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a b s t r a c t

In this study, we focused on relatively inexpensive and commonly used fishermen class sonar in order
to test its ability to detect stands of charophytes and other groups of submerged angiosperms in the
shallow and turbid waters of the Curonian Lagoon. Based on the length of macrophytes, height thresh-
olds (20 and 30 cm) were established in order to distinguish charophytes from submerged angiosperms
in obtained echograms. The echograms were visually analysed by two experts. We successfully dis-
criminated 3 echofeatures (bare bottom, stands of charophytes and submerged angiosperms), whereas
angiosperms from different morphology groups could not be distinguished. Below 1 m depth, the stands
harophytes
ubmerged angiosperms
aximum colonization depth

ingle-beam sonar
chogram
chofeature

of charophytes and submerged angiosperms were clearly distinguished, thus their maximum coloniza-
tion depth could be delineated. The accuracy of the discrimination could be reduced by free-drifting mats
of filamentous algae, resulting in the overestimation of charophytes. Our approach can be useful for the
mapping of monospecific stands of submerged vegetation and could be an important additional tool for
macrophyte monitoring and water quality assessment in shallow and turbid waterbodies.

© 2016 Elsevier B.V. All rights reserved.

uronian Lagoon

. Introduction

Shallow coastal waters and estuaries usually are strongly
mpacted by human-induced eutrophication. In such conditions
ubmerged macrophytes are often replaced by faster growing ben-
hic macroalgae and phytoplankton (Duarte, 1995), and maximum
olonization depth of macrophytes is decreased due to reduced
ight climate near a bottom (Dennison et al., 1993). For this reason,
pecies composition, distribution and abundance of submerged
acrophytes are generally considered as water quality indicators

nder Water Framework Directive (WFD, 2000/60/EC). For exam-
le, charophytes are generally considered important indicators of
ood ecological status in the coastal waters (e.g. Schubert and
lindow, 2003; Selig et al., 2007; Hansen and Snickars, 2014).

Established manual techniques for characterising and moni-
oring aquatic vegetation are both time consuming and labour-
ntensive, and generate observations of very limited spatial extent

Winfield et al., 2007). Such methods as aerial surveys or underwa-
er camera systems provide relatively large-scale assessments of
patial patterns of macrophytes but are highly dependent on water

∗ Corresponding author.
E-mail address: martynas.bucas@jmtc.ku.lt (M. Bučas).

ttp://dx.doi.org/10.1016/j.aquabot.2016.06.009
304-3770/© 2016 Elsevier B.V. All rights reserved.
clarity, roughness of water surface and cloud cover (Madsen, 1993;
Hewitt et al., 2004). Hydroacoustic techniques are less depen-
dent on environmental conditions and provide rapid, extensive
and spatial referenced data (Winfield et al., 2007). Therefore, this
approach receives an increasing attention for the assessment of
macrophyte communities. Despite several successful applications
of hydroacoustics in the detection and qualitative characterisa-
tion of macrophytes (e.g. Xu et al., 2013), there are still limitations
(Mielck et al., 2014). For instance, sonars cannot clearly reflect small
morphological features of macrophytes, prohibiting the identifica-
tion to species level even for relatively large kelps (Bajjouk et al.,
2015).

Fishermen class sonars differ in their technical characteristics,
but usually provide side scan sonar data and depth in a single
beam-like manner. Although few manufacturers offer proprietary
software packages, such as EcoSAV from BioSonic, that are specifi-
cally designed to measure plant height, areal coverage and density
of macrophytes (Winfield et al., 2007), these solutions are not
available for majority of sonar systems. Nonetheless, these char-
acteristics can be estimated manually from echograms, where
vegetation is generally visible as a contiguous vertical echo return

immediately above the bottom (Depew et al., 2009). Based on the
height of echofeatures, the dominant growth form in a stand can be
identified (Fortin et al., 1993). For instance, charophytes are usually

dx.doi.org/10.1016/j.aquabot.2016.06.009
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquabot.2016.06.009&domain=pdf
mailto:martynas.bucas@jmtc.ku.lt
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Fig. 1. The study area with sampling locations by 
horter than submerged angiosperms (e.g. Winfield et al., 2007),
specially in waterbodies with monospecific and stratified stands
e.g. Abukawa et al., 2013).
nd sonar in the Curonian Lagoon, 2014 and 2015.
In this study we focused on relatively inexpensive and com-
monly used fishermen class sonar in order to test its ability
to discriminate different morphological groups of macrophytes
(including charophytes) and their distribution in shallow and tur-
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Fig. 2. The acoustic features that could be derived from the echograms (200 kH

id waters of the hyper-eutrophic Curonian Lagoon. Firstly, we
ampled submerged macrophytes and measured their lengths to
et thresholds for discrimination of different morphological groups.
econdly, we performed hydroacoustic surveys in parallel with
n situ sampling of macrophytes. In relation to defined length
hresholds, we visually analysed echograms to distinguish different
chofeatures and validated them with in situ data. Finally, we  esti-
ated the accuracy of agreement between hydroacoustic data and

n situ measurements depending on the variability associated with
isual analysis by two experts, different depths and the presence
f algal mats.

. Materials and methods

.1. Study area

The Curonian Lagoon is a large, shallow water body (total area
584 km2, mean depth 3.8 m)  located along the south-eastern coast
f the Baltic Sea (Fig. 1). The Klaipeda Strait provides the only con-
ection to the Baltic Sea, while in the eastern part the Nemunas
iver (one of the largest rivers in the Baltic region) is entering the

agoon. The mixing of fresh and brackish water masses creates spa-
ially and temporally unstable gradients with salinity ranging from

 to 7 PSU (Dailidienė and Davulienė, 2008). During elevated dis-
harge, the northern part of the lagoon is typically defined as a
ransitional riverine-like system with a mixing of brackish, lagoon
nd riverine waters (Ferrarin et al., 2008). The southern part is more
acustrine and characterized by a relatively closed water circulation

ith lower current velocities, where the wind is the main driving
actor.

The Curonian Lagoon is a naturally productive water basin
Gasiūnaitė et al., 2008) and is considered as eutrophic or hyper-
utrophic. The shallow, weakly stratified lagoon remains very

urbid throughout the year due to solids (mainly sand and silt)
eing resuspended as a result of water mixing caused by local
inds and intensive primary production (Galkus, 2003). The mean

ecchi depth is ca. 0.6 m and varies from 0.3 to 2.2 m (Gasiūnaitė

able 1
elative frequency, maximum abundance and depth distribution of submerged macroph
agoon  in July–September 2014 and 2015.

taxa leaf morphology relative frequency

Cladophora spp. filaments 36 

Chara baltica whorls 4 

C.  contraria whorls 66 

C.  aspera whorls 31 

Nitellopsis obtusa whorls 19 

Tolypella nidifica whorls 4 

Myriophyllum spicatum pinnate whorls 10 

Zannichellia palustris narrow-leaf 13 

Potamogeton rutilus narrow-leaf 18 

P.  pectinatus narrow-leaf 30 

P.  perfoliatus broad-leaf 45 
nnel): charophytes (lower image) and submerged angiosperms (upper image).

et al., 2008). The luxuriant vegetation of both emergent and sub-
merged macrophytes are mostly confined in the upper littoral zone
(Sinkevičienė, 2004).

2.2. Sampling and length measurements of macrophytes

The sampling of submerged macrophytes was performed in
July 2014 (14 transects with 93 locations of sampling), in August
and September 2015 (5 transects with 37 locations of sampling).
Macrophyte species were sampled by tossing a double-headed rake
attached to a line. Semi quantitative abundance was assessed using
the Braun-Blanquet scale. At least 8 specimens of charophytes and
16 of submerged angiosperms were selected in each 4 depth zones
(<0.25 m,  0.25–0.5 m,  0.51–1.0 m,  >1 m)  for their length measure-
ments. The lengths of macrophytes were pooled into 4 groups
according to their characteristic morphological features (whorls
charophytes, narrow-leaf pondweeds, broad-leaf pondweeds and
pinnate whorls milfoil) in order to set thresholds for the discrimi-
nation of these groups in echograms.

2.3. Collection of hydroacoustic data

The survey was conducted in the beginning of September
2014, when submerged macrophytes are generally fully developed
(Z. Sinkevičienė, pers. obs.). The collection of hydroacoustic data
was done from a small boat (length 6 m,  draft 0.3 m)  equipped
with the fishermen class Hummibird 898c SI Combo sonar with
XHS 9 HDSI 180 T transducer. This system is able to work at
200/83/455/800/50 kHz frequencies and has 2.5 inch target sepa-
ration capabilities. The sonar head was  mounted on the back of the
boat, 0.4 m below the water surface. The sonar operates with simul-
taneous dual single-beam frequencies (200/455 kHz) and records
side scan data with 2D imaging. Hydroacoustic data was collected

moving at a speed of ca. 4 km h−1 in 11 transects perpendicular to
the shore, within 0.3–4 m depth, thus covering photic zone that
extends up to 2.5 m (D. Vaičiūtė, unpublished). The system was not
equipped with motion reference unit; therefore, only those seg-

yte taxa (classified according to their morphology) recorded in situ in the Curonian

, % max abundance & depth range, m max depth, m

5 (0.5–1.0) 1.70
2 (0.5–0.7) 0.75
5 (0.5–1.5) 1.90
5 (0.5–1.0) 1.70
2 (0.9–1.0) 1.60
1 (1.0–1.2) 1.25
1 (0.5–0.8) 1.80
1 (0.7–1.5) 1.50
3 (1.2–1.6) 1.80
4 (0.5–1.2) 1.40
4 (0.5–1.4) 1.50
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Table 2
Length of charophytes and submerged angiosperms pooled into groups according to morphology (Table 1) in different depths of the Curonian Lagoon in July–September
2014  and 2015. The length of green filamentous algae (Cladophora spp.) was not estimated as they were growing as epiphytes or drifting unattached near the bottom. Data
presents  means ± standard deviation.

Depth, m Length, cm

whorls charophytes pinnate whorls milfoil narrow-leaf pondweeds broad-leaf pondweeds

0–0.25 16.0 ± 8.5 17.5 ± 10.6 18.6 ± 7.3 32.0 ± 23.6
0.26–0.5 16.9 ± 8.8 46.0 ± 22.5 26.6 ± 8.9 38.9 ± 20.8
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0.51–1.0 20.0 ± 8.3 86.7 ± 32.1 

>1.0  19.1 ± 8.4 

ents of echograms, where actual bottom position was  apparent,
ere analysed.

The analysis of hydroacoustic data was performed manually
sing HumViewer 86 software, which provides simultaneous view
or both data channels (200 kHz and 455 kHz). The occurrence of
chofeatures was assessed within ca. 15 m distance in 79 random
egments of the echograms (Fig. 2). The echofeatures correspond-
ng to morphological groups of macrophytes were distinguished
ccording to the thresholds derived from in situ length measure-
ents (Table 2). The height of echofeatures was estimated using

ength/distance measurement tool with the accuracy of 0.1 m.  The
are bottom was  considered where no apparent echofeatures were
isible in echograms.

Two experts (A and B) independently analysed hydroacoustic
ata in order to evaluate the bias associated with visual assessment.
he systematic disagreements between estimates of both experts
ere identified and reassessed.

.4. Ground truthing

In order to validate echofeatures with four morphological
roups of macrophytes, in situ sampling of submerged aquatic
lants was conducted in parallel to hydroacoustic transects. The
ottom was dredged along the drift track for ca. 15 m distance with

 double-headed rake attached to a line and sometimes inspected
y snorkelling. The samples were brought to the laboratory for
etailed species identification and length measurements (except
ladophora genus). The maximum colonization depth of submerged
egetation was determined from the real time echograms and
round truthed by snorkelling and line.

.5. Statistical analysis

Significant differences in mean lengths of 4 morphologi-
al groups of macrophytes at each depth intervals (<0.25 m,
.25–0.5 m,  0.51–1.0 m,  >1 m)  were determined by nonparametric
ultiple contrast effects based on global rankings, computed with

 Tukey-type test, using “nparcomp” package (Konietschke et al.,
015) in R 3.2.0 (R Core Team, 2015).

The correspondence of echofeatures with in situ samples was
ssessed in terms of visual analysis by two experts, presence of
lgal mats and depth intervals; 3 accuracy measures were used:
ensitivity, specificity and area under the receiver operating char-
cteristic curve (AUC). These parameters describe the fractions of
chofeatures (presence and absence) that are classified correctly.
he sensitivity describes the fraction of presences derived from
chograms that actually occurred in situ.  The specificity describes
he fraction of absences (i.e. bare bottom) derived from echograms
hat actually were absent in situ. AUC is an effective and combined

easure of sensitivity and specificity for assessing the inher-

nt validity of classification (Kummar and Indrawn, 2011), where
UC = 1 means that the classification is perfect, AUC = 0.5 means

he chance discrimination, while AUC = 0 means incorrectly classi-
ed all presences and absences. All these measures were calculated
35.6 ± 12.4 86.8 ± 54.9

29.8 ± 5.4 70.2 ± 57.4

using “PresenceAbsence” package (Freeman and Moisen, 2008) in
R.

Depending on data properties, statistical hypothesis on esti-
mates (i.e. means of AUC and maximum colonization depth of
macrophytes) were tested using several parametric statistical
methods (one-way analysis of variance and Tukey’s honest signifi-
cant difference test) and Wilcoxon rank sum test in R.

The effect of epiphytes or near bottom free-floating mats
(mainly formed by Cladophora spp.) to the accuracy of classification
of charophytes and submerged angiosperms was tested. Welch two
sample t-test was performed with samples including and excluding
filamentous green algae.

3. Results

3.1. Species composition, abundance and length thresholds

In total, 11 submerged macrophyte taxa were identified and
classified to five morphological groups (Table 1). The first mor-
phological group characterized by whorls was represented by 5
species of charophytes, where Chara aspera and C. contraria were
the most abundant. The second group characterized by pinnate
whorls consisted of only one species Myriophyllum spicatum. The
third group characterized by narrow-leaf submerged angiosperms
was dominated by Stuckenia pectinata and Potamogeton rutilus.
The fourth (broad-leaf submerged angiosperms) and fifth (filamen-
tous) groups were represented by a single taxa, P. perfoliatus and
Cladophora spp. respectively.

The mean length of 4 morphological groups of macrophytes
did not statistically significantly (nonparametric Tukey-type con-
trast p > 0.05) differ at 0–0.25 m depth (Table 2), thus hydroacoustic
data was  not further analysed in this depth range. At greater
depth, the mean length of charophytes (the first morphologi-
cal group) was  significantly (nonparametric Tukey-type contrast
p < 0.01) lower than the length of other groups characterized by pin-
nate whorls, narrow-leaf and broad-leaf submerged angiosperms.
In this respect, echofeatures were reclassified into two groups
(charophytes and submerged angiosperms). The mean length of
charophytes at different depths ranged from 16 ± 8 (±standard
deviation) to 20 ± 8 cm,  therefore two  thresholds (20 and 30 cm)
were set to discriminate these two  groups (Fig. 2). Since the dis-
crimination accuracy of echofeatures did not significantly differ
with both thresholds, the results below are given using only 20 cm
threshold.

3.2. Accuracy of visual assessment

The agreement between charophytes discriminated from the
echograms and in situ measurements was higher than chance for
both experts (mean AUC = 0.63). The discrimination of charophytes

between two  experts was similar (Fig. 3): relatively high accuracy
of presences (mean sensitivity > 91%) and low accuracy of absences
(mean specificity < 37%). The mean ranks of AUC did not signifi-
cantly (V = 3.5, p = 0.1) differ between the experts.
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ig. 3. The accuracy of classification of charophytes and submerged angiosperms fro
rea  under the ROC curve (AUC), sensitivity and specificity. Data presents means ± 

The correspondence between submerged angiosperms classi-
ed from the echograms and in situ measurements was  higher than

hance (mean AUC = 0.65). The mean sensitivity and specificity of
oth experts were higher than 50%; however, there was  some dis-
greement in the classification. Expert A resulted in relatively lower
ccuracy of presences and higher accuracy of absences (respec-

ig. 4. The accuracy of classification of charophytes and submerged angiosperms from 

.3–1.5  m depth (A and B) and separately charophytes (C and D) and submerged angio
tations, where filamentous green algae (Cladophora spp.) occurred (26). The accuracy m
eans ± standard deviation. (For interpretation of the references to colour in this figure l
 echograms by two experts (A and B) and in situ measurements. Accuracy measures:
rd deviation.

tively, mean sensitivity = 52% and specificity = 87%) than expert
B (respectively, mean sensitivity = 68% and specificity = 61%). The

mean ranks of AUC significantly (V = 18, p < 0.01) differed between
the experts. After intercalibration between both experts, general
agreements (mean AUC) of both groups of macrophytes (Fig. 4,
A) did not significantly (respectively, F = 0.19, df = 2, p > 0.05 and

the echograms and in situ measurements after intercalibration of experts within
sperms (E and F) in different depths. B, D and F—after removing ground truthing
easures: area under the ROC curve (AUC), sensitivity and specificity. Data presents
egend, the reader is referred to the web  version of this article.)
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 = 0.001, df = 2, p > 0.05) differ compared to the estimates before
ntercalibration (Fig. 3). The visual assessment of both experts
esulted in slight underestimation of the maximum colonisation
epth of charophytes and submerged angiosperms (0.6–1.4 m)  than
easured in situ (0.7–1.9 m).  After the intercalibration, the depth

imits became identical (0.7–1.9 m).

.3. Effect of depth and algal mats

The correspondence between charophytes classified from the
chograms and in situ measurements significantly (F = 603.03,
f = 2, p < 0.01) differed within the depth zones (Fig. 4, C). In shal-

ow areas (≤ 1 m)  the discrimination of charophytes was close
o random (mean AUC = 0.5–0.55) and significantly (Tukey’s HSD

 < 0.01) lower than in deeper areas (>1 m),  where it was relatively
igh (mean AUC = 0.89). The accuracy of charophytes absences dis-
layed similar pattern: in shallow areas it was relatively low (mean
pecificity = 0–9%), whereas deeper it was relatively high (mean
pecificity = 78%). The accuracy of charophytes presences was 100%
ithin the depth zones.

Similarly to charophytes, the correspondence between sub-
erged angiosperms classified from the echograms and in situ
easurements also significantly (F = 132.93, df = 2, p < 0.01) dif-

ered within the depth zones (Fig. 4, D). In shallow areas the
iscrimination of submerged angiosperms was close to random
mean AUC = 0.5–0.57) and significantly (Tukey’s HSD p < 0.01)
ower than in deeper areas (>1 m),  where it was moderate (mean
UC = 0.73). The accuracy of absences was relatively low (mean
pecificity < 47%) and increased along the depth. The accuracy of
ubmerged angiosperms presences was 100% within the depth
ones.

The exclusion of samples with filamentous green algae resulted
n significant increase in general agreement (mean AUC) between
lassification of charophytes and submerged angiosperms (respec-
ively, t = 7.50, df = 110, p < 0.01 and t = 5.54, df = 131, p < 0.01) (Fig. 4,
). This was evident in deep areas (Fig. 4, E and F), where absences
f both macrophyte groups were better determined (mean speci-
city = 88% and 54%).

. Discussion

The mapping of aquatic vegetation in extremely shallow and
urbid environments requires specific approaches, since the use
f optically based remote methods (underwater video, aerial
nd satellite imagery) is very limited (Madsen, 1993; and refer-
nces therein). Survey class hydroacoustic equipment is generally
esigned for greater depths; therefore, its application in ecosys-
ems such as the Curonian lagoon is not efficient. The development
f high frequency hydroacoustic equipment, such as acoustic
oppler current profiler (Waren and Peteterson, 2007) or imaging

onars operating in mHz  range (Xu et al., 2013) can enhance the
etection of macrophytes, however such devices are not widely
vailable and often require special skills to operate. On another
and, relatively inexpensive and simple fishermen class sonars are
idely available and may  offer new possibilities for researchers,

uch as the assessment of aquatic plant abundance patterns and
ommunity dominance (Valley et al., 2015). They can be easily
ounted on very small boats, do not require complicated con-

guration and calibration, hence can be operated by personnel
elatively inexperienced in hydroacoustic technologies.

In our study, macrophytes from in situ sampling were cate-

orized according to their morphological features, which were
xpected to be visible in echograms. However, we failed to dis-
inguish them most likely due to low horizontal target separation
apability (ca. 5 cm)  of the sonar and too fine structure of macro-
ny 134 (2016) 39–46

phytes (e.g. the mean length of Potamogeton perfoliatus leaves
was 4 ± 1 cm). Nevertheless, we  obtained fairly good quality data
at extremely shallow depths (0.3–2 m)  for the discrimination
between vegetated and bare bottoms, charophytes and submerged
angiosperms (according length measurements) and the detection
of their maximum colonization depth. The results of discrimina-
tion depended on several factors such as the length thresholds for
groups of macrophytes, their depth distribution and variability in
visual assessment.

4.1. Length thresholds for groups of macrophytes

The hydroacoustic mapping was performed in the begin-
ning of September, assuming that submerged vegetation is fully
formed. According to in situ data the mean length of dominant
charophytes and submerged angiosperms increased from July
to September (respectively for charophytes: from 20 to 23 cm
and submerged angiosperms: from 41 to 73 cm) in <1 m depth.
Nevertheless, the means did not significantly differ among the
months (respectively for charophytes: F = 1.95, df = 2, p > 0.05 and
submerged angiosperms: F = 3.24, df = 2, p > 0.05), showing that
selected thresholds (20 and 30 cm)  could be used during the whole
period. This well agrees with the time recommended for macro-
phyte monitoring (e.g. Madsen, 1993), while Farrell et al. (2013)
successfully identified watermilfoil (Myriophyllum spicatum) with
hydroacoustics from middle of July to August. Furthermore, during
these months most of submerged angiosperms flower above the
water and since their stems tend to straighten up from the bot-
tom towards the surface it should improve the discrimination of
echofeatures.

In our approach, there is a slight methodological disagreement
between in situ samples (length measurements) and echograms
(height measurements). For instance, the mean length of dominant
charophytes in some cases was higher than selected threshold for
the discrimination of echofeatures. However, this could be disre-
garded as the lengths were measured after the macrophytes were
removed from the water and stretched out, whereas charophytes
do not form fully upright stands underwater. In particular, the
length of Chara contraria specimens often exceeded 20 cm (up to
46 cm), however due to their weakly encrusted and partly ecorti-
cated thalli (subgymnophyllous form) their stands were flattened
to the bottom and did not exceed the selected threshold (pers. obs.).
To avoid the underestimation of longer charophytes, the higher
threshold of 30 cm was  tested; however, the difference in accu-
racy of discrimination was insignificant compared with the results
of 20 cm threshold. Finally, the thresholds used in this study were
also successfully applied in discrimination between the stands of
charophytes and submerged angiosperms in several hydroacoustic
transects performed in August and September 2015, supporting its
consistent performance and application in the Curonian Lagoon.

4.2. Depth distribution of macrophytes

Fortin et al. (1993) could successfully distinguish three
phytoacoustic facies corresponding to dominant growth forms
(Potamogeton, Vallisneria and Nitella), showing that hydroacoustic
methods are best applicable for relatively homogeneous aquatic
plant communities. In the Curonian Lagoon, however, dominant
macrophyte species were overlapping at less than 1 m depths
(Table 2), what reduced the accuracy of discrimination of echofea-
tures in the upper littoral part (Fig. 4). Additionally, we compared
the classification accuracy between monospecific stands of charo-

phytes and mixed stands. The discrimination was  significantly
(t = 5.44, df = 22, p < 0.01) lower in the latter case (respectively,
AUC = 0.54 ± 0.03 and AUC = 0.67 ± 0.11), showing that monospe-
cific stands were more accurately distinguished. However, the
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lassified as present, whereas submerged angiosperms could be missed since they 

bove  the bottom) from the ground truthing point on the left side; (B) solitary plan

pecificity was relatively low (33%) since in transects without
harophytes (especially in the western part of the Curonian Lagoon)
arrow-leaf pondweeds (mainly Stuckenia pectinata) formed not

ully upright stands, which were falsely classified as charophytes
n the echograms. Similarly, at depths below 1 m the mats of fila-

entous algae were mistaken for charophytes that resulted in 10%
ccuracy decrease for the discrimination of macrophyte groups.

Only few macrophyte species (mainly submerged plants) occur
n the lower part of the photic zone, forming uniform stands strat-
fied along the depth gradient in order to avoid shading in reduced
ight climate (Bornette and Puijalon, 2011; and references therein).
hus, hydroacoustic methods could enhance the discrimination in
he lower littoral, especially if species differ morphologically (Xu
t al., 2013). In example, Abukawa et al. (2013) distinguished stands
f Potamogeton and Chara,  which were restricted to shallow and
reater depths respectively. However, it was not entirely the case
n the Curonian Lagoon, where stands of Potamogeton and charo-
hytes were present in the whole photic zone. This is consistent to
he patterns observed in very turbid lakes (mean Secchi disc <1 m
ver the vegetation season) in Denmark (Middelboe and Markager,
997). Nevertheless, we resulted in excellent discrimination of the
tands dominated by charophytes and submerged angiosperms
elow 1 m depth (Fig. 4). Both macrophyte groups were grow-

ng close to each other without evident overlap, probably due to
hading by taller and large-leaved pondweeds. Moreover, these
elatively monospecific stands were clearly distinguished in the
chograms, since the mean length of Potamogeton plants (ca. 60 cm)
as threefold higher than the mean length of charophytes (Table 2).

hese results show that our approach could be successfully applied
or the delineation of maximum colonization depth of macro-
hytes, which is used as an indicator by many European countries
HELCOM, 2013). Therefore, the tested hydroacoustic method can
upplement macrophyte monitoring, development and testing of
ndicators based on aquatic vegetation in other shallow and turbid
agoons or lakes.

.3. Visual assessment by experts

Methods of manual hydroacoustic data analysis for the dis-
rimination of biological and physical characteristics on the sea
ottom have a long history, and already proved their effective-
ess (Brown et al., 2002; Nitsche et al., 2004). However, to a
ertain level they are subject to human bias, especially when ben-

hic features are not easily detected. In this study, two  experts
roduced slightly different results from the same data set. The
ighest disagreement occurred in the detection of submerged
ngiosperms in echograms (Fig. 3), particularly the mismatch was
red when classifying charophytes and submerged angiosperms: (A) charophytes
 the edge of validation transect, which is indicated by 15 m distance bar (ca 0.3 m

ld be sometimes missed or interpreted as artefacts of noise.

determined in places, where ground truthing segment was  close
(up to 10 m) to the transition from stands of charophytes to sub-
merged angiosperms (Fig. 5, A). In such cases, one expert recorded
only the presence of charophytes, strictly following the protocol,
while another expert considered nearby vegetation, thus adding
the presence of submerged angiosperms. Monospecific stands of
charophytes were well distinguished by both experts; however, in
locations with low occurrence of charophytes one of the experts
occasionally missed single specimens (Fig. 5, B). Despite these mis-
takes, the bias of visual assessment was  relatively low, especially for
the maximum colonization depth of charophytes and submerged
angiosperms. Moreover, both experts complemented each other by
their visual analysis and specific findings in the echograms (e.g. the
occurrence of single plants, acoustic noise and artefacts, changes
in the texture of sediments), what is very important for a manual
assessment.

The manual analysis of echograms can become very tedious
task in long acoustic transects with hetero-specific stands of
macrophytes, thus automatic or semi-automatic visual assessment
methods can be applied. However, they are mainly restricted to
commercial software (e.g. Echoview, BioBase) and in case different
sonars were used, the standardization of hydroacoustic systems
and the signal processing approach would be necessary before
using such methods as an assessment tool (Radomski and Holbrook,
2015).

5. Conclusions and perspectives

We found the potential in the use of a simple fishermen
class hydroacoustic system for the detection of bare bottom and
stands dominated by fully developed charophytes or submerged
angiosperms in extremely shallow and turbid lagoon. The suc-
cessful discrimination of echofeatures was based on differences
in their height, whereas macrophytes with different morphology
could not be distinguished. We  could precisely separate the stands
of charophytes from submerged angiosperms bellow 1 m depth
due to higher difference in their lengths and more monospecific
stands than in shallow part of the littoral, where application of
the sonar was limited. Since we  were able to discriminate stands
of charophytes and their maximum colonization depth, which are
generally considered as water quality indicators, the use of simple
hydroacoustic method could be a very important additional tool for

macrophyte mapping, monitoring and ecological status assessment
according to the WFD. Although this study aimed to discriminate
stands of submerged vegetation to echofeatures, we clearly see the
potential for their quantitative estimation and the development
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