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Figure 2. Lagoa da Tapera. A: aerial photo; B: bathymetric map.

3.3. Lagoa do Pinheiro (Type A3)

This lake with a surface area of only 0.64 km?
has a maximum depth of 6.4 m, being the deepest
of the small lakes (Figure 4). The bottom form is
funnel-shaped, not uniform as in the other studied
lakes. The high relative depth (0.7%) causes a
transparency of 1.1 m. There is no direct contact
between the margins and migrating dunes because

of the Pinus plantation around the whole lake. The
only source of suspended matter is a channel to the
adjacent Lagoa do Quintao.

3.4. Lagoa da Cerquinha (Type A4)

Situated in the central part of the study area, in
the municipality of Balnedrio Pinhal, the Lagoa da
Cerquinha is morphologically the most irregular. It
has a sinuous shape and a surface area of 8.67 km?
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Figure 3. Lagoa do Capio Alto. A: aerial photo; B: bathymetric map.

(Figure 5), low maximum depth (1.8 m) and low
water volume of 9.2*10° m®. The relative depth is
only 0.05%. The aging process is accelerated due
to the advanced stage of segmentation, because it
is almost divided into three parts by a deposition of
sediments, covered by macrophytes. Because of this
segmentation, the lake has very expanded perimeter
and the highest perimeter development among the
18 lakes (2.02). Despite of these characteristics,

mainly the small volume, the lake is used to supply
the city of Balnedrio Pinhal.

3.5. Lagoa do Quintio (Tjpe B)

Situated in the southern part of the study area,
in the city of Palmares do Sul, the Lagoa do Quintao
has an area of 8.41 km? and stands out for being
the deepest (9.3 m) between the studied lakes and
the third in volume (30.5*10° m?). Its morphology
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Figure 4. Lagoa do Pinheiro. A: aerial photo; B: bathymetric map.

presents an internal barrier of sediments, in the
depth of approximately 2 m, which gradually
begins to delineate the division of the lake into
two bowls, a deeper in the east and a shallower in
the west (Figure 6). The lake presents an early and
less advanced stage of segmentation due to its high

depth.

3.6. Morphometric differentiation of the coastal
lakes

Comparing the variation of data it can be
noticed that the parameters that describe the
size of the lakes were more distinctive than those
that describe the depths, with the exception
of relative depth, showing a high variation
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Figure 5. Lagoa da Cerquinha. A: aerial photo; B: bathymetric map.

because it represents the ratio between maximum
depth and area (Table 3). Figure 7 shows, in
descending order, the coeflicients of variation of
the morphometric parameters. This result indicates
that a morphological differentiation is more related
to size than to the depth of the lakes.

3.7. Cluster analysis

The next step of the morphological
characterization was a cluster analysis in order to
identify morphologically differentiated groups of
lakes (Figure 8). The dendrogram distinguishes two
main groups: small (A) and big (B) lakes.
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Figure 6. Lagoa do Quintao. A: aerial photo; B: bathymetric map.

The group of the smaller lakes can be subdivided
into four subgroups:

Subgroup Al: very small lakes with surface
areas of 0.71-1.06 km?, maximum depths around
2 m and low relative depth near 0.2%; lakes with
highly unstable water body and very regular shape
(perimeter development 1.04 — 1.08).

Subgroup A2: lakes with areas between 2.2 and
2.9 km?, maximum depths from 2 to 3 m, small
lakes with low relative depth (around 0.2%) and
highly unstable water body and regular shape
(perimeter development 1.04 — 1.23).

Subgroup A3: very small lakes (0.4 — 0.8 km?)
with the highest relative depths (0.47 to 0.7%), they
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Table 3. Minimum and maximum values, difference factor, name of the lake with minimum and maximum value
and coeflicient of variation (CV) of 10 morphometric parameters.

Max Min Difference Lake max Lake min Ccv
Factor

Surface area 19.07 0.36 53 Porteira Prainha 116
Perimeter 20.9 2.2 9.5 Porteira Prainha 75
Length 8.0 0.77 10.4 Cidreira-Rondinha Prainha 72
Width 4.47 0.62 7.2 Porteira Prainha 60
Volume 55.2 0.5 110.4 Porteira Prainha 147
Maximum depth 9.34 1.8 5.2 Quintao Cerquinha 57
Average depth 3.63 0.62 5.9 Quintéo Gentil 49
Relative depth 0.7 0.05 14 Pinheiro Gentil 86
Perimeter development 2.02 1.04 1.9 Cerquinha Suzana/ Potreirinho 23
Relative fetch 100 68 1.8 Pinheiro Gentil/Cip6 18

Max: maximum value, Min: minimum value; lake max: name of the lake with maximum; lake min: name of the

lake with minimum.

Figure 7. Coefficient of Variation (CV) of 10 mor-
phometric parameters in 18 coastal lakes. perimeter . .
. = perimeter development.

are the less unstable of the studied lakes because of
their small surface area combined with maximum
depths between 4 and 6.4 m; they have regular
shapes (perimeter development 1.05 — 1.47)

Subgroup A4: lakes with the most irregular
surface form, the highest perimeter development
(between 1.4 and 2.0), a heterogeneous subgroup
of shallow lakes with medium sizes.

Group B: big lakes, with areas between 8.4 and
19.1 km?and irregular shapes. The separate position
of the Lagoa do Quintao in the dendrogram is due
to the minor area and the highest maximum depth.

The morphological characterization of the
groups is given in Table 4.

3.8. Discriminant analysis

A discriminant analysis was performed to test
if the relationships between the variables show
the same group memberships and to identify the
parameters that best explain the grouping. The
analysis confirms the grouping of the lakes. The
width and relative depth were identified as most
important for the differentiation of morphological

groups (Figure 9). The width explains 58.4% of
variance, relative depth 37.1% and development
of perimeter 4.5%. As the width is not commonly
used to characterize the morphology of lakes but the
surface area, it was performed a log-log regression
between these two variables. The calculation showed
a very high correlation, where the surface explains
97.5% of the variance in width (2 = 0.975; p <
0.001). Consequently, the width can be used as an
indicator variable for the size of the lakes.

3.9. Principal Component Analysis

The Principal Component Analysis (PCA)
extracted two significant factors, the first represents
mainly four positively correlated variables that
describe the size (area, length, width and perimeter)
of the lakes and, negatively related to these, the
relative depth and relative fetch. The second
component represents the maximum and average
depths (Figure 10). The two components explain
83% of variance of the data set. As the relative
depth and fetch are negatively correlated to the
size, the big lakes tend to have a low relative depth.
The perimeter development is located together
with the size parameters (Figure 10). Therefore
it is used, jointly with area, relative depth and
maximum depth to describe the morphological
types (Table 4).

All stacistical approaches show that the
morphological differentiation of the 18 coastal
lakes is mainly done by the heterogeneity of the sizes
(area and regularity) in association with their relative
depths and less by the differences of maximum
depths. The grouping by cluster analysis was the
baseline for the morphological types of coastal lakes.
Figure 11 shows the distribution of the lake types
in the study area.
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Figure 8. Dendrogram of the morphological groups of the 18 costal lakes, using all standardized morphometric
parameters and as measure the Euclidian Distance. There are two main groups, the small lakes (A) with differentia-
tion in four subgroups (Al to A4) and the big lakes (B) with outstanding Lagoa do Quintdo because of its high

maximum depth.

Table 4. Morphological lake types based on surface area, stability of water body (relative depth), perimeter develop-
ment and maximum depth, derived from cluster analysis of 18 lakes with 10 standardized morphometric parameters.

A: small lakes; B:big lakes.

Type Area Relative Depth (%) Maximum depth (m) Perimeter
(km?) development
A 0.7-8.6 0.05-0.7 1.5-6.4 1.0-2.0
A1 0.7-1.06 0.19-0.27 1.8-2.6 1.04-1.08
A2 2.2-29 0.1-0.19 2.0-3.3 1.05-1.23
A3 0.4-0.8 0.5-0.7 44-6.4 1.05-1.47
A4 2.4-8.6 0.05-0.14 1.5-3.8 1.4-2.0
B 8.4-19.1 0.06-0.29 3.3-9.3 1.1-1.8
4. Discussion
6 ADA Since the early limnological studies,
s ] A Group morphometric peculiarities played an important
o o Al role in explaining biotic and abiotic phenomena,
é 04 o A <A> ﬁg such as diversity of communities as well as the
E o gV o'va v M dynamic of substances cycling. The main problems
-3 1 v él Grou che er  Of the morphological lake characterization were
the precision of depth measurements, particularly
-6 1 because of the lack of the exact localization of the
, Y , , , sampling sites, and the quality of surface data,
6 -3 0 3 6 limited by the accuracy and scale of the cartographic

Function 1

Figure 9. Ordination of the groups of lakes along the
two first discriminant functions. The first is related to the
width and the second to the relative depth. The group
A3 is noted by the high relative depth, while the other

four groups follow a size gradient.

material. The use of echo sounder coupled with GPS
allows an increase in the precision of depth data
sampling and permits a review of former assessments
of lake structure and functioning (Bezerra-Neto and
Pinto-Coelho, 2008; Bezerra-Neto et al., 2010). The
satellite image interpretation increases the spatial
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resolution and gives exact information of the actual
lake surface. Consequently, the quality of predicting
models increases, apart the ecological aspects, with
the accuracy of morphometric data of the lakes
(Hakanson, 2005; Johansson et al., 2007).

The morphological characteristics play an
important role in the trophic state assessment of the
coastal lakes. Most of the trophic state indices are
based on the light availability for photosynthesis,
expressed by Secchi Depth or transparency and
its relationship with phytoplankton density
(Carlson, 1977; Carlson and Simpson, 1996). In
the present case, the light extinction also depends
on lake morphology, mainly on the relative depth.
The linear regression between transparency and
relative depth is highly significant (p = 0.002) and
explains nearly 50% (r* = 0.48) of the variance
of transparency. The low relative depths and the
exposure of the lakes to constant northeastern winds
reduce the transparency. Consequently, the lakes
are light limited by suspension of inorganic and
organic matter. This means that an accurate trophic
state assessment must consider the morphological
aspects of the coastal lakes. The relative depth is

Figure 11. Map of distribution of the five morphological
types of the coastal lakes in the study area. Types: Al:
very small, shallow and regular shape; A2: small, shallow
and regular shape; A3: very small, medium deep, regular
shape and high relative depth; A4: medium sized, shallow
and very irregular shape; B: big lakes, large and/or deep
with irregular shape.

an indicator for the dynamic and the circulation
properties of the water body. The lakes have relative
depths less than 1%. The shallowness of the lakes
and the constant ocean winds permit permanent
holomictic circulations all over the year. They are
responsible for oxygenated sediment surfaces and
saturation of oxygen in the water column. These
conditions facilitate the homogeneous settlement
of acrobic organisms all over the bottom area. There
is no significant relationship between differences of
depth, organic matter content of sediment and the
composition of macroinvertebrate communities.
The aerobic sediment is a criterion for oligotrophic
lakes, while the usual trophic state assessments
indicate higher trophic levels (Schifer et al., 2013).

Because of their shallowness and the form of
the lake basin, the coastal lakes have a small water
volume, contrasting with the surface area and often
overestimated by public and private managers. A
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Figure 12. Hypsography of the representatives of the five morphological lake types. The median depths of volume
(50%) are situated nearby the surface of the lakes. An exception is the Lagoa do Quintao because of its high maxi-

mum depth of 9.3 m.

typical example for that is the Lagoa do Quintao
(Figure 6). Among the lakes studied, it shows
the most irregular bottom with significant depth
variation. This fact explains that it has a lower
volume than expected from the surface area and
maximum depth. Associated with this irregularity,
the high maximum depth differentiates it from the
other studied lakes, being a typical feature of the
coastal lakes located further south in the middle
coast of Rio Grande do Sul (Schifer et al., 2009b).

The low median depth of volume is a problem
regarding the use of water for irrigation and supply
(Figure 12). It ranges between 8 and 47% of the
maximum depth, with an average 0£28.3% +12.3%.
The shallowness and the median depths of volume
are a limiting factor for sustainable water supply
management. The exaggerated water withdrawal,
mainly during summertime, may have negative
impacts on fixed riparian vegetation because of the
higher wind exposure and desiccation of the upper
shore line during low water levels.

5. Conclusion

The specific morphological characteristics
of the coastal lakes, mainly its shallowness and
the instability of there water bodies, turn an
accurate ecological assessment with usual trophic
state criterions and a sustainable water resource
management based on general guidelines a very

difficult approach.
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