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Abstract. Understanding the effects of former river restoration actions is essential for gaining scientific
knowledge, feedback and guidance for future restoration projects. In this context, the objectives of our study
are to analyze the surface-water variability and to assess the hydrological effects of restoration actions by
means of riparian wetlands monitoring in the Lower Danube floodplain, in Romania. Independently from the
monitored restoration project, we conducted an analysis of the Normalized Difference Water Index (NDWI)
based on Landsat imagery (1984-2020) in the area of Gerai Marsh. We found that Gerai Marsh is connected
occasionally to the Danube River, during large floods. The effects of restoration by reshaping local canals to
(re)create the old Gerai Marsh were statistically detected in our study at the scale of 5 years post- versus prerestoration and at p < 0.10. Our study confirmed the role of independent monitoring by standardized indicators
from satellite remote sensing for understanding the effects of riparian wetland restoration. This kind of
objective results could contribute at setting guidelines for an improved strategy to restore the Lower Danube
River and other large rivers floodplains.
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1 INTRODUCTION
Understanding the effects of former river restoration actions is essential for gaining scientific
knowledge, feedback and guidance for future restoration projects towards more effective results (Morandi et
al., 2014). In practice, despite the increasing concern and funding for river restoration, the information on the
success or failure of such actions is still limited (Castillo et al., 2016; Angelopoulos et al., 2017). This is mostly
due to the shortage of monitoring data. River restoration projects are frequently underfunded for pre- and postproject monitoring while long-term monitoring financial efforts are even rarer (Gonzáles et al., 2015).
Moreover, major part of the projects conducts the assessment based on non-standardized indicators, depending
on the demands of actors and financing sources (Castillo et al., 2016), as well as other political drivers
(Morandi et al., 2017). Furthermore, the effectiveness of the restoration solution should be compared to some
references, either relative (e.g. pre-restoration), absolute (e.g. good ecological status) or pre-established (e.g.
historic baseline, desired image) (Morandi et al., 2014; Wohl et al. 2015), by using similar metrics (Lisenby et
al., 2016). Both spatial and temporal scales should be considered in evaluating the effects of restoration works
(Kondolf et al., 2006).
The hydrological effects of wetland restoration are reflected by their behavior in terms of water content:
the water level, hydropattern, and residence time (U.S. EPA., 2008). The water level is an indicator of the
vegetation types most likely to occur. The hydropattern refers to the timing, duration (i.e. hydroperiod), and
distribution of wetland water levels. The residence time of a wetland is often related to its hydropattern, in that
wetlands with large water level fluctuations may have shorter residence times. Some information about the
spatial and temporal hydrological variability of wetlands can be extracted from satellite images, depending on
their technical features (Guo et al., 2017). For example, the Landsat imagery is the most used remote sensing
data in wetland research (Guo et al., 2017). Good results were obtained in terms of wetland inundation, most
precisely in terms of spatial extension and duration or hydroperiod (e.g. Díaz-Delgado et al., 2016; Hopkinson
et al., 2020; Kissel et al., 2020). Overall, remote sensing for wetland management is an increasingly valuable
tool for the assessment of restoration success (Dawson et al., 2016).
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In this context, the objectives of our study are to analyze the surface-water variability and to assess the
hydrological effects of restoration actions by means of riparian wetlands monitoring, using satellite imagery.
In this context, the research aims at answering the following question: did a project succeed in recreating
riparian wetlands? The study focuses on a wetland located in the Lower Danube floodplain, in Southern
Romania.
2 STUDY AREA
The Lower Danube River corresponds to the downstream sector of the river, from the entry in Romania
to the outflow in the Black Sea through three main branches within the Danube Delta, with a length of 1075
km (i.e. 38% of its total length of 2780 km). After being embanked and drained for agriculture for more than
half a century (Constantinescu et al., 2015), in the last decades the objective of the Lower Danube River
restoration was to recreate riparian wetlands and reconnect them with the river (Hein et al., 2016). To illustrate
the effects of the restoration actions, we worked on the case study of the Gerai Marsh located in the Lower
Danube floodplain, in southern Romania (Fig. 1a). It is a protected area of international importance within the
Ramsar convention. This case study is demonstrative for one of the major anthropic drivers of changes along
the Lower Danube – the agriculture, as well as for the restoration projects in the Lower Danube Green Corridor,
performed in the last decades along the Lower Danube River in both Romania and Bulgaria.
The Gerai Marsh is represented on old maps as a submerged area (10.1 km2) with a non-functional island
covered by vegetation. The Danube floodplain was embanked and drained in the 1970s under the program for
regulating the drainage and flooding. Thus such works were carried on channels inside the marsh, works of art
(bridges, culverts, roads, mining, etc.), including for draining rapidly the surface-water remaining after the
floods of the Danube River (Dimache et al., 2012). Therefore, the formed Gerai Marsh lost the surface-water
patches. The restoration project was implemented in 2011. Dams and canals were built at the local scale in
order to maintain a higher water level to ensure ecological effects proper to birds nesting (Dimache et al.,
2012). The main channel exceeds locally 1 m in depth, has a low slope (0.001 m/m), and a width of 20-160 m
(Dimache et al., 2012). The project ignored the reconnection with the Danube River. In our study, we delimited
the Gerai Marsh (Fig. 1b) according to the historical conditions (10.1 km2), which are also reference conditions
used in the restoration project to recreate a wetland ecosystem.

Figure 1. Gerai Marsh – (a) location in Romania; (b) example of Normal Difference Water Index (NDWI)
spatial distribution (the Gerai Marsh is delimited by white points)
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3 METHODOLOGY
For the monitoring of the surface-water, we employed the Normal Difference Water Index (NDWI),
which was successfully used in previous studies to delineate land from open water, as well as to identify nonurban surface-water associated with wetlands (e.g., McFeeters, 2013). The index was estimated on Landsat
scenes provided by the Earth Observing System (EOS, 2021). The Landsat scenes have the advantage of going
back in time, therefore they allow to constitute a long time series of data. We used available Landsat satellite
missions at 30 m of spatial resolution and 15 days of temporal resolution (5 TM and 8 OLI + TIRS). In our
study focused on the presence of water, we were more rigorous in detecting the surface-water, therefore we
set a higher threshold for this class, at NDWI = 0.3 (similar to the study of McFeeters, 2013). To analyze the
variability of the surface-water, we created time series of NDWI. First, we considered the maximum extent of
the surface-water. Therefore, we selected one Landsat scene per year. Over the period of 38 years (1984-2021),
we analyzed 35 scenes for the Gerai Marsh. To analyze the long-term temporal variability of the surface-water,
we completed the time series by replacing missing values with their mean for three years (2003, 2012, and
2019). Then, we focused on the timing and duration of the hydroperiod (namely the seasonal occurrence of
flooding/inundation in a wetland). We selected all available scenes per year for a few years. In total, we
analyzed 14 scenes in 2006, 7 scenes in 2010, and 9 scenes in 2018. Finally, we compared the effects preversus post-restoration by using the Mann-Whitney non-parametric test at a time scale of 5 years and 10 years.
4 RESULTS
The surface-water covers a mean value of 1.33 km2 or 13.5% of the Gerai Marsh (Fig. 2). The median
is close to 0, suggesting that in at least half of the years the surface-water is absent. The interquartile range is
1.43 km2. The positive skewness indicates that values are tailed right while the positive kurtosis indicates a
moderately-tailed distribution. The maximum annual values of surface-water in the Gerai Marsh do not have
a normal distribution. Additionally, the boxplot in Fig. 2 shows numerous outliners.

Figure 2. Distribution of surface-water area (km2) in the Gerai Marsh according to data extracted in this
study
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We conclude that the flooding is occasional, not annual, in the Gerai Marsh. The highest eight values
occurred in April, similar to the high-water phase of the hydrological regime of the Danube River, which is
characterized by high discharges in spring, with the largest shares of the mean flow in April and May (11-12%
of the average annual volume). The low-flow periods (less than 6% of the mean annual volume) are specific
for autumn (in September and October) (Zaharia and Ioana-Toroimac, 2013). Pekarova et al. (2019) underlined
a shift of the Danube’s peak from May to April since the 1980s. The floods usually occur in spring and summer.
Among the largest in last two decades occurred in April-May 2006 and July 2010.
Concerning the hydroperiod (Fig. 3), during the historical flood of the Danube in 2006, which
corresponded to the maximum extension of the surface-water (8.83 km2) in the Gerai Marsh, the hydroperiod
lasted for approximately two months (April-June). In 2010, the surface-water was absent. In 2018, the surfacewater reached 6.5 km2 and the hydroperiod lasted until the beginning of May.
Subsequently, according to Mann-Whitney test, there is no statistical difference between the pre- and
post-restoration situation at the time scale of 5 years and 10 years, at p < 0.05. Yet, at the time scale of 5 years,
there is a difference between time series of 2007-2011 and 2012-2016, significant at p = 0.06, with higher postrestoration values then pre-restoration. While a small surface-water area was detected in 2009, larger areas
were detected in 2013 and 2016 (Fig. 4).

Figure 3. Examples of hydroperiod in the Gerai Marsh

Figure 4. Variations of surface-water area in the Gerai Marsh – in dashed red line the year of the restoration
(2011); in dashed blue line – mean values at 5 years and 10 years pre- and post-restoration
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5 DISCUSSION AND CONCLUSION
In the case of the Gerai Marsh, the post-restoration effects were not necessarily obvious. By analyzing
the remote sensing images, only a slight efficacy could be detected at the time scale of 5 years. Yet, missing
data of 2012 are likely to prevent us from obtaining significant statistical results. Hence, we consider that,
overall, following the restoration actions, there was no additional water entry in the marsh. The same volume
of water was probably concentrated along channels due to restoration works. These modifications are probably
too small to be detected by satellite. For this case study, our methodology appears to be inappropriate, as the
slight modifications in the riparian areas holding water are probably too small to be detected by satellite survey.
Therefore, a better resolution of the satellite imagery and ground-based measurements would be necessary to
better understand the effects of river restoration.
Did this project succeed in recreating riparian wetlands? Our study did not aimed at criticizing a
restoration project, but most importantly to put in question the functionality of the restored wetland. We
conclude that the restoration of the Gerai Marsh was marked by a slight increase of the surface-water lasting
for a short period of time. The vegetation probably colonized the small patches of low-depth surface-water,
with the marsh remaining generally disconnected from the Danube River. The riparian wetland is mainly
connected to the Danube during high floods. Nonrandom values of the studied indicator, i.e. NDWI, suggest
the occasional connectivity with the hydrological regime of Danube. Occasional overflowing events and
discontinuous hydroperiod of surface-water patches demonstrate a weak connectivity. For the present, similar
to other case studies, returning to the historic conditions in the Danube floodplain remains a myth (Dufour and
Piégay, 2009).
Satellite remote sensing based on open access scenes is a low-cost way of monitoring riparian wetlands
and restoration effects. It could give an overall image on the functioning of a large floodplain. Other restoration
projects of the Lower Danube floodplain could be monitored by a similar methodology in order to obtain an
overview on the efficacy of restoration projects on the Lower Danube River, as well as on the present-day
hydrological functioning of the floodplain. Moreover, this kind of results could contribute at setting guidelines
for an improved strategy to restore the Lower Danube River.
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