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• We used NDVI dataset to evaluate plant productivity after lagoon restoration.
• Plant productivity was mainly regulated by mean salinity level.
• Lagoon salinity influenced by seawater exchange than freshwater input.
• NDVI and lagoon salinity was further influenced by El Niño/Southern oscillation.
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a b s t r a c t

We evaluated relative influence of climatic variables on the plant productivity after lagoon
restoration. Chilika Lagoon, the largest brackish lake ecosystem in East Asia, experienced
severe problems such as excessive dominance of freshwater exotic plants and rapid
debasement of biodiversity associated with decreased hydrologic connectivity between
the lagoon and the ocean. To halt the degradation of the lagoon ecosystem, the Chilika
Development Authority implemented a restoration project, creating a new channel to
penetrate the barrier beach of the lagoon. Using a satellite-derived normalized difference
vegetation index (NDVI) dataset, we compared the trend of vegetation changes after
the lagoon restoration, from April 1998 to May 2014. The time series of NDVI data
were decomposed into trend, seasonal, and random components using a local regression
method. The results were visualized to understand the traits of spatial distribution in the
lagoon. The NDVI trend, indicative of primary productivity, decreased rapidly during the
restoration period, and gradually increased (slope coefficient: 2.1 × 10−4, p < 0.05)
after two years of restoration. Level of seawater exchange had more influences on plant
productivity than local precipitation in the restored lagoon. Higher El Niño/Southern
Oscillation increased sea level pressure, and caused intrusion of seawater into the lagoon,
and the subsequently elevated salinity decreased the annual mean NDVI. Our findings
suggest that lagoon restoration plans for enhancing interconnectivity with the ocean
should consider oceanographic effects due to meteorological forcing, and long-term NDVI
results can be used as a valuable index for adaptive management of the restoration site.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Diverse ecosystems have undergone significant degradation,with negative impacts on biological diversity and ecosystem
functions (Munang et al., 2011; Staudinger et al., 2012; Turner et al., 2015). Ecological restoration is the process of assisting
the recovery of an ecosystem that has been degraded, damaged, or destroyed (SER, 2006). It is an intentional activity that
initiates or accelerates an ecological pathway towards a reference state. Even though a variety of restoration projects have
been conducted on impaired ecosystems, monitoring of the restored sites was limited or continued only for a short period
(Bash andRyan, 2002; Parkes et al., 2012). Regularmonitoring during the restorationprocess is a preliminary requirement for
adaptivemanagement and evaluation of a restoration program. It is difficult to evaluate the restoration without considering
the long-term response of the target site (Corbin et al., 2015; Daws and Koch, 2015; Thomasen and Chow-Fraser, 2012).
In many restoration cases, influence of climatic cycles was usually not considered, even though they are related with
fundamental issues for long-term management of restored sites (Hossack et al., 2013; Prober et al., 2015). A more nuanced
understanding of the time series change during the restoration is important to ecological restoration research.

Remote sensing is being increasingly applied in diverse disciplines, based on progress in the public distribution of
remotely sensed dataset (e.g., SPOT, MODIS, and Landsat). Various remote sensing techniques and instruments have been
applied to monitor changes in natural ecosystems (Kerr and Ostrovsky, 2003). Satellite data products have global coverage
and decadal time spans. The continuity of global monitoring can provide accurate evaluation of time-related changes, which
is difficult to achieve in the fieldwithout a long-term scheme. Among themany different approaches, photosynthetic indices
are effective indicators of ecosystem change, and have been used to monitor the characteristics of plant productivity in
diverse ecosystems, including forests (Czerwinski et al., 2014; Soudani et al., 2012), tundras (Gamon et al., 2013), agricultural
fields (Johnson, 2014), deserts (Jamali et al., 2014), lakes (Feng et al., 2012; Sima et al., 2013), lagoons (Bresciani et al., 2014),
and coastal ecosystems (Rahman et al., 2011). The use of satellite-derived products would benefit the process of quantifying
ecosystem changes caused by natural disturbances and artificial alterations (Goetz et al., 2006; Goodin and Henebry, 1997;
Schroeder et al., 2011). Recently, Tian et al. (2015) and Zhang et al. (2012) used NDVI to evaluate relative influence of climate
change and ecological restoration in dry lands. Norman et al. (2014) compared riparian vegetation response in control sites
andmarsh restoration sites for 27 years. Leon et al. (2012) examined effects of pre-fire restoration treatment and long-term
vegetation recovery based on satellite images. Remote sensing provides unique evaluation tool for long-termmonitoring of
restoration sites.

Ourmain goalwas to assess response of plant productivity to lagoon restoration in the Chilika lagoon through considering
water quality and atmospheric cycles in order to provide useful data to be considered in future lagoon restoration programs.
We hypothesized influence of oceanographic circulation will mostly modulate internal status (i.e. salinity, productivity) in
the lagoon after mouth restoration. We discussed important restoration issues, including (1) what is the trend of recovery
of plant productivity after lagoon restoration?, (2) which environmental factors, local freshwater input (precipitation) or
seawater exchange, is more relevant to change of plant productivity in the restored lagoon? We tested these questions by
using a remote sensing technique to estimate changes in plant productivity.We analyzed the trend in normalized difference
vegetation index (NDVI) from 1998 to 2014 at Chilika Lagoon, and correlated the NDVI values with meteorological variables
and water quality. We also expected that the trend in NDVI would reflect the ecological response of plant productivity in
the restored lagoon, and have a distinctive relationship with changes in the lagoon environment.

2. Materials and methods

2.1. Study site

Chilika Lagoon (19° 43′N, 85° 19′E) covers an area of more than 1165 km2, and is the largest tropical lagoon in the world
(Fig. 1). The average length and breadth of the lagoon are about 64.3 km and 20 km, respectively. It bears a wide range of
sub ecosystems, such as freshwater marshes, mudflats, sand dunes, and a shallow brackish lake (average depth: 1.4 m). In
1981, Chilika Lagoon was designated as the first Indian wetland of international importance under the Ramsar Convention,
due to its rich biodiversity, which includes a unique assemblage of brackish species and millions of migratory waterfowl. A
tropical monsoon climate prevails over the drainage basin of the lagoon. The lagoon experiences southwest and northeast
monsoons in May to August and November to December, respectively. Chilika Lagoon is a tributary of the Mahanadi River.
Three major tributaries of theMahanadi that drain freshwater to the lagoon are the Daya, Nuna, and Bhargavi, located north
of the lagoon. The lagoon is mostly enclosed from the Bay of Bengal, and connected to the sea by only a few channels. The
Palur Canal, which is located south of the lagoon, is another point where the lagoon interacts with the sea. The lagoon’s
water exchange with the Bay of Bengal is mainly through the lagoon mouths, which are located in the outer channel, at its
southeastern end. The old mouth was located at the end of the outer channel (Fig. 1).

Chilika Lagoon has been subjected to constant pressures from both natural and anthropogenic factors (Pattanaik, 2007).
The management problems have been siltation, degradation in salinity gradient, infestation of invasive macrophytes, and
aquaculture activities, resulting in loss of productivity and biodiversity. As the old lagoonmouth channelwas closed because
of long shore sediment transport, the weak circulation of lagoon water and poor tidal influx further complicated the
conditions, leading to deterioration of the environment. As seawater exchange was limited by choking of the lagoon inlet,
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Fig. 1. Location of Chilika Lagoon, Bhubaneswar, India. Black circle shows the location of the lagoon mouth.

the brackish salinity regime and its associated biodiversity degraded over time. Chilika Lagoonwas included in theMontreux
Record in 1993 by the Ramsar Convention because of the severe degradation of its ecology.

The Chilika restoration project was planned based on hydrological simulations (Jayaraman et al., 2007) and an ecological
survey. The Chilika Development Authority (CDA) and Indian government planed a restoration scheme to improvewater flux
between the lagoon and ocean by dredging a new lagoon mouth in the outer channel of the lagoon. After the restoration
project, a new mouth was opened in the sand bar of the outer channel in 2000, which resulted in more water exchange
between the lagoon and the sea (Fig. 2). The oldmouth became inactive due to natural siltationwithin threemonths after the
opening of the newmouth. In September 2000, the desiltation of the outer channel, which connects the lake to the sea, and
dredging of a newmouth by breaching the existing dune barrier, was carried out. Themouth restoration resulted in a notable
increase in the lake’s fish yield and a reduction of freshwater weeds. The opening of the new mouth provided a favorable
increased salinity regime throughout the lake, with higher fluctuations and improvedwater clarity due to sediment flushing
through the new mouth. A number of studies have evaluated the effects of restoration based on water quality (Patra et al.,
2010), plankton (Mohanty and Adhikary, 2013; Panigrahi et al., 2009), plants, and fish (Mohanty et al., 2009). However, most
of these studies focused on a site-based approach or species comparisons, thus the time series information on the lagoon
restoration is limited because of a lack of regularly monitored biological data.

2.2. Data acquisition and pre-processing

The SPOT program is a series of Earth-observing satellites launched by the French Centre National d’Etudes Spatiales
(CNES), in cooperation with other European countries. This sensor is particularly valuable for monitoring ecosystem change
because of its capability of imaging the entire Earth every day. SPOT Vegetation 10 day Synthesis (VGT-S10) products, with a
spatial resolution of 1 km×1 km fromApril 1998 toMay 2014, were used in the study. The VGT-S10 products aremaximum
value composite syntheses, with a 10-day interval for reducing errors from cloud cover and solar zenith angles. The image
data has been pre-processed for geometric, atmospheric, and radiometric corrections by the VEGETATION processing center
of the Flemish Institute for Technological Research (VITO), Belgium (Maisongrande et al., 2004). The processed VGT-S10
products were transformed from digital numbers (from the vegetation sensor) to real NDVI values ranging from −1 to 1,
the original range of NDVI.

NDVI = (Near-infrared band − Red band)/(Near-infrared band + Red Band) (1)
Real NDVI = 0.004 ∗ Digital Number − 0.1. (2)

From the 10-day NDVI composite, we calculated the monthly mean NDVI (Mi) and the annual mean NDVI (Yi). Negative
values of NDVI were not included in the following rater calculation to reduce biased influences. Using these values, a
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Fig. 2. Satellite image representing new mouth construction in the Chilika lake. Upper image was taken just before the construction, and lower image is
taken 9 years after construction.

temporal trend of the NDVI values was defined by the greenness rate of change (GRC), indicating the slope of a linear
regression from a least squares fitting of the inter-annual NDVI values (Stow et al., 2003). The spatiotemporal variability
of the NDVI is illustrated by the GRC from 1999 to 2012. The corresponding equation is as follows:

GRC =

n ×
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i ×
n
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The inter-annual variability of the NDVI between 1999 and 2012 was estimated by the coefficient of variation (CV). The
larger the CV values, the greater the vegetation change. Images from 1998, 2013 and 2014 were excluded from the GRC and
CV calculation, because their annual datasets were not complete. For better visual inspection, the GRC and CV results were
reclassified into five classes based on the Jenks optimization method (Baz et al., 2009). The Jenks optimization determines
the best arrangement of values into different classes by reducing the variance within classes and maximizing the variance
between classes.

Meteorological data were obtained from the Bhubaneswar weather station (50 km away from the study site), operated
by the India Meteorological Department, Government of India (IMD, 2014). The meteorological variables include air
temperature (°C), precipitation (mm), sea level pressure (hPa), and multivariate El Niño/Southern oscillation index (MEI).
El Niño/Southern Oscillation (ENSO) is globally considered to be the most important index associated with the relationship
between the ocean and the ambient atmosphere, related to climatic inter-annual variability (NOAA, 2014). Water quality
wasmonitored by theWetland Research and Training Centre, CDA. Themonitoring of thewater quality of Chilika Lagoonwas
conducted based on water samples collected from 30 stations in the lagoon on a monthly basis. The water quality variables
included water temperature (°C), salinity (ppt), nitrate content (NO3-N, ppm), and phosphate content (PO4-P, ppm). For the
correlation analysis, the averages of both the annual and monthly NDVIs were compared with averages of the annual and
monthly meteorological and water quality variables from the monitored stations, respectively.

2.3. Statistical analysis

To analyze the NDVI trend during the study period (1998–2014), change point analysis and segmented regression were
applied. The time series of the monthly mean NDVI was decomposed into trend, seasonal, and residual components by
seasonal trend decomposition (STL) embedded in the statistical software of R package (R Development Core Team, Lucent
Technologies, USA). STL is a filtering process based on a locally weighted scatterplot smoothingmethod (Robert et al., 1990).
Change point analysis was used to find time points of change in the mean and variance within a given time sequence using
the AMOC (AtMost One Change) algorithm (Killick et al., 2012). Thismethod calculates the optimal positioning and potential
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Fig. 3. Plot of monthly mean NDVI (MMNDVI) and its trend, seasonal, and residual components. Parallel lines represent local averages, and dotted lines
represent local regression before and after lagoon restoration.

number of change points in the dataset. Segmented regression is a piece-wise regression, inwhich the independent variables
are partitioned, and a regression line is fit to each segment. Segmented regression analysis was applied to compare the
direction of the trends and the slope value in the partitioned NDVI time series data based on change point analysis.

We assessed the relationship between NDVI and the environmental variables, including meteorological data and water
quality of the lagoon, with maximal information-based nonparametric exploration (MINE) statistics (Reshef et al., 2011).
MINE calculates the maximal information coefficient (MIC) between two datasets, and has broader applications to various
relationship types (i.e., linear, exponential, parabolic, and sinusoidal) than other correlation methods. The MIC values range
from 0 to 1, which is equivalent to classical correlation coefficients such as Spearman or Pearson correlation. A higher value
indicates a stronger relationship between two variables, and vice versa. In order to evaluate the relationship between the
annual mean NDVI and environmental variables, we applied a Pearson correlation for the data set of annual mean NDVI. The
average values were presented as the mean ± standard error (S.E.).

3. Results

3.1. Spatiotemporal variability of lagoon vegetation

Analysis of the NDVI time series revealed the trends and seasonality of Chilika Lagoon vegetation. Fig. 3 illustrates the
temporal variability of NDVI and its seasonal characteristic in the Chilika Lagoon during 1998–2014. The monthly mean
NDVI of Chilika Lagoon showed two distinct seasonal peaks, in April and October, and the pattern coincided with the timing
of the monsoon periods. The maximum NDVI value appeared in October 2000, just after the mouth restoration. The NDVI
trend responded well to the newmouth opening in September 2000. The trend of the monthly mean NDVI dropped sharply
for a year, and then increased gradually with annual fluctuations. No statistically significant trend was identified during the
entire study period; however, changes in the mean and variance were detected with change point analysis in March 2001
(SIC value: 10.47, sevenmonths aftermouth restoration). The average ofmonthlymeanNDVI fromApril 1998 toMarch 2001
was 0.201± 0.059, and it has decreased to 0.186± 0.062 beginning in April 2001. The trend ofmonthlymeanNDVI increased
rapidly from April 1998 to March 2001 (3.72 × 10−3 year−1), and then showed a gradual recovery pattern from April 2001
to July 2013 (2.40 × 10−3 year−1). The residual component from NDVI decomposition ranged within 9.63 × 10−5

± 0.028
during the entire study period.

The spatial distribution of NDVI in Chilika Lagoon showed dynamic changes as well (Figs. 4, 5). The average NDVI during
each restoration stage is shown in Fig. 5. Notably, high value classes of NDVI were distributed in the northern part of the
lagoon during pre-restoration periods, but were largely decreased after the lagoon restoration. The riparian zone of the
lagoon generally had stable NDVI values compared with the center of the lagoon. In the 1990s, higher NDVIs were widely
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(a) Pre-restoration (1999–2000). (b) Post-restoration (2001–2006).

(c) Post-restoration (2007–2012).

Fig. 4. Change of spatial distribution of NDVI during pre- (1999–2000) and post-restoration (2001–2006, 2007–2012) in Chilika Lagoon.

distributed in the vicinity of the river mouth. Since 2000, the extent of these higher values has been significantly reduced.
The area with an NDVI class higher than 0.2 were decreased rapidly by about 35.2% (194.0 km2) after the restoration. The
CV value was also the highest in the northern part of the lagoon, where freshwater comes in (Fig. 5(a)). The NDVI variation
showed a decreasing trend from the river mouth to the southern edge of the lagoon. The average GRC in the entire lagoon
area was −0.057, which represents the overall gradually decreasing NDVI trend in Chilika Lagoon over 16 years (Fig. 5(b)).
Most of the lagoon has small positive GRCs, which showed little increase over a decade. A considerable area of the northern
part, including the river mouth, had the highest negative GRC value in the lagoon. In the 16 years of NDVI composites, the
minimum NDVI values were concentrated in the center of lagoon, while maximum NDVI values were observed near the
northern part of the lagoon and the riparian area.

3.2. Relative influence of water quality and climatic variables

Based onMINE statistics, the correlations betweenmonthlymeanNDVI and environmental variables showed a nonlinear
relationship due to the fluctuation (Table 1). The correlations between themonthlymeanNDVI and environmental variables
were significant, except monthly precipitation. Sea level pressure showed the highest MIC value (MIC: 0.41, p < 0.01), but
had a low Pearson rank due to its nonlinearity. Water temperature (MIC: 0.34, p < 0.01) and air temperature (MIC: 0.28,
p < 0.05) had high MIC values with significant Pearson correlation. We found sequential connections among annual mean
NDVI, lagoon salinity, sea level pressure (SLP), andMEI (Fig. 6). The annual mean NDVI responded very well to the variations
of MEI (r : −0.52, p < 0.01), SLP (r : −0.43, p < 0.05), and lagoon salinity (r : −0.51, p < 0.05). The change in annual
mean NDVI during the study period was well explained by the variation in annual mean salinity (R2: 0.43, Fig. 6(c)) and
annual mean SLP (R2: 0.54, Fig. 6(d)).

4. Discussion

Changes in nutrient content and salinity in a restored lagoon have been themain issues in the recovery of biodiversity and
lagoon productivity. Several studies have focused on salinity and nutrients (Jeong et al., 2008; Parida et al., 2013; Mahapatro
et al., 2012) as well as water level (Antunes et al., 2012; Schallenberg et al., 2010) as the determinant factors for the changes
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Fig. 5. Spatial distribution and changes in annual mean NDVI from 1999 to 2012. (a) Coefficient of variance (CV), (b) greenness rate of change (GRC),
(c) maximum of annual mean NDVI, (d) minimum of annual mean NDVI.

Table 1
Maximal information-based nonparametric exploration (MINE) statistics for NDVI and environmental variables.

Correlation with monthly mean NDVI Correlation with
annual mean NDVI (p)

Variable MIC Nonlinearity Pearson (p) Pearson rank

SLP (hPa) 0.41** 0.38 −0.24 3 −0.72**

Water temp. (°C) 0.34** 0.17 0.41** 2 −0.28
Nitrate (ppm) 0.28** 0.27 −0.05 7 −0.49
Air temp. (°C) 0.28* 0.19 0.48** 1 −0.24
Phosphate (ppm) 0.24* 0.28 0.06 6 0.06
Salinity (ppt) 0.23* 0.21 0.14 4 −0.57*

Precipitation (mm) 0.21 0.27 −0.07 5 −0.35
* p < 0.05.
** p < 0.01.

after restoration. We also confirmed that salinity and nutrient levels have controlling effects on lagoon productivity and
biodiversity. Along with the water chemistry of the lagoon, we found sequential connections between plant productivity
(NDVI), lagoonwater salinity, and climatic variables, including SLP andMEI. Trend of NDVI and lagoon salinity in the restored
lagoon was more influenced by this seawater exchange than freshwater input including local precipitation. Higher lagoon
salinity reduced the NDVI of the lagoon, which is caused by a decrease of freshwater-adapted primary producers (Pattanaik,
2007).

The annual average lagoon salinity is significantly influenced by the SLP of the Bay of Bengal. Dangendorf et al. (2013)
addressed meteorological forcing, including by SLP, wind, and precipitation, on mean sea level and tides. Changes in sea
level and tides have a close connection with the seawater flux of a lagoon system, and can further alter the salinity regime
in the lagoon. In addition, atmospheric circulation and oceanographic effects have the potential to produce large scale
variations in mean sea level, of up to 0.5 m (Dangendorf et al., 2013). The SLP of the Bay of Bengal was further influenced
by El Niño/Southern oscillation of the tropical Pacific. The correlation results for the relationship among annual mean NDVI,
lagoon salinity, SLP, and MEI revealed a relationship between oceanographic circulation and lagoon productivity. High MEI
values in the Pacific Ocean were related to an increase of SLP in the Bay of Bengal, and this atmospheric change resulted
in an increase in lagoon salinity. This annual relationship suggests that plant productivity in the lagoon was concurrently
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Fig. 6. Changes in annual mean NDVI and selected environmental variables with their regression fits. Solid black line is a regression fit to the data (b, d, f).
Blue lines are the 95% confidence intervals on the estimated mean, and red lines are the 95% prediction intervals.

influenced by climatic fluctuations in the long-term, as well as the shift in salinity regime due to the lagoon restoration. In
the Chilika case, the lagoon restoration seemed to bemore successful because it was done during the rising phase of regional
salinity due to periodic ocean circulation. This also emphasizes that lagoon management or restoration should consider the
climatic connections (i.e., climate change, sea level rise) and hydrological transitions caused by freshwater discharge and
seawater intrusion.

A comparable response of lagoon communitywas also observed after hydrologic reconnection at the Indian River Lagoon,
Florida (Brockmeyer et al., 1997; Rey et al., 1990). At this location, vegetation had showed a varied response depending
on the marsh environment. One site experienced rapid elimination of freshwater species, with a recovery of salt tolerant
cover in less than three years. Meanwhile, vegetation at another site remained well below the original 75% after ten years
(Brockmeyer et al., 1997). Plant productivity seemed to respond more to gradual recovery of the lagoon environment after
restoration than to the reestablishment of ocean connectivity. Fish and crustaceans in a restored salt marsh showed similar
early responses in species composition, density, size, and distribution (Raposa, 2002). Mouth restoration of a lagoon rapidly
benefits the migration of mobile animals by enhancing breeding migration and recruitment from the near shore. However,
regeneration of lagoon vegetation takes longer to return to previous levels.

This study also highlighted the potential of short-term averaged images for ecological applications and for responding
to artificial and natural changes. We showed that the plant productivity of a restored lagoon can be effectively monitored
and evaluated using a satellite-derived vegetation index. A significant change in NDVI was observed after the new mouth
restoration. The mean seasonal values of water quality parameters were reported to have shown significant changes in
the lagoon environment during the post-restoration period (Patra et al., 2010). A rise in salinity level in Chilika Lagoon
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was identified following the opening of the new mouth in 2000. The river mouth area, where freshwater invasive plants
proliferated, showed the largest decrease of NDVI. The lagoon restoration seemed to havemore of an effect on the freshwater
area than the brackish area. This results support that the strength of tidal flux in the lagoon increased after the restoration,
and the associated circulation is effective in mixing water masses (Rajawat et al., 2007). Compared with other biological
studies, long-term analysis of NDVI in the restored lagoon revealed that diverse biological taxa responded differently, and
had a range of recovery rates after the restoration event. In this study, plant productivity (NDVI)was decreased for half a year
after the restoration, and took about twelve years to return to previous productivity levels. It seems that a rapid decrease
of NDVI was caused by the sudden dieback of proliferated freshwater species. The large decrease of NDVI in the freshwater
region was caused by dieback of freshwater species in response to the salinity change at the very early stage of restoration.
After restoration, gradual increases of brackish lagoon vegetation, including Potamogeton sp. and sea grasses, were identified
in the field (Parida et al., 2013). In the estuarine ecosystem, the role of the salinity regime is mainly to limit and regulate
the distribution of relevant biota with different osmotic regulation types (Telesh and Khlebovich, 2010). In contrast, other
studies noted that the biomass of fish and prawns in Chilika Lagoon showed a seven-fold increase (i.e., 8500 tons in 1986,
1600 tons in 1998, and 11,878 tons in 2002) during the two years after the opening of the newmouth (Mohanty et al., 2009;
Parida et al., 2013). Increased fishery production was maintained and stabilized for several years. Other lagoon biological
taxa, including phytoplankton (Mohanty and Adhikary, 2013; Panigrahi et al., 2009), also showed a recovery response to the
levels of the 1980s after the mouth restoration.

NDVI is broadly used for studying wetland ecosystems (Gibbes et al., 2009), even though average wetland NDVI values
tend to be lower and noisier than those of terrestrial ecosystems (i.e., forests and grasslands), because of the absorption
and reflection properties of water surfaces. Generally, brackish lagoons are shallow (average depth <3 m), thus a similar
approach can be easily applied. Considering case of Chilika lagoon, NDVI monitoring wasmore effective because dominance
of floating vegetation was main concern before restoration. In particular, time series NDVI datasets can provide a basis for
describing the impact of a restoration and its consequenceswith repeatedmonitoring at a fixed interval. Time series analysis
of NDVI is considered fundamental for extracting numerical observations related to vegetation dynamics (Hall-Beyer, 2003;
Pettorelli et al., 2005). Satellite-derived datasets will greatly help to compensate for the weaknesses of field monitoring at
restoration sites. Using historical data bases of long-term operational satellites (e.g., SPOT, Landsat), this product can even
be applied to restoration sites for which there is no previous field monitoring data. Nevertheless, NDVI is an ecosystem
measure, and does not provide information on changes below the community level (i.e., species composition; Washington-
Allen et al., 2008). Thus, caution must be used in interpreting results from times series changes, and auxiliary data (i.e., field
observations, hyper-spectral analysis) must be properly referenced.

Aquatic ecosystems, including lagoons and lakes, generally experience temporal changes with short periodicity based
on their growth dynamics, as well as the mobile characteristic of their biological components. In considering the vegetation
changes in the restored Chilika Lagoon, we also confirmed that the seasonal changes and annual fluctuations depend on
environmental conditions. These traits generate complex noise in the time series dataset, and a proper statistical approach
is needed to interpret the complex phenomena. Thus, the nonlinear dynamics in the ecosystem (Burkett et al., 2005) should
be included in the study, and statistics based on a nonlinearmodel need to be properly applied. In particular, the relationship
between the satellite vegetation index and climatic factors in the lagoon was highly nonlinear, thus nonlinear analysis and
seasonal averaging could provide applicable results. Trend decomposition have been applied to findmeaningful trends in the
complex dataset, and these techniques enable us to characterize ecosystem changes at different temporal scales (Martínez
and Gilabert, 2009). Short period satellite instruments have made it possible to monitor weekly to monthly changes in the
studied ecosystem. The increased availability of satellite images with public access, combined with time series analysis
techniques, will further enhance the evaluation of restored aquatic ecosystems across global coastal areas. Continuity of
post-restoration monitoring, and recovery of historical changes at the site, form the basis for adaptive management of
restored ecosystems, and can further suggest appropriate actions to recover ecological functions and biodiversity. Increased
application of remote sensing in aquatic restoration will enhance in-depth understanding of ecosystem responses to
ecological restoration.

5. Conclusion

Our study showed restoration of lagoon connectivity with ocean had more influence on change of lagoon productivity
compared with local freshwater input. While relative importance of these influences to lagoon can be varied with
morphological trait of lagoon channel (i.e. freshwater input and outer channel to ocean). We also showed that plant
productivity of restored lagoon can be effectively monitored and evaluated by using satellite derived vegetation index. This
study highlights the potentialities of short-term averaged images in ecological applications and response against artificial
and natural changes. The increased availability of satellite images with public accesses combined with time-series analysis
techniques will further contribute on evaluating restored aquatic ecosystems distributed across global coastal area. Short
period satellite instruments made it possible to obtain weekly to monthly changes of concerned ecosystem. This short-term
dataset can provide relationship and influences of climatic and oceanographic oscillation on ecosystem productivity. Spread
of remote sensing application in the restoration ecology, will enhance in-depth understanding ecosystem responses against
ecosystem restoration.
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