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Abstract

A technique for the rapid surveying of submersed aquatietaign by post-processing of
data collected wusing a high frequency (420 kHzalligcho sounder (BioSonics
DT4000) has recently been developed and successfully tested éstaarine environment
by Sabol et al. [Sabol, B. M., R. E. Melton, R. Chamberlain,d&ring & K. Haunert, 2002.
Evaluation of a digital echo sounder system for detection oSubmersed aquatic
vegetation where it was useamap the cover and height of freshwater tape gidetisneria
americang and seagrasseshalassia testudinuntaladule wrightiiand Syringodiumfiliforme).
This technique, which is also spatially referenced by ifigumh a global positioning system,
has many potential applications in macrophyte studies in shallow, lakbough it hasot
yet been extensively tested in such habitats using systems of lowstt fequency. This
paper reports such a test in two shallow (maxi- mum depth9 m) lakes of the Cotswold
Water Park, U.K., using a 200 kHz digital echo sounder (Bi@SobT6000 and DTX
upgrade) and post- processing analysis using the now commeraialilable software
EcoSAV, which incorporates the algorithms of Sabol et al.0Z20 Hydroacou- stic
assessment of the coverage by macrophytes, mainly Nutpalhdweed (Elodea nuttalli)

and charophytesChara spp.), showed high agreement with those recorded during a

2
simultaneous visual survey by underwater video recording=(0.8478, n=74, P <

0.001). Assessmerdf macrophyte height was also apparently consistent between the two
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systems, although the video system could not produce quamtitddita and so statistical
assessment of the agreement was not possible. Repeated hydroasowgégs over the
course of the winter of 2003004 were conducted in one lake and illustrate the application
of this new macrophyte survey techniq@®uch applications include the rapid
measurement of mean Percentage Volume Inhabited (PVI), which fell from%i2.15
(95% confidence limits, £0.55%) to 7.10% (+0.40%) over the course of the winter.

Introduction

Established manual techniques for characterising and monitoring aquatic vegetation are
labour- intensive and generate observations of very limited spatial extestnative

optical techniques, sucas aerial photography, provide large synoptic assessments of
spatial patterns but are highly dependent on uncontrollable environmental factioas

water clarity, water surface roughness and cloud cover (see review by Madsen. (£993)
contrast, hydroacoustic techniques are largely free of these limitations anmbvare
widely used in the assessment and study of other components of laksterss
providing rapid, extensive and spatially-referenced datfish, zooplankton and bottom
sediments (e.g. Godlewska et al., 2002; Hoffman et al., 2002; Godlewska et al., 2004).
The use of this approach for the assessment of macrophyte populatadtes and rivers

iISnow receiving increasing attention.

Hydroacoustic methods developed for macrophyte surveys incledastn of horizontally-
aimed side scanning sonar systems for delineatiagrophyte beds (Bozzano et al., 1998;
Moreno et al., 1998) and vertically-aimed echo soundirsquantifying vegetation height
and density(Sabd & Burczyn ski, 1998). Although a numberof researchers have reported
success in detectingnd qualitatively characterising macrophytesng hydroacoustics for
over two decades (Macéa & Shireman, 1980; Duarte, 1987; Thoneasal., 1990;
Fortin et al., 1993; Tegowski et al., 2003), fully quantitativeeasment has bedrampered
by hardware and software limitatiorfllowing tednological advances including tlevent

of highly portable Global Positioning Systems (GPS), the Idpweent of fully quantitative
macrophyte assessment has recently nrad@r advances as described by Sabol et al.
(2002) in an estuarine environment, where one system was used to map the cover

and height of freshwater tape gras#al(isneria americanga and seagrassedhalassia
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testudinum Haladule wrightii and Syringodium filiformg. The softwarecomponent of this
system is now commercially available as EcoSAV (BioSonics Ireattle, U.S.A.,
www.biosonicsinc.com) and is further describeyl Hoffman et al. (2002). However, this
recent development and its subsequent application have almdssiesly used only
relatively high sound frequencies of 420 kHz (Hoffman et24102; Sabol et al., 2002) or
430 kHz (Valley et al., 2005). In contrast, most hydroacosststems currently used in fresh
waters, which are deployed primarily in fish studies, operate atidsyably lower
frequencies of c. 70 to 200 kHz (e.g. Jurvelius, 1991; tEllicet al., 1996; George &
Winfield, 2000; Wamenhixk etal., 2003; Schmid etal., 2005). Only two ECOSAV studies
have used such frequencies. Firstly, Schneider et al. (2001pywedpa sound frequency of
208 kHz in an apparently successful survey of the seagraesessra marinandZ. noltii in
the estuary of the River Ason, Spain, although no rigorous assessyae made of the
efficacy of the system at this sound frequency. Secondly, Hoffetaal. (2002) used a
frequency of 70 kHz, together with one of 420 kHz, in an EcoSAMysof unspecified
milfoil species and elodeids in Lake Washington, U.S.A. Wiesnilts were compared from
the two sound frequencies, Hoffman et al. (op. cit.) conclutdat the higher frequency
system performed significantly better than that of 70 kHz, whih latter resulting in a
horizontal difference in the placement of macrophyte boundarieseasf M0 m. Given the
prevalence in lake studies of hydroacoustic systems operating @ &Hz or less, further
assessment of the performance of ECOSAV at such relatively loeguencies is highly
desirable. Changes in sound frequency are potentially technicailficagt for ECOSAV for
a number of reasons, including influences on reflectivityticarresolution and penetration
into bottom sediments. The objectives of the present study wessttéhe efficacy of
EcoSAV when used with a 200 kHz hydroacoustic systemdrshallow lakes of the
Cotswold Water Park, U.Khy comparing hydroacoustic and underwater video
assessments, and to use it to survey the distribution and abundanaeropimytes in a
shallow lake over the course of a winter as an illustration of the apgplficafi this

technique.
Materials and methods
Study site

The Cotswold Water Park in south-west England, U.K., covers mWerkn? and includes



over 130 shallow lakes of varying age and size created bylgeatraction. Many of the
lakes support extensive growths of macrophytes, two of which sedeeted for study in the
present investiga- tion: Lake 31 (surface area 10.3 hdamoma depth c. 4.5 m,
latitude 51°, 39.870 N, longitude 1°, 57.64@ W) and Lake 32 (surface area 20.0 ha,
maximumdepth c. 5.9 m, latitude 51°, 39.520 N, longitude 2, 57.587¢ W).

Hydroacoustic system

The hydroacoustic system was based on a Bio- Sonics DT60@0a¢lgal to a DT-X in
Novem- ber 2004) echo sounder with a 200 kHz split-beamceaéntiansducer of circular
beam angle 6%operating under the controlling software Visual Acquisition \ersi4.0.2
(upgraded to Version 5.0.4 in November 2004) (BioSonics Beattle, U.S.A.,

www.biosonicsinc.com). Throughout the comparisons and survaya tidbeshold was set at

—130 dB, pulse rate at 5 ping_sls pulse duratiorat 0.1 ms, and data were recorded from a
range of O m from the transducer. Positional data were inputteda Magellan SporTrak
Color (EU basemap) GPS (www.magellangps.com) with accuracyssott@n 7 m, which
was upgraded in November 2004 to a JRC Model DGPS212 GPS jwwwjp) with
accuracy to less than 5 m and a fix update interval of 1 s. In @udii the real- time
production of an echogram through a colour display on a laptopw®r, data were also

recorded to hard disc. The system was depldyech a rigid punt powered by an

outboard engine and moving at a speed of c. 4 ki Fhe transducer was positioned
approximately 0.5 m below the surface of the water. Prior to the compaasons
surveys, the hydroacoustic sys- tem had been calibrated using a tungstée spheire

of target strength (TS$)39.5dB ata sound velocitgf 1470 m sl

. Data were subsequently
processed using Eco- SAV Version 1.0 (BioSonics Inc, Seattle, .AL.S
www.biosonicsinc.com), using default values for all parametets tivé exception of Bottom
Thickness Limit (see BioSonics (2004)) which was increased 1.2 to 30 on the basis of a
pilot study carried out at Derwent Water, Cumbd&. (Godlewska et al., 2004).
The EcoSAV algorithm outputs lake bottom depth, macrophyte cover (expressed as
percentage), macrophyte height and location (latitude and longitude) sum nbgrisgd
pingsegments withieachdata file. Macrophyte cover values were subsequently aver- aged
over arbitrary 1 min intervals (correspond- ing to c. 67 m segments alongctgnt®

facilitate their comparison with video data. For surveys, lake bottom depth (LBD)
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(corrected for transducer depth), macrophyte cover (MC) (expressed asragupzrrand
macrophyte height (MH) were subsequently used to calculate Percentage Volume
Inhabited (PVI) for each 10-ping sequence according to the equation

PVI = ((MH*(M C/100))/L BD)* 100
which simplifies to

PVI = (MH/LBD)*MC

Comparison of hydroacoustic and underwater video assessments

When water clarity made such work viable, an underwater widerera system (Simrad OE
1372 Miniature High Definition Colour Underwa- ter Camera recgydo a Sony Video
Walkman GV-S50E) orientated vertically downwards was attachethearansducer of the
hydroacoustic system and simultaneous recordings made duringctisaas described below. In

the laboratory, the video recordings were digitised using thewmaaedand software system
WinTV-USB (Hauppauge Computer, Inc., www.haupgacgm) bejdre being reviewed

and scored for macrophyte presence or absence within the part of the imageeithdmynifi

the hydroacoustic system. Such scores were made at 2 s intervals for the didradoh
transect, before being summed into 1 min segments (corresponding7ont.segments
along transects) and macrophyte cover calculated as a percentage for each sdgment. T
procedure produced totatd 50 such segments from a total of 16 transects from L3ke
betweenc. 10.15 and12.00 h on 1 October 2004 (8 transects) and 12 January 2005 (8
transects), and 24 such segments from 10 transects from LakéwaZbe. 14.45 and 15.30 h

on 12 January 2005. Grapnel and Ekman Grab samples were also talaah dke to allow
identification of the dominant macrophyte specigtatistical assessments of the degree of
agreement between the measure of macrophyte cover produced by the hystroaoul
underwater video systems in the two lakes were made by linear regressionidébe
system could not produce quantitative data for macrophyte heightsarstatistical
assessmenbf agreement was not possible fthris parameter, although a qualitative
comparison was made by comparing appropriate ECOSAV output, echograms and videc

recordings from different areas of the two lakes.



Surveys

Although full surveys were carried out for both lakes, only those of Lake 31 are considered
here. Prior to undertaking surveys, transects were planmédtisat they followed a discrete
sys- tematic parallel design as far as field conditions allowed.tdeyurtransects were
followed, run- ning west-east across the lake (Fig. 1). Navgatvas facilitated by a
Magellan SporTrak Pro (EU basemap) GPS (www.magellangp3.with accuracy to less
than 7 m, preloaded with appro- priate way points. Immediately be&mte sur- vey, inshore
surface water temperature was taken to an accuracy of 0.1°C anedemtén the
hydroacoustic system. Total transect length for each survey was 18,3@®ing a ratio of

cover- age (length of surveys: square root of research area) of 10.3:1.

100 m North

Fig. 1 Outline map of Lake 31 of the Cotswold Water Park, U.K., showing the locations of 14
hydroacoustic transects (straight lines) undertaken during surveys on 29 October 2003, 20
January 2004 and 30 April 2004. At the time of the surveys, access to the small north-east
extension tothe lakewas denied by a boom

Such surveys, each of which took c. 50 min to complete, were performed between
09.00 and14.00 h on 29 October 2003, 20 January 2004 and 30 April 2004 alSpati
patterns in selected EcoSAV output variables were examined tiengoftware package
Surfer (Version 8.05, Golden Software, Inc., Colorado, U.,.Sutvw.goldensoft- ware.com)

to perform point kriging with a linear variogram model (slep#&, anisotropy ratio = 1 and

angle = 0.



Results
Comparison of hydroacoustic and underwater video assessments

Fig. 2 shows that macrophyte coverages in both lakes as abdBssederwater video
recording and by EcoSAV were similar and fell around the line of dguaipecific

regressions for Lake 31 (EcoSAV = 0.9417(Video) + 4.8238;= 0.8749,n = 50,P <

0.001) and Lake 32 (ECoSAV = 1.2099(Videdy.8152; 12 = 0.7932,n = 24, P <0.001)

were analysed by a variance ratio test following Mead & Curnow (1983). This revealed
that these relationships were not significantly differént2.613,df = 22.48, 0.05 P
>0.10).

100

EcoSAV cover (%)

0 20 40 60 80 100

Video cover (%)

Fig. 2 The relationship between macrophyte cover assessed by underwater video
recording and by ECOSAV in Lake 31 (derived from 50 1-minute segmeints
16transects surveyed on 1 October 2004 and 12 ya20@5, closed symbols)
and Lake 32 (derived from 24 1- minute segments of 10 transeotsyed on 12

January 2005, open symbols). The line of equality is indicated byoken line.
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Statistics for the overall regression (continuous line) rdre 0.8478,n = 74,P <
0.001. Other regression statistics are given in the text atigeselationship is most

appropriately described by an overall regression (E8&V = 0.9695(Video) +

1.9577, r2 = 0.8478,n =74,P < 0.001). For this overall regression, the intercept was
not significantly different from Otftest;t = 0.5242,P > 0.10) and the slope was not
significantly different from 1 (lower and upper 95% confidencedtfinof 0.8730 and
1.0660, respectively)Qualitative assessment of the efficacy of Eco- SAV at
estimating macrophyte height also indi cated a good agreement, as far as this
parameter coulthe assesseldy examinatiorof simultaneous echograms and video
recordingsin some areas of the lakes, echograms showed occasional tall strands of
macrophytes protruding from lower- growing masses, while corresponding
macrophyte heights produced by EcoSAV increased notably. In the same areas,
video recording showed tafitrands of macrophytes, primariBlodea nuttalliior
Lagarosiphon majgr emerging from lower beds. Even though height
measurements coulibt be made the relatively greater heighaf these protruding
individual strands was evident as the video camera passed over them. Macrophyt
species recorded by grapnel and Ekman Grab samples in Lake 31 during the
comparisonof techniques include€hara curta C. virgata C. globularis Nitella

flexilis, Tolypella intricata Elodea nuttalli Myriophyllum spica- tum, Ranunculus
circinatus Potamogeton trichadesandP. pusillus In Lake 32 they includedChara curta

C. contraria C. globularis Elodeanuttallii, Lagarosiphon majorMyriophyllum spic- atum

andRanunculus circinatus
Surveys

Figure 3 illustrates trends in macrophyte cover, macrophyte height and PVI over the
winter of 20032004 in Lake 31. Macrophyte cover fell from a mean of 60.26%
(95% confidence lim- its, £ 2.16%) in October at the beginning of the wintar to
low of 45.64% (£2.40%) in January, before increasing slightly to 49.18% 8%

at the end of the winter in April. Mean macrophyte height fell successively from
0.54 m (£0.01 m), through 0.48 m (£0.01 m), to 0.46 m (x0.01 m) oeesdime

time period. Mean PVI, which is influenced by changes in both of the above
parameters, fell markedly between October and January from 12.15% (£0.55%) to
7.36% (£0.49%), with a further slight decrease to 7.10% (£0.40%) in Aprdll¥in

Fig. 4 shows examplesf further anal- yses that can be performed rapidly with



Hydrobiologia (2007) 584:11119 9

EcoSAYV output in the form of contour maps of lake bottom depth and macrophyte
cover for Lake 31 on 29 October 2008acrophyte species recorded by grapnel and
Ekman Grab samples during the surveys of Lake 31 incldbada curtaC. virgata C.
globularis Nitella flexilis, Tolypella intricata Elodea nuttalli Myriophyllum spicatum

Ranunculus circinaty$ otamogeton trichoidedP . pusillus
Discussion

The present assessment in two shallow lakes of a hydroacoustic systea sound
frequency of 200 kHz against simultaneously collectediavistudy lakes,
suggesting that the described relationship begenerically applicableo any lake

with a predominantly hard bottom and macrophyte species with growth forms
similar to those observed here. Future studies should seekamine additional
hard-bottomed lakesas well as expanding to lakes with softer substrates.
However, the latter conditions cdre expectedo presentnot only a considerable
challengebecause of the greater hydroacoustic simildrétjwwveen a soft bottom and
macrophytesput they are also likely to make visual assessment more difficult
because of a reduced visual contrast between macrophytes and organic sediments.
Soft-bottomed lakes or areas of lakes are #lsquently associated with higher
levels of suspended sediments in the water column itself,le¢kiels of which
although relatively lowin the present study lakes wersill sufficient to com-
promise video recordings on some transects and thus preclude tleframatthe
present analysis.The present assessment was incapabfe a quantitative
examination of the efficacpf Eco- SAV and a sound frequency of 200 kldr
estimating macrophyte height digethe technicalimitations of the visual recording
system. Howe-ever, in their estuarine study Sabet al. (2002)found a good
agreement between EcCoSAV estimanéshis parameter using 42kHz sound and
direct measurements made by a diving team. data revealed delgigdeof
agreemenin terms of macrophyte cover. Furthermore, the degree of agreement
observed was comparable with that recortbgdSabol et al. (2002)n a sandy
estuary using a 420 kHz system and a more sophisticated underwaterysieeo. s

In fact, the agreement found here was considerably better than thdtdpusabol

et al. (op. cit.), although this was probably because the present analysis averaged
data into 1 min segments rather than used single data points as didribe study.

It is also encouraging that the present agreement between hyastacand visual
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surveys was statistically indistinguishable betweentthe. Given that detecting the top

of a macrophyte is technically much easier than determining thebtttem depth
below a fully developed macgpbytecanopy (see Sabol et al. (2002)), it is likely that the
present system is also capable of accurate measurement of macrojgiyteltieough

this should be established in future assessments. Certainly, the prassetts showed
gualitative agreement between macrophyte heights estimateccdfyAR and those
apparent from the video recordings. The technical limitationshe@fvideo recording
system, particularly its resolution, also prevented a quangtasgessment of the ability

of the hydroacoustic system to distinguish between macrophyteespétbwever, it

was clear that macrophytes of substantially different growth feuobk as low-growing
Charaspecies and tall-growinglodeg Myriophyllum andLag- arosiphorspecies could

be readily distinguished. This study demonstrates that EcoSA¥sveaifectively wth
hydroacoustic data collected using a sound frequency of 200 kstmllow lakes for a
range of previously untested freshwater mphgtes includingChara Nitella, Tolypella,
Elodeaand Lagarosiphonspp. Furthermore, this success was achieved with very little
alteration to the default analysis parameters, i.e. just an incieasel2 to 30 in the
Bottom Thickness Limit (see BioSonics (2004)). A requirementtlie latter is to be
expected from the underlying physics of sound in watpgcifically its differential
pendration into bottom sediments as a function of frequency. Neverthelessa with
lowering of sound frequency there is an inherent consequent loss of resolution and
Hoffman et al. (2002) found that an EcCoSAV system using 70 kHz performed
significantly poorer than one using 420 kHz, although it should be notegulsat
duration also differed and was longer for the former system. Ghisrobservation

and the present results, it can be concluded that sound frequencies suitablénfor use
both macrophyte and fish studies lie in the upper range of those used fattehe
alonen fresh waters, i.e. greater than c. 70 kHz but less than ck20Given the
relatively high capital cost of hydroacoustic systems, such dual usgdwts practical

benefit.

The successful ground-truthing of EcCoSAV with a sound frequency of 200 kHz

enables this system to be used with confidence in full macrophyte surveys. The
demonstration data presented from Lake 31 illustrate some of the direct
(macrophyte cover, macrophyte height) and indirect (Percentage Volume Inhabited)
types of data that can be generated by such surveys. The latter arel&mibly

fast, e.g. a c. 10 ha lake can be surveyed in c. 50 min, and independent of
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environmental conditions such as water clarity. A particularly powerful feafure

the hydroacoustic approadhthat surveys camerepeated with high fidelity and are

not compromised by seasonal changes in environmental parametersedbosas
progressions in macrophyte developments within and between lakes can be easily
and objectively detected and measured, with the incorporation of GPS data wi
the system also allowing detailed spatial analyses. The spatial error varidghee of
latter depends primarily on the transect spacing employed during the surveys,
although the interpolation technique, transect point density and interpolation search
area are also of critical importance (Guan et al., 1999; Vailtewl., 2005).
Generatedsurfaces’ of macrophyte percentage cover, height, depth below surface
and bathymetry interpolated from hydroacoustic data have a variety of ecological
and site management applications. For example, data from the worlbddsatthis

paper are being used as part of an integrated study to model waterbird disturba
risk as a function of a variety of environmental variables, in particular the avail-
ability of food resources in the form of aquatic macrophytes (O’Connell et al., in

press).

As concluded by Schneider et al. (2001), Hoff- man et al. (2@#)ol et al. (2002) and
Valley et al. (2005) working in other aquatic systems, redechnological
developments in the field of hydroacoustics now make this devialohnique for the
survey of aquatic macrophytes in shallow lakes. This does not rhaarbiblogical
sampling is redundant, anymore than the more mature ajplicat of
hydroacoustic techniqués fish studies has removed the need for sampling by netting
in order to secure biological specimens for species identification and other
examination. However, hydroacoustic techniques facilitate more quantitatize a
spatially-referenced studies of macrophyte abundance, paralleling recent studies of
lake fish populations such as those by Elliott et al. (1996), George & Winfield
(2000) and Schmidet al. (2005).As such, hydroacoustic techniques have many

potential applications in studies of macrophytes within shallow lake systems.
Conclusion

The analysis software ECOSAV works effectively with hydroacoust& dallected using a sound
frequency of 200 kHz in shallow lakes for a range of freshwatarophytes includingChara
Ni- tella, Tolypella, Elodea and Lagarosiphonspp. As such, it facilitates rapid, extensive,

gquantitative and spatially-referenced surveys of macrophyte distriiband abundance, with
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many potential applications in studies of shallow lake systems.
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