residence 3 km away. Due to strong currents, we

deployed the hydrophones in the standard position just

under the surface of the water instead of extending the

hydrophones to the bottom. We were primarily concerned

about the wear and potential breakage of cables due to the

strength and action of the currents in the area as well as the

potential for fishermen to snag excess cabling with fishing

equipment and anchors. We replaced batteries in the three

buoys every 7–10 days.

VPS setup and data processing

VPS uses an array of passive monitoring receivers

(Vemco�’s VR2W) to calculate the x–y positions of

acoustic transmitters. The receivers are deployed, retrieved,

and downloaded by the researcher, and the data files are

sent to the vendor/manufacturer for processing. Similar to

the VRAP, at least three receivers must detect the same

series of pings for a position to be calculated. Unlike the

VRAP system, the VPS can be deployed with more than

three receivers, creating multiple triangles and increasing

the spatial coverage of the study site. Depending on the

number of detections, the VPS array can be deployed for
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several weeks or several months at a time without any

maintenance or retrievals. With sufficiently long transmit-

ter delay times, deployments up to a year have been

successful (C. Rosten, Norwegian Institute for Water

Research, unpublished data, 361 days in a lake in Norway).

The precision of the VPS is dependent in part on three

factors: (1) precisely measuring the location (i.e., latitude/

longitude) of all receivers, (2) knowing the speed of sound

in the research area, and (3) synchronizing the clocks of all

receivers. Each VR2W operates independently, whereas all

three VRAP buoys operate as one under the control of a

central computer that uses the buoys to ‘‘ping’’ each other

to calculate the speed of sound and the distance between

each other. For VPS, it is crucial to make accurate mea-

surements of the location of each receiver because all the

calculated positions are based on the timing of arrival of

pings traveling at known speeds among different receivers

that are known distances apart. The speed of sound can be

calculated by collecting temperature and salinity data

during the deployment (Klimley et al. 2001). Similarly, the

internal clocks of all receivers in the array must be syn-

chronized in order to calculate accurate differences in the

timing of arrival of pings. Time drift occurs in the VR2W’s

internal clock during deployment; thus, it is necessary to

synchronize the clocks during deployment. This is per-

formed best by colocating a sync transmitter with each

VR2W, so the timing of arrival of pings from known dis-

tances away traveling at known speeds can synchronize the

clocks of receivers detecting the same pings. We colocated

standard sync transmitters (model: V16, random delay

interval: 540–660 s) on the mooring line, 1 m above each

of the VR2Ws.

For this study, we used data collected April 20–May 17,

2009 from an array of four VR2W receivers deployed in a

trapezoidal pattern such that the majority of the reef system

was within the trapezoid (Fig. 1). Three of the four

receivers were moored in the same location as the anchors

for the VRAP buoys, and all four were suspended 2 m off

the bottom. The distance between each receiver ranged

between 176 and 377 m (total area of trapezoid: 0.06 km2).

VPS data were processed by Vemco� using two

different approaches. The first approach (VPS.1) calculated

the position of each transmitter using the detections from

all four receivers. For example, if a lingcod was detected at

*10:02 AM on May 4, 2009 at all four receivers, the

position of the lingcod was calculated using all four times

of arrival. Alternatively, if a lingcod was detected at only

three of the four receivers, then the position of the lingcod

was calculated using only three times of arrival. If detec-

tions occurred on only one or two of the receivers, no

position was calculated.

The second approach (VPS.2) calculated the positions of

each transmitter using only three of the four receivers.

Thus, if a lingcod was detected at the same time at all four

receivers, four positions were calculated—one for each of

the four combinations of three receivers. For the VPS.2

method, we reference the receivers that made up that

triangle. For example, VPS.2_123 refers to the VPS

method two triangle that was calculated from receivers

one, two, and three. In our analyses, we focus on only those

positions calculated from the three VPS receivers on the

VRAP mooring lines (Fig. 1, hereafter, VPS.2_123) to

allow direct comparison with the VRAP system based on

the positioning of those receivers. Using both approaches

allows us to make two separate comparisons: (1) differ-

ences between VRAP and VPS using VRAP and

VPS.2_123 data and (2) differences between a three-

receiver and a four-receiver VPS setup using VPS.1 and

VPS.2_123 data.

Home range/utilization distribution

The utilization distribution (UD) provides a probabilistic

description of the space use of an animal. The 95% UD is

typically called the home range. We calculated the 95%

UDs of each lingcod using a spatio-temporal kernel method

(STK; Katajisto and Moilanen 2006; Tolimieri et al. 2009).

This approach accounts for spatial and temporal autocor-

relation within the data. The STK method requires choos-

ing two smoothing parameters—spatial (hs) and temporal

(ht). We used a simple estimate of the optimum hs value,

hopt (Worton 1989), and set hs = 4.0 m. This value is

slightly larger than the median hopt for lingcod for the most

accurate system (VPS.1, see ‘‘Results’’). It is also slightly

larger than the precision of the VRAP system, quantified as

the standard deviation in the position of the fixed tags. For

ht, we used ht(Nmin). Because data are weighted, the

effective sample size (Neff) is lower than the full sample

size N. Nmin is the point at which all samples can be con-

sidered independent. While ht(Nmin) is probably an over-

estimate of optimal ht, it is a maximum estimate and

convenient for our purposes. UDs were calculated using the

program B-Range (Katajisto and Moilanen 2006).

Comparisons and data analysis

We compared several parameters of system performance

among the VRAP, VPS.1, and VPS.2_123 methods: (1)

number of calculated positions for lingcod and fixed tags,

(2) standard deviation in calculated position of fixed tags,

and (3) estimated home range size for lingcod. The

number of calculated positions is important because more

data should give a better understanding of the behavior,

activity, and space use of individuals. Since the fixed

tags do not move, the standard deviation of the fixed

tags gives an estimate of the precision of the system

Mar Biol (2011) 158:2377–2387 2381
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(measurement error). Finally, since the goal of much

acoustic tracking work is to estimate home range size, it

is important to determine whether differences in system

performance produce meaningful differences in home

range estimates.

For the comparison of the number of calculated posi-

tions (count data), we used a generalized linear mixed

model (GLMM) with log link and negative binomial dis-

tribution (data were over dispersed). Method (VRAP,

VPS.1, VPS.2_123) and ‘‘species’’ (lingcod or fixed tag)

were the main effects with fish/fixed tag ID included as a

random blocking factor. Use of a log link makes the

parameter effects multiplicative on the original data scale

(McCullagh and Nelder 1989). Since deployment times

will differ among studies, the additive difference (e.g., 450

more) in the number of calculated positions is not mean-

ingful, but the multiplicative difference is (e.g., twice as

many).

We tested for differences in mean standard deviation of

the fixed tags with a linear mixed model (LMM) with

method as the main effect. Fixed tag ID was included in

initial models as a random blocking factor, but was

removed from the final model as comparison of AIC values

showed that it did not enhance model fit. In this analysis,

the data are the standard deviation of each of the five fixed

tags.

We compared home range estimates for lingcod among

tracking methods using a GLMM with log link and gamma

distribution. Method was the main effect with fish ID as a

random blocking term. Only lingcod UDs were compared.

We chose a log link with gamma error structure to generate

effect size estimates on a multiplicative scale (e.g., 1.4

times larger vs. 400 m2 larger) because home ranges dif-

fered in scale, which would affect additive estimates of

home range size.

Results

Over the 27-day deployment period, the VRAP system

calculated a total of 4,701 positions for 12 of 16 tagged

lingcod and 10,891 positions for the five fixed tags

(Table 2). Four lingcod were either never detected during

this time period or only detected on 1 day; thus, we have

excluded them from all analyses. There were more calcu-

lated positions of fixed tags assumedly because these tags

were placed in exposed areas, while lingcod frequently rest

near/under rocks and other areas that will obscure the tag

signal. Correction for VRAP buoy movement due to

shifting tides and the elimination of calculated positions

without a good fixed tag reference (hereafter, periods when

VRAP considered ‘‘non-functioning’’) resulted in data loss

of 13.8% for lingcod and 7.2% for the fixed tags. The

number of calculated positions for each individual fish

varied substantially (Table 3) probably due to the fishes’

behavior and location within the buoy array.

Over the same period, the VPS.1 calculated 19,263

positions of lingcod and 17,092 positions for the fixed tags

Table 2 Number of calculated positions by method

Calculated positions VRAP VPS.1 VPS.2_123

Total lingcod 4,701 (15) 19,263 (59) 7,084 (24)

Total fixed 10,891 (80) 17,092 (127) 8,368 (62)

Corrected lingcod 4,052 (13) 18,106 (56) 6,679 (22)

Corrected fixed 10,105 (74) 16,060 (119) 7,825 (58)

Numbers in parentheses are mean number of calculated positions per

tag per day for 12 lingcod and 5 fixed tags. For the VRAP system,

‘‘corrected’’ calculated positions are those that remained after data

processing. For VPS data, ‘‘corrected’’ calculated positions are those

that remained after eliminating periods when VRAP was not

functioning

Table 3 Number of calculated positions by system and buoy combination for VRAP and VPS methodologies

Lingcod ID VRAP VPS.1 VPS.2_123 VPS.2_124 VPS.2_134 VPS.2_234

L01 25 266 98 223 110 102

L02 127 493 93 311 88 180

L05 78 759 166 588 191 123

L07 478 1,615 590 1,058 554 490

L08 9 2,328 0 2,328 0 0

L09 418 1,955 1,044 936 997 721

L10 169 519 435 89 101 68

L12 614 2,765 959 2,229 1,111 1,093

L13 509 1,392 871 652 649 729

L14 770 3,213 1,150 2,177 1,386 1,428

L15 546 1,935 768 1,328 762 1,092

L16 309 866 505 372 373 459

‘‘_123’’ for the VPS.2 columns indicates the triangle used for detections. See Fig. 1 for physical location of the buoys
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prior to eliminating data from periods when the VRAP was

not functioning and data loss from the processing of ling-

cod data (Table 2). Including only data from periods when

the VRAP was functioning resulted in a loss of 6.0% of the

lingcod data and 5.9% of the calculated positions for fixed

tags (‘‘Corrected’’ data in Table 2). Because the number

and duration of any non-recording period for the VRAP

system will vary among studies, in all following analyses

and comparisons, we include only data from deployments

when both the VRAP and the VPS systems were func-

tioning (‘‘Corrected’’ data from in Table 2).

When examined at the level of individual tags, the

number of calculated positions varied among methods and

‘‘species’’ (Fig. 2, GLMM, log link, negative binomial error,

method * species interaction, F2,29 = 10.55, p \ 0.001).

The VPS.1 calculated more positions of fixed tags than did

the three-receiver VPS.2_123 (Tukey–Kramer test, p \
0.05). The VPS.1 calculated 2.1 (95% CI: 1.36–3.26) times

as many positions per fixed tag as did the VPS.2_123. The

number of calculated positions of fixed tags did not differ

significantly between VPS.1 and VRAP methods (Tukey–

Kramer test, p = 0.35), nor between the VRAP and

VPS.2_123 (Tukey–Kramer test, p = 0.77). For lingcod,

however, VPS.1 calculated 5.02 (95% CI: 3.78–6.68) times

more positions per individual than the VRAP and 2.69 (95%

CI: 2.00–3.61) times more than the VPS.2_123 (Tukey–

Kramer test, p \ 0.001). The VPS.2_123 calculated 1.86

(95% CI: 1.39–2.51) times as many positions as did the

VRAP (Tukey–Kramer test, p = 0.003).

An examination of the spatial distribution of calculated

positions for several fishes shows how the performance of

the three methods was affected by topography and the

location of a fish’s home range (Fig. 1; Table 3). For

comparison, Table 3 includes data from all four VPS.2

triangles. Although data for the triangles other than

VPS.2_123 are presented in Table 3, they were not ana-

lyzed statistically elsewhere. Both the VRAP and the

VPS.2_123 had difficulty in detecting tags on the top of the

ridge in the northeast corner of the triangle (Fig. 1). In this

location, lingcod #8 was detected only 9 times with the

VRAP and not at all with the VPS.2_123 (blue circles in

Fig. 1). The VPS.2_124 triangle of receivers was much

better at detecting tags in this area, with over 2,300 cal-

culated positions of lingcod #8 (Table 3). This suggests

that receivers on buoy number three were too far away to

detect pings from this area or was impeded (e.g., by kelp or

substrate interference) from making detections of trans-

mitters in this location. The VPS.1 calculated over 2,300

positions of lingcod #8 at that location—all from the 124

triangle. Similarly, the VPS.2_123 triangle was poor at

detecting lingcod #2 (Fig. 1), which resided in the center of

the triangle but was potentially blocked from some

receivers by the ridge. The VRAP detected this fish only

127 times and the VPS.2_123 triangle only 93. The

VPS.2_124 triangle received 311 detections at this loca-

tion, suggesting that receivers on buoy number three were

again partially blocked from ‘‘hearing’’ fish in this area.

The full VPS.1 setup recorded 493 hits and provided a

more complete representation of its space use. Addition-

ally, only the VPS.1 was able to provide data, which

showed lingcod #14 moving from the deeper basin area,

over the ridge, and into the uplifted terrace area (Fig. 1).

Based on a comparison of standard deviations in the

calculated position of the fixed tags, the VRAP was the

least precise of the methods (Fig. 3, LMM, F2,12 = 8.44,

p = 0.005). Data from the VRAP had higher standard

deviations (lower precision) than did the VPS.2_123 data

(Tukey–Kramer test, p = 0.005) or the VPS.1 data

(Tukey–Kramer test, p = 0.04), but the two VPS methods

did not differ (Tukey–Kramer test, p = 0.45).

Fig. 2 Mean number of calculated positions for lingcod and fixed

tags for the three methods. Error bars indicate ±1 SE

Fig. 3 Mean standard deviation (m) on the x- and y-axes in the

calculated position of five fixed tags for the three methods. Error bars
indicate ±1 SE. HPEm is the mean calculated horizontal position

error for fixed tags provided by Vemco during data processing
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Vemco also provided estimates of the precision for the

VPS (HPEm: measured horizontal position error) based on

the fixed tags. We provided GPS locations of these fixed

tags to Vemco. Thus, HPEm represents the error in the

calculated position from the given GPS coordinates. The

mean estimates of HPEm for the four fixed pingers ranged

from ±1.3 to 1.8 m for VPS.1 and from ±1.0 to 1.5 for

VPS.2.123, which were nearly identical as the estimates we

produced from the LMM (Fig. 3).

Estimates of lingcod home ranges (95% utilization dis-

tributions) varied between 864–4,144 m2 for the VRAP,

752–6,128 m2 for the VPS.1 and 976–3,600 m2 for the

VPS.2_123. Mean home range estimates differed among

systems (Fig. 4, GLMM, log link, gamma distribution,

F2,21 = 9.68, p = 0.001). VPS.1 home ranges were 1.58

(95% CI: 1.28–1.95) times larger than VPS.2_123 home

ranges (Tukey–Kramer test, p \ 0.001). VRAP home

range estimates were 1.39 (95% CI: 1.12–1.71) times larger

than VPS.2_123 estimates (Tukey–Kramer test, p =

0.016). VPS.1 and VRAP home ranges did not differ in size

(Tukey–Kramer test, p = 0.42).

Discussion

Improvements in acoustic telemetry technology have

allowed researchers to monitor the movement patterns of

marine species at multiple spatial and temporal scales.

However, improvements in technology or substitution of

lower-cost options need to be tested and compared to his-

torical methods for at least two reasons. First, it is impor-

tant to understand how results from new technologies will

compare with results from historical methods. Estimates of

home ranges are commonly used to understand space and

habitat use of fishes and temporal variation in these esti-

mates may be used to infer changes in habitat or behavior

related to changes in habitat or management efforts.

Secondly, it is necessary to determine that the quality and

benefits of new technologies exceed the costs of switching

between technologies. Some technologies or options may

be more practical in particular situations such as those

examined here (i.e., high current, high topography areas).

In this paper, we compared the results provided by two

fine-scale passive acoustic monitoring systems, the older

VRAP system, and the newer VPS.

Our experimental design represented two extremes of

deployment that which is most convenient for the VRAP

system and that which is most effective for the VPS.

A more complete comparison of the two systems would

have included a treatment in which the VRAP hydrophones

were deployed near the bottom (and vice versa for the

VPS) to eliminate the need for correcting the data for

movement of the VRAP buoys/hydrophones. While it is

possible to position the VRAP hydrophones at depth via an

extension, we were concerned that the extra cabling

required may wear or break due to the high currents in the

area and because of the potential for fishermen to snag the

extra cabling with fishing equipment or anchors. Any

problems with the cabling would have required SCUBA

diving, which would have limited our flexibility in routine

maintenance of the buoys due to strong currents and

necessary personnel to perform diving operations. The

deployment with hydrophones fixed to the buoys just below

the surface allowed any two researchers in a small boat to

easily maintain the VRAP system every 7–10 days.

Having more receivers (four vs. three) clearly resulted in

more data for lingcod movement, probably due to two

factors. First, four receivers resulted in coverage of a larger

area, allowing the VPS.1 system to detect fish that were out

of range of one of the three locations common to all three

setups. Second, the additional receiver allowed the system

to avoid lost transmissions due to interference from com-

plex habitat since only three of the four receivers need to

be in a position to receive the transmission. Lacking a

fourth receiver, deploying the receivers near the bottom

(VPS.2_123) was better than deploying them at the surface

(VRAP) in terms of the total number of calculated posi-

tions for lingcod (Table 2); although this could vary with

the location of tagged individuals if a receiver is placed in a

position that is obstructed by complex substrates. Thus,

thoughtful consideration of habitat features in the study

area is important to the successful positioning of receivers

near the bottom. It is likely that in less complex habitats

and more benign oceanographic conditions, the number of

calculated positions in a three- versus four-receiver system

(either near the bottom or at the surface) would only differ

because of differences in spatial coverage, not because of

lost transmissions.

Both VPS setups provided more precise data than did

the VRAP, as indicated by the standard deviation in the

position of fixed tags. The lower precision of the VRAP

system was probably due in large part to measurement

Fig. 4 Mean home range (95% utilization distribution) for lingcod as

estimated by the three methods. Error bars indicate ±1 SE
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error from two sources: the tag of interest and the fixed tag

used to correct the data for buoy movement. It is not likely

that this result was caused by technical differences in the

VRAP and VPS hardware or software, but more likely

relates most directly to the positioning of the receivers in

the water column: an issue common to both VRAP and

VPS systems. In our setup, the VRAP hydrophones were

deployed near the surface. During times of choppy weather

or tidal changes, data may be lost or altered due to the

movement of the buoys. Because positions are calculated

by differences in the timing of arrival at the scale of mil-

liseconds, it is likely that buoys ‘‘bouncing’’ in choppy

weather or moving with changes in current speed could

alter the timing of arrival; thus, increasing the error in the

calculated position during these events. Another factor to

anticipate when deploying hydrophones at the surface is

whether a halocline exists in the study area. In an area with

a top layer of freshwater, acoustic transmissions from the

bottom may be reflected or deflected causing loss of data or

inaccurate timing of detections (Jackson et al. 2005).

While the VRAP was less precise and had fewer

calculated positions of lingcod than either of the VPS

approaches, the area covered by each system seemed most

important in influencing estimates of home range size. We

found no difference between VPS.1 and VRAP in terms of

mean home range, even though VPS used four receivers

while VRAP used only three. However, the home range

estimates of VPS.2_123 were significantly smaller than

either the VPS.1 or VRAP, even though VPS.2_123 had

more calculated positions than VRAP. This suggests that

the spatial coverage of VRAP was greater than the spatial

coverage of VPS.2_123 assumedly because one or more

VPS.2_123 receivers were unable to detect lingcod in

certain areas of the study site due to complex habitat fea-

tures or because they were too far away. Transmissions by

lingcod tags could propagate vertically to the VRAP hy-

drophones at the surface more easily than they could

propagate horizontally to the VPS receivers at the bottom.

Thus, the accuracy of home range estimates using any of

these systems will likely vary with specifics of each pro-

ject, including the location of receivers with respect to the

complexity of the habitat and the behavior of tagged

individuals.

The general agreement between VRAP and the four-

receiver VPS.1 approach for home ranges is encouraging

for at least two reasons. First, many researchers have used

VRAP to quantify home ranges of marine fishes; thus,

estimates of home range from VPS will be comparable to

previous estimates. This may be important when looking at

temporal shifts in behavior or habitat use of fishes in the

future. We also suspect that three-receiver VPS would be

comparable to VRAP in less complex habitats because

there would be less loss of data due to interference of

ridges, boulders, or stands of macroalgae. However, our

results suggest it is prudent to deploy as many receivers as

logistically and financially feasible in order to account for

potential loss of data. Secondly, most of the species

examined with VRAP to date have been relatively site-

attached species (e.g., Tolimieri et al. 2009). Switching to

VPS would allow researchers to measure fine-scale

movements and monitor habitat use of more mobile species

because the spatial coverage of the VPS can be increased

by simply deploying more VR2Ws. The VRAP system is

generally constrained to operating with three buoys at a

time and to the detection radius of a transmitter, which

varies with its power output. In our experience, the maxi-

mum length of sides of the triangle is *300 m when using

either V9 (power output: 142 dB) or V13 (power output:

147 dB) transmitters in complex habitats in Puget Sound

waters. Larger triangles cause intermittent communication

among the buoys, such that the buoys cannot calibrate the

distances between each other. These communication

problems are likely caused by choppy waters at the surface

interfering with the hydrophones ability to transmit and

receive ‘‘pings’’ from the other buoys. A few researchers

have deployed VRAP buoys in larger triangles using more

powerful transmitters (e.g., up to 530 m; V22; power out-

put: 153 dB; Klimley et al. 2001), but the majority of

studies published in the literature have used a triangle with

sides B300 m in length (e.g., Parsons et al. 2003; Tolimieri

et al. 2009; Jadot et al. 2006; Jorgensen et al. 2006).

Personnel costs associated with each study will vary but,

equipment costs should be similar among studies (see

Table 1 for comparisons). In general, the VRAP system

requires a large, up-front investment for the buoys and

base station. In 2010, a three-buoy VRAP system costs

*$50,000 ? *$1,000 for hardware and mooring equip-

ment necessary for high-current habitats for a total of

*$51,000 CDN. A deployment of the VRAP for 1 month

typically requires 9–11 personnel days to deploy and

maintain the buoys every 7–10 days. On the other hand, a

minimalistic VPS array of four receivers with four sync

transmitters costs *$7,800 ? a $5,000 data processing

fee ? small anchors for deployment for a total of

*$13,000 CDN. A deployment of 1 month would require

either 4 or up to 10 personnel days depending on whether

VR2Ws are deployed from the surface (2 personnel days

for deployment ? 2 personnel days for recovery) or

deployed using SCUBA divers (5 personnel days for

deployment ? 5 personnel days for recovery under OSHA

diving regulations). Vemco� will process VPS data up to

four times on a single array setup in the same location

before additional fees would ensue. The only reoccurring

cost for the VRAP system is personnel costs associated

with maintaining buoys and processing data. Although it is

noteworthy that VRAP buoys on the surface are more
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susceptible to loss than submerged receivers due to

mooring line fatigue, boat strikes, or other potential van-

dalism. Overall, the VRAP system may be more cost-

effective in the long run if a research group plans multiple

studies in several different habitats spanning several years.

The VPS may be more cost-effective and suited toward

specific, narrowly focused research objectives that occur at

the same study site.

Ultimately, the decision of which system is best should

be decided by the research questions of interest. If the

questions concern what an individual does on an average

day within a constrained spatial region, then both systems

can provide detailed information on movement. However,

if you are more interested in what an individual does for the

entire day, not constrained by space, then the real-time data

provided by the VRAP system would allow researchers to

know when an individual is leaving the area and allow for

subsequent tracking in a boat using active acoustic telem-

etry. The ability to monitor forays outside of the continu-

ous monitoring region may be important for determining

the home ranges of some individuals.

The comparison we have made is similar to a compar-

ison made between the passive monitoring VPS and

actively tracking fish through the VPS array (Espinoza

et al. 2011). This comparison showed similar consistency

in measuring the overall movements of fish between two

systems that vary dramatically in personnel costs. These

comparisons provide researchers with the necessary infor-

mation to make technological choices depending on what

system they work in (habitat types and oceanographic

processes) and what skill sets their personnel possess

(i.e., SCUBA divers or not). Given the VPS provides

similar measurements of home range as the VRAP, pro-

vides more accurate positions of fixed tags than the VRAP,

and may be more cost-effective, particularly in funding

requests, it seems that the new methodology will improve

the ability of marine scientists to monitor the movement of

marine organisms, particularly when trying to resolve dif-

ferences in habitat-specific behaviors. However, the num-

ber of receivers used, the placement of receivers within

complex habitats, and the behavior of tagged individuals

will ultimately determine the quantity and quality of data

collected by these fine-scale acoustic monitoring systems.
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