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Abstract: Lakes in the Mediterranean climate zone experience high variation in rainfall and are
vulnerable to changes in climate, land cover and anthropogenically induced effects on water level
and salinity. This paper presents the results from the analyses of spatiotemporal changes of land
cover/uses at catchment scale of two connected lakes in Greece that have recently exhibited a
dramatic loss of water volume, and investigates the potential role of climate change as a main driver
of the lake water loss. The classification of the historical land cover/uses was based on a series
of LANDSAT images from 1972 to 2011. Changes in the landscape structure were assessed using
landscape metrics that were calculated with FRAGSTATS software. Climate data and temporal series
of water level, conductivity and chloride concentration, were analyzed to investigate the potential
role of climate variability to the lake hydrology and water quality. The results showed that between
1972 and 2011 almost 28% of Lake Vegoritis and 13% of Lake Petron were replaced by cultivations
and reed beds. Landscape metrics showed that the lake catchment’s area is highly fragmented,
indicating a heterogeneous spatial pattern and degradation of the rural habitats. Regarding the
climatic factors, it appears that precipitation follows a declining trend correlating with water level
fluctuations. The water level in Lake Vegoritis also correlated with the conductivity and chloride
concentration, indicating a relationship between hydrological alteration and water quality. Overall,
a combined effect of climate- and human-induced land cover changes appeared to be responsible
for the drastic environmental changes that urge the need for implementing effective restoration and
mitigation measures.

Keywords: water level fluctuations; land cover/use changes; landscape metrics; climate variability;
mediterranean region

1. Introduction

Land cover/use alterations are widely considered as a dominant stressor for the water quality
and freshwater ecosystems status within watersheds [1]. In particular, human activities and climate
change are considered the most important factors that determine the impact of land cover/use changes
on the water bodies around the world [2,3]. On a catchment scale, land uses associated with human
presence can significantly alter natural hydrological processes such as runoff and ground water
recharge with subsequent effect on the balance between supply and demand of water resources [1,4].
In particular, the hydrology of the freshwater ecosystems, especially those of the dry regions of the
world, significantly relies on water level fluctuations, which are closely related to the human pressure
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from irrigated cultivations [5]. Moreover, land cover/use changes also affect ecosystem processes like
nutrient transportation from watershed sources to lakes [6]. In addition, land cover/use changes may
not only increase the demands for domestic and agricultural use of water but can also affect nutrient
loading and nutrient leaching mechanisms.

In the Mediterranean region, climate change is expected to enhance many of these processes not
only through changes in the major climate variables (precipitation, air temperature) but also due to
predicted land use alterations. Recently, Pulido-Velasquez et al. [7] showed that the combined climate
and land use change scenarios predicted a larger effect on the groundwater recharge in the Mancha
Oriental aquifer system than climate change only. Such effects are likely to lower water tables and
affect water supply, especially in areas where water abstraction will be intensified in order to meet the
growing demand for water [8]. Other examples from Greece showed that historical land cover/use
changes of lakes and wetlands revealed a significant shrinkage of water surface and its replacement
with other types of land cover, mainly cultivations [9–11]. Consequently, these land use changes
combined with climate induced hydrologic alterations are expected to have a drastic effect on the
ecology of freshwater lakes, including changes of the biotic communities, eutrophication enhancement,
increase of turbidity and a shift to brackish or even saline conditions [12–14]. Therefore, understanding
the dynamics of land cover/uses in a changing climate and their impacts on freshwater systems is a
matter of priority for remote sensing and landscape ecology.

Remote sensing techniques are commonly used throughout the world to monitor land cover/use
changes [15,16]. Particularly in lake ecology, satellite images and aerial historical photos can provide
detailed information on the spatiotemporal changes of land cover/uses and can therefore be used to
assess the impacts on various components of ecosystem integrity [15,17]. Recently, Pilgrim et al. [15]
applied remote sensing analysis to assess the changes of water quality in a lake of South Carolina (USA)
due to related changes of the catchment’s land cover. Other studies investigated the role of climate
change for the spatiotemporal changes of lake area [15,16], showing that remote sensing techniques
have the potential to be an efficient tool for assessing the role of multiple pressures on lake ecosystems.

In this paper, we investigated the spatial and temporal changes of land cover/use and landscape
structure of two connected Greek lakes that have exhibited a dramatic loss of water volume during the
last four decades. We also examined the potential role of climate as a main driver of the water loss by
assessing climate data (precipitation, mean air temperature, evapotranspiration and aridity index) for a
thirty-year period and identify climate change trends in the area that might have influenced the pattern
of the inter-annual water level fluctuations and land cover/use and landscape changes. Land cover
changes were highlighted using remote sensing and spatial analysis techniques and the results were
associated with major consequential ecological changes that have been recorded in the case study.
Additionally, temporal landscape changes were examined using of commonly applied landscape
metrics. Results were examined and discussed within the framework of the overall ecological impact.

2. Materials and Methods

2.1. Description of the Study Area

Vegoritis and Petron are two Mediterranean karstic lakes located in the northern part of Greece
(Macedonia region) and are listed in the protected areas of the Natura 2000 network (Figure 1).
The whole Natura 2000 site is surrounded by high mountains at the northeastern and northwestern
boundaries, while in the southern flat part a large plain area extends [18]. Agricultural activity and
urban development are mainly located within the southern part of the basin. The important geological
formations of the area include mostly metamorphic siliceous rocks and calcareous formations [18].
The climate of the area is semi-dry, Mediterranean, with two distinct, warm-dry and cold-wet, periods.

Lake Vegoritis is an ice-free lake [19], with a surface area of approximately 40 km2 and a mean
depth of 28.9 m and a maximum depth of approximately 40 m. For the last five decades, the lake has
suffered from various environmental pressures, such as agricultural and industrial driven pollution.
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The water volume of the lake has decreased dramatically, causing a water level drop of approximately
32 m, from 542 m a.s.l. in 1956 to 510 m a.s.l. in 2002. This water level change has coincided with a
gradual change of the trophic state from oligotrophic at the beginning of the 1980s to mesotrophic
during the 1990s [18,19]. Lake Vegoritis receives inflow from the smaller and shallower Lake Petron
that is situated a few kilometers away. Lake Petron has a surface area of 8 km2, a mean depth of 2.6 m
and a maximum depth of 5 m. The lake used to be deeper with a maximum depth of around 10 m,
but due to changes of the hydrological regime in the area the water volume has decreased, causing reed
beds to expand in the shallower part of the lake.
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Figure 1. Location of the studied area in north Greece.

2.2. Climate Data

In order to investigate the trends of precipitation and air temperature of the studied area, we used
all available data from four meteorological stations from 1959 to 1994. We then calculated the potential
evapotranspiration (PET) based on the Thornthwaite method [20] according to the following equations:

PETi = 1.6 × (10Ti/I)× a (1)

where Ti is the mean monthly temperature and I is an empirical factor calculated from the sum of the
twelve mean air temperatures

I = ∑ (Ti/5) (2)

The factor a is given by the following formula:

a = (6.75 × 10−7)I3 − (7.71 × 10−5)I2 + (1.792 × 10−2)I + 0.49239 (3)

The PET values were used in order to calculate the Aridity Index [21] according to the
following equation:

AI = P/PET (4)

where P is the annual precipitation and PET is the evapotranspiration.
The AI is a climatic index that can be used to quantify the precipitation availability over the

atmospheric water demand [21]. According to the classification limits of AI (Table 1), the AI can be
used to identify the wet and the dry years.
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Table 1. Classification limits of the Aridity Index according to the UNEP (1992).

Climatic Zone P/PET (Thornthwaite Method)

Hyper-arid <0.05
Arid 0.05–0.2

Semi-arid 0.2–0.5
Sub-humid 0.5–0.65

Humid >0.65

2.3. Water Level and Chemistry Data

In addition to the climate data, we acquired long-term water level data from the Department
of Environment, Region of Western Macedonia for the period 1896 to 2002. We also used time
series of electrical conductivity and chloride concentration measurements ranging from 1983 to 2011.
Chloride concentration and conductivity have been used in several studies as indicators for salinization
process and water quality deterioration related to climate change [22,23].

2.4. Satellite Image Pre-Processing and Interpretation of Satellite Image Time Series

Four series of LANDSAT images (1972, 1984, 2002 and 2011) were acquired from the Global
Orthorectified Landsat Data via FTP [24]. The most remarkable differences between Landsat MSS
and TM sensors are recognized in spatial resolution (60 m and 30 m, respectively) and spectral
properties [25]. Based on the selected MSS and TM dataset, a series of pre-processing has to
be performed prior to the classification and change detection procedures. These steps include:
(1) co-registration; and (2) radiometric calibration. In fact, change detection requires that image
extracts pairs for the evaluation period have to be as comparable as possible in terms of geometric and
radiometric qualities [25].

Regarding first step, all TM images were geometrically corrected to that of 2011; the MSS imagery
MMS (1972) was also resampled to the TM (30 m) imagery resolution. Rectification resulted in the
images having a root mean square error (RMSE) of <0.5 pixel. Radiometric correction was achieved by
converting raw Digital Numbers (DN) into at-sensor spectral radiance and subsequently converted
into top-of-atmosphere reflectance. Next, atmospheric correction was applied using the Dark Object
Subtraction method (also known as the Darkest Pixel) [26,27].

Supervised classification was performed to extract land cover/use classes and the maximum
likelihood classification algorithm was selected. Standard convolution ENVI’s Median filter was
applied to enhance images by removing certain spatial frequencies. The method replaces each center
pixel with the median value within the neighborhood specified by the filter size. In our case the
default 3 × 3 Kernel was used [28]. A classification system of land cover/use types was developed
(Table 2) and six classes were defined. A sufficient number of ROIs were selected in every image
for different land cover/land use types. In order to evaluate the users and the producer’s accuracy,
confusion matrices and kappa statistics were derived [29]. The kappa coefficient (k), which is a measure
of the accuracy of the classification, was estimated from 91% for the image of 2002 to 98% for the image
of 1972.

Land surveys of the area during the summer period of 2006, 2007 and 2008 were used for the
ground truth of the image interpretation results. The accuracy of the older land cover maps was
estimated using as reference data the Corine Land Cover 1990 and 2000 inventory. The performed
classification resulted in four land cover/use maps. The images were converted into a vector format
and data analysis was conducted using ArcGis 10.1 software (Environmental Systems Research
Institute, Redlands, CA, USA). A spatio-temporal quantification of the land cover/use changes within
the studied area was performed and a series of thematic maps was produced. Over the period covered
by the four images, six land cover/use classes were identified in the study area. For each of the land
cover/use classes, the extent and the total area were calculated.
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Table 2. Land cover/land use classification system for the studied area.

Land Cover/Land Use Types Description

Open water Open water area of lakes, possibly containing submerged macrophytes close to the
littoral zone

Irrigated arable land Agricultural land mostly cultivated by crops irrigated by the lakes (e.g., vineyards)
Non irrigated arable land Agricultural land containing crops that are not irrigated

Reed beds Reeds dominated by associations of Phragmitetalia and small patches of calcareous
fens with Cladium mariscus and Carex spp.

Shrubs and trees Mostly class of Quercetea pubescentis including associations consisting of Quercus
trojana, Carpinus orientalis and Juniperus oxycedrus

Steppic grasslands and bare land Bare land, hills, rocks, and dry calcreous grassland vegetation dominated by the class
Festuco-Brometea

Moreover, in order to quantify the inter-annual change in the water body area of the studied
lakes, the traditional normalized difference water index (NDWI) method was applied. The NDWI is
expressed as follows [30]:

NDWI =
GREEN − NIR
GREEN + NIR

(5)

where GREEN is a green band such as TM band 2 and NIR is a near-infrared band such as TM band 4.
This index is designed to maximize reflectance of water by using green wavelengths, minimize the
low reflectance of NIR by water features, and take advantage of the high reflectance of NIR by
vegetation and soil features. As a result, water features have positive values and thus are enhanced,
while vegetation and soil usually have 0 or negative values and therefore are suppressed [31].

Changes at the landscape level were assessed using the landscape structure analysis program
FRAGSTATS 4.1 software [32]. The number of patches (NP), the patch density (PD), the edge density
(ED) and the largest patch index (LPI) for each year were computed using FRAGSTATS software
(Oregon State University, Corvallis, OR, USA) [32].

2.5. Relationships between Climate, Water Level, Water Chemistry, Land Cover/Uses and Landscape Changes

In order to identify statistically significant relationships between the calculated PET and AI for
each meteorological station and the water level of Lake Vegoritis we ran Spearman rank correlations
(SPSS v 21). Similarly, Spearman correlations were run between water chemistry (electrical conductivity
and chloride concentration) and water level data to highlight possible effects of the water level change
on the chloride levels and the conductivity.

The assessment of the land cover/uses changes was based on a thematic overlay of the
classifications performed for each image. Possible relationships between the temporal changes
in the land cover/uses, the landscape metrics and the water level and climate data were
qualitatively assessed.

3. Results

3.1. Impact of Climate Variability on the Water Level

The analyses of the climate data provided by the four separate meteorological stations clearly
reveal a decreasing trend of precipitation from 1960 to the mid-1990s (Figure 2). Air temperature,
on the other hand, showed practically zero changing trends. The general pattern within Greece and
the eastern Mediterranean is decreasing precipitation and increasing air temperature [33,34].

The calculation of the Aridity Index (AI) firstly provides the advantage of identifying the dry and
wet years in the studied area. The AI that was calculated based on air temperature and precipitation
data from the closer meteorological station of Amyntaio and ranged from 0.25 (1988) to 0.78 (1991).
The average value of AI for a thirty-year period (1963–1993) is 0.52, which marginally classifies the
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studied area as sub-humid (Table 1). However, there are several occasions where AI was below 0.5,
corresponding to semi-arid drought conditions. Secondly, the temporal variation of the AI shows a
decreasing trend (Figure 3); that is, the climate is becoming drier within the studied area and in the
wider region.
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meteorological stations).

In our investigation of whether there is an effect of climate trends on the water level reduction
of the Lake Vegoritis, we identified clear positive correlations (Spearman rank) between the water
level, aridity index and annual precipitation from two meteorological stations (Table 3). Specifically,
the mean annual water level correlated significantly (p < 0.05) with the aridity index and the annual
precipitation measured at the Florina station as well as with the aridity index and precipitation at the
Limnochori station (p < 0.005 and 0.05, respectively).
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Table 3. Spearman rank correlations between annual mean water level (WL) of Lake Vegoritis, annual precipitation (P), potential evaportranspiration (PET) and
Aridity Index (AI) from three meteorological stations (* indicates p ≤ 0.05, ** indicates p ≤ 0.001).

Parameter r Coef. and
p Significance Level

P
(Amyntaio)

PET
(Amyntaio)

AI
(Amyntaio)

P
(Florina)

PET
(Florina)

AI
(Florina)

P
(Limnochori)

PET
(Limnochori)

AI
(Limnochori) WL

P (Amyntaio) Cor. Coef. 1 0.448 * 0.129 0.321 0.288 0.647 ** 0.314 0.028 –0.043 0.249
Sig. 0.015 0.505 0.083 0.123 0 0.091 0.885 0.825 0.185

PET (Amyntaio) Cor. Coef. 1 −0.229 −0.211 0.002 0.345 −0.138 −0.064 −0.127 −0.115
Sig. 0.223 0.264 0.992 0.062 0.474 0.736 0.504 0.543

AI (Amyntaio) Cor. Coef. 1 0.674 ** −0.314 0.311 0.426 * −0.162 −0.022 0.258
Sig. 0 0.091 0.094 0.021 0.392 0.908 0.169

P (Florina)
Cor. Coef. 1 −0.045 0.293 0.370 * −0.068 0.093 0.333 *

Sig. 0.778 0.063 0.037 0.707 0.608 0.029

PET (Florina)
Cor. Coef. 1 0.307 0.052 0.26 −0.284 −0.036

Sig. 0.051 0.777 0.143 0.109 0.823

AI (Florina)
Cor. Coef. 1 0.645 ** −0.065 −0.154 0.374 *

Sig. 0 0.719 0.392 0.016

P (Limnochori)
Cor. Coef. 1 −0.277 0.013 0.398 *

Sig. 0.145 0.947 0.024

PET (Limnochori)
Cor. Coef. 1 0.035 −0.031

Sig. 0.845 0.864

AI (Limnochori)
Cor. Coef. 1 0.506 **

Sig.
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3.2. Change in Lake Area and Reed Beds

Table 4 presents the extent and the percentage (%) of the total area while Table 5 summarizes the
successive percentage changes and the annual rate of change for each land cover/use class. Figure 4
illustrates a series of land use/cover maps for the studied area. The most significant and profound
alteration that has taken place during the last forty years is the reduction of the open water area by
28.4% for Vegoritis and 12.7% for Petron (Table 5, Figure 4). From 1972 to 2002, there was a significant
shrinkage of Lake Vegoritis by 1932 ha (Table 4). However, between 2002 and 2011, the results reveal a
small but encouraging increase in the area of Lake Vegoritis by 9.2%, exhibiting some promising signs
of recovery. What is crucial is that over the period covered by the four images, the reduction of water
area is consistent with an increase of the irrigated cultivations in the studied area as a whole.
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Figure 4. Land cover/land use maps of the studied area for the four point time series (1972, 1984,
2002, and 2011).

Table 4. Area extent (ha and %) of the land cover/land use classes as derived from the classification of
the satellite images.

Land Use/Class 1972 1984 2002 2011

– Area (ha) % Area (ha) % Area (ha) % Area (ha) %

Open water/Lake Petron 1046 8 959 7 924 7 913 7
Open water/Vegoritis 5608 43 5266 41 3676 28 4014 31

Open water/Total 6654 51 6225 48 4600 36 4927 38
Irrigated arable land 557 4 1149 9 1672 13 1570 12

Non irrigated arable land 2185 17 2233 17 3248 25 3060 24
Reed beds 206 2 468 4 352 3 785 6

Shrubs and trees 945 7 904 7 951 7 591 5
Steppic grasslands and bare land 2398 19 1970 15 2127 16 2015 16
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Table 5. Changes (%) of the land cover/land use classes and annual rate of change for the studied period.

Land Use/Class 1972–1984 1984–2002 2002–2011 1972–2011

– % Change Annual Change
(ha/Year) % Change Annual Change

(ha/Year) % Change Annual Change
(ha/Year) % Change Annual Change

(ha/Year)

Open water/Lake Petron −8.3 −10.9 −3.6 −1.9 −1.2 −1.2 −12.7 −3.4
Open water/Vegoritis −6.1 −42.8 −30.2 −88.3 9.2 37.6 −28.4 −40.9

Open water/Total −6.4 −53.6 −26.1 −90.3 7.1 36.3 −26.0 −44.3
Irrigated arable land 106.3 74.0 45.5 29.1 −6.1 −11.3 181.9 26.0

Non irrigated arable land 2.2 6.0 45.5 56.4 −5.8 −20.9 40.0 22.4
Reed beds 127.2 32.8 −24.8 −6.4 123.0 48.1 281.1 14.8

Shrubs and trees −4.3 −5.1 5.2 2.6 −37.9 −40.0 −37.5 −9.1
Steppic grasslands and bare land −17.8 −53.5 8.0 8.7 −5.3 −12.4 −16.0 −9.8
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Figure 5 shows the inter-annual changes in the outline of both lakes from 1972 to 2011.
A significant decline in the area of Lake Vegoritis is noted for the period 1972–1984. However,
the biggest change occurred from 1984 to 2002 when a large part at the southern part dried. Between
2002 and 2011, the lake surface started to increase, flooding the dried areas. It is worth mentioning that
from the overlay outline for 2011 we can distinguish small patches in the southern part of the lake
that correspond to reeds and aquatic macrophytic vegetation. Regarding the Lake Petron, the largest
change occurred from 1972 to 1984, as shown in Figure 5. The same conclusions can be drawn when
examining the results presented in Table 4.
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3.3. Landscape Changes

Changes in landscape structure over the four-point time series are presented in Figure 6.
The results indicate the dynamics of the spatial pattern of the landscape from 1972 to 2011. One of
the most significant characteristics of the landscape structure in the area is the high fragmentation,
especially for the irrigated and non-irrigated arable land. Moreover, the inter-annual change of PD
for the reed-beds followed the water level changes, as from Figure 6 it seems that PD increased.
Additionally, for the irrigated arable land a decline of PD occurred with a simultaneous increase of
LPI, meaning that patches of irrigated arable land became fewer but larger (Figure 6).
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3.4. Inter-Annual Changes of Water Chemistry Parameters

Our results showed increasing trends of conductivity and chloride concentration for both lakes
(Figure 7). Specifically, mean annual conductivity in Lake Vegoritis has increased from 495 to 662 µS/cm
during 1983–2012, while in Lake Petron an even sharper increase from 558 to 1100 µS/cm was recorded
for 1983–2009. Similarly, chloride concentration has also increased in Vegoritis from 0.6 meq/L
in 1983 to 0.97 meq/L in 2012 and for Lake Petron from 0.8 meq/L in 1983 to 1.8 meq/L in 2009.
An important finding is the significant (p ≤ 0.001) Spearman rank correlations identified between
water level measurements and conductivity and chloride concentration for Lake Vegoritis.
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4. Discussion

Lakes in Mediterranean regions with high seasonality in rainfall have experienced a drastic shift
in land cover/use over the last 50 years [14]. Monitoring of changes in the land cover/use in the
catchments of the lakes, and the subsequent environmental responses is essential for water resources
management and water quality assessment [4,6]. Our results showed that the hydrology, the landscape
and the water quality of the studied lakes have changed dramatically due to the combined effects of
the land cover/use changes and climate variability. The clear positive correlations among water level
reduction, Aridity Index, and annual precipitation appear to imply two things. First, a decreasing
trend in precipitation is expected to directly affect the inflow and the hydrological regime of all water
bodies in the area. Second, the reduction of precipitation will possibly increase the need for irrigation
water, which inevitably will lead to increased water abstraction from the adjacent lakes and standing
waters. The above results are supported by the predictions of Nastos et al. [33], which have shown that
the climate is progressively shifting from humid to sub-humid and even semi-arid in several regions
of Greece. Particularly, in the region of Macedonia, climate change scenarios have predicted that,
in the near future (2021–2050), precipitation will decrease by almost 10%. Such predictions are likely
to enhance the frequency and magnitude of drought episodes with adverse effects for the ecology,
water level fluctuations, and water quality of the freshwaters in the area.

In this work a post-comparison classification was applied to detect temporal changes in land
cover/uses over a period of 39 years (1972–2011). The issue with such approaches is the difficulty to
produce consistent classifications for each image [35]. There will always be an error in change detection
especially when the errors in each classification are not correlated [35]. Therefore, the accuracy of the
change detection is highly dependent on the accuracy of the classification.

Moreover, pixel-based classification procedures are in general limited by the spatial resolution of
the images [36]. This practically means that objects smaller than the size of the pixel is not detected.
In our case, the comparison made between land cover maps obtained from images with different
spatial resolution (1972 MMS and 1984, 2002 and 2011 TM), contain an extra amount of uncertainty
due to such limitations. Therefore, it is not unlikely that some of the observed differences between the
land cover/uses are due to misclassification issues. For example, continuous transitions between two
classes of land cover/uses when there is not a profound explanation could be attributed to mapping
errors. Consequently, it is very possible that the assessment of the landscape changes is affected
especially when comparing metrics calculated for classifications based on different spatial resolutions.

Nevertheless, regarding the changes in land cover/use most pronounced changes were the extent
of irrigated cultivations, as well as a significant increase of 38.7% from 1972 to 2011 of reed beds,
but a more thorough examination of the results reveals that this change mainly occurred over the
period between 2002 and 2011 (Tables 4 and 5). A small expansion of the reed beds occurred from
1972 to 1983 due the water level drop that enabled the formation of large zones of reed beds in the
shallower parts of the lakes. From 1984 to 2002, the reduction of the water level (by almost 16 m)
caused a partial replacement of the reed beds by cultivations. While the extent of the surface of Lake
Vegoritis increased during 2002–2011, the reed beds expanded again in the southern part of the lake
due to flooding of former cultivated areas (Figures 4 and 5). These changes were confirmed by field
observations during 2006–2008 where, apart from the reed bed a diverse submerged macrophytic
community was identified [37,38].

The increase of irrigated cultivations within the studied area from 1972 to 2002 by 1092 ha
corresponds to almost 186% of its original extent (Tables 4 and 5). Our findings indicate that the
increase of cultivations combined intensified irrigation due to possibly decreasing precipitation and
AI have contributed further to the water level decline, especially after 1985 when the hydro-electrical
demand was minimized [19]. However, there are studies that have shown that the effect of land use
changes on the irrigation water demand is larger than the climate effect at a Pan-European scale [39].
This practically means that the impact of the socio-economic driver is higher than the impact of the
climate change. Moreover, although the climate change will affect the growth conditions of the crops,
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the impact on the demand for irrigation water depends on the capability of the farmers to adapt their
crop production to the changing climate conditions. Nevertheless, in Greece, many lakes that serve
as a source of irrigation water [40,41] are likely to be subjected to seasonal water level fluctuations
or other hydrologic alterations. From 1972 to 2011, the extent of shrubs and trees in the studied
area showed a decrease of 37.5% along with significant changes in patch and edge density (Table 5,
Figure 6), as well as, steppic grasslands and bare lands presented an increased fragmentation and
patch density. These findings indicate signs of degradation of semi-natural and natural habitats with
negative consequences for the local biodiversity [42,43].

The LPI for the irrigated arable land showed a rising trend from 1972 to 2002, which indicates
patch aggregation for the particular class. Similarly, the results for the class of reed beds reveal an
increasing trend of LPI from 1972 to 2011, suggesting that the reed beds have expanded and now
cover a significant area consisting of larger and larger patches. Regarding the edge complexity of both
irrigated and non-irrigated arable land, the ED values increased greatly from 1972 to 2002 (Figure 6),
indicating that the boundaries of agricultural lands have become more complex and irregular over
the years. It is very likely that the cultivations have expanded against the open water in a disorderly
manner, which would cause an enhancement of the edge complexity. The expansion of arable land in
many aquatic ecosystems in Greece is quite common, and particularly for the natural lakes the arable
land is the most common habitat with a high fragmentation [41].

These changes in the land uses were expected to have a significant impact on the water quality
and the ecology of the studied lakes. It is well known that human pressures strongly influence the
nutrient input in lakes [4,43,44]. For example, an increase of agricultural land in the watershed will
probably lead to higher lake concentrations of total nitrogen, total phosphorus and chlorophyll-a with
implications for the aquatic communities [4]. In our case, the water quality of Lakes Vegoritis and
Petron has shown strong signs of deterioration during the last thirty years [12,38]. Recently, it has
been suggested by us that a shift from mesotrophic to eutrophic conditions might have triggered a
decline of charophytes and dominance of nutrient-tolerant angiosperms [38]. Similarly, a shift of the
fish community towards zoobenthivorous dominance has been noted, which also reflects the increased
eutrophication conditions [38]. Although the eutrophication process was not assessed in this work,
our results suggested that the increasing trends of conductivity and chloride concentrations could be
related to the increased concentrations of total dissolved solids and nutrients of the agricultural runoff.
Another important finding was the identification of strong correlations between the water level and
the mean annual conductivity and chloride concentration of Lake Vegoritis. These results suggest a
possible connection between water regime and water quality changes.

In general, hydrological regime alterations, such as a huge water level decrease, are known to
affect the water quality, including conductivity, of the freshwater ecosystems in arid and semi-arid areas
of the world [45]. However, in our case, apart from the water level drop, we consider an additional
driver as responsible for the observed changes. It is likely that the increase of irrigated arable land
could have contributed to the rise of chloride and conductivity levels through extensive irrigation via
groundwater wells (Figure 7). Thus, through leaching and drainage, salts would eventually move
from soils into rivers and lakes, affecting the water quality [46], which would account for the high
recorded values of chloride and conductivity. The increase in conductivity, chloride and nutrients
and partially the hydrological alteration are disturbances related to the replacement of a significant
part of the lakes’ surface by agricultural land and probably the subsequent intensification of irrigation.
Water abstraction from surface water bodies enhances water level fluctuations, while the use of ground
water for irrigation affects the conductivity levels, causing salinity problems over a prolonged period.
At the same time, it is possible that excessive use of fertilizers increased the nutrient loading, shifting
the lakes from a trophic to a eutrophic state.

Finally, the results from the remote sensing analysis suggested that the water level alterations
are important for the composition of the littoral macrophyte communities. Not only the extent of the
water level fluctuations [14] but also the morphometry and the bathymetry of the lake determine the
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extent of the littoral zone [47]. This is obvious for Lake Vegoritis where the expansion of the reed beds
was limited only to the shallower southern part (Figure 4). Lake Petron, on the other hand, is a shallow
lake, allowing progressive expansion of the reed beds over the whole littoral area as shown by the
results of the remote sensing analysis.

5. Conclusions—Implications for Restoration

The results showed that the expansion of the reed beds against the lakes’ open water is associated
with the intensification of the agricultural activity that occurred the last decades. Moreover, apart from
the increase in phosphorus and nitrogen loading, the agriculture activity is likely to have affected the
hydrology and water chemistry of surface water bodies through the application of non-sustainable
irrigation practices. The possible use of groundwater as irrigation water, without any kind of limitation
or control, is very likely to ultimately cause water logging and water quality problems and, eventually,
affect the aquatic communities [46]. The climate, however, appears to also play a key role in controlling
land cover/use dynamics and hydrological processes. The findings of this work suggest that the
climate trend of precipitation within the studied area may have affected the hydrology and indirectly
the water quality of the lake ecosystems.

As these are ongoing procedures strongly related to the spatio-temporal dynamics of the land
cover/use, the development of an effective management plan is vital for reducing further the adverse
implications for the ecosystem. Any restoration effort should be made within the context of a land
management strategy in accordance with environmental policies. Furthermore, the management
and restoration measures should be implemented taking into consideration the future impacts of the
climate change. Clearly, the increase in agricultural land use poses a significant threat to the water
quality and ecological balance of the studied lakes. Therefore, water management schemes should
implement practices that are consistent with sustainable irrigation [48,49]. Monitoring and controlling
the amount of applied water, both from surface and ground water, should be considered as a main
priority for public agencies. Irrigation water pricing and/or allocation are practices that can motivate
the farmers to use water efficiently [49]. Additionally, the extensive use of agricultural drainage water
should be avoided or at least the water should be reused for irrigation of salt tolerant crops when this
is possible.

All the above recommendations combined with an effective reduction of nutrient loading can
provide a baseline strategy for mitigating the impacts of eutrophication, salinization and water level
fluctuations on the aquatic communities. The results of this study underline the importance of the
implementation of a water management plan including specific actions targeted on the development
and implementation of sustainable agriculture policies.
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