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Abstract

:

In this study, we examined the phenology of the salt marsh ecosystem across coastal Louisiana (LA) for a 16-year time period (2000–2015) using NASA’s Moderate Resolution Imaging Spectroradiometer’s (MODIS) eight-day average surface reflectance images (500 m). We compared the performances of least squares fitted asymmetric Gaussian (AG) and double logistic (DL) smoothing functions in terms of increasing the signal-to-noise ratio from the raw phenology derived from the time-series composites. We performed derivative analysis to determine the appropriate start of season (SOS) and end of season (EOS) thresholds. After that, we extracted the seasonality parameters in TIMESAT, and studied the effect of environmental disturbances/anomalies on the seasonality parameters. Finally, we performed trend analysis using the derived seasonality parameters such as base green biomass (GBM) value, maximum GBM value, seasonal amplitude, and small seasonal integral. Based on root mean square error (RMSE) values and residual plots, we selected the best thresholds for SOS (5% of amplitude) and EOS (20% of amplitude), along with the best smoothing function. The selected SOS and EOS thresholds were able to capture the environmental disturbances that have affected the salt marsh ecosystem during the 16-year time period. Our trend analysis results indicate positive trends in the base GBM values in the salt marshes of LA. However, we did not notice as much of a positive trend in the maximum GBM levels. Hence, we observed mostly negative changes in the GBM amplitude and small seasonal integral values. These negative changes indicated the overall progressive decline in the rates of photosynthesis and biomass allocation in the LA salt marsh ecosystem, which is most likely due to elevated atmospheric carbon dioxide levels and sea level rise. The results illustrate both the relative efficiency of MODIS-based biophysical models for analyzing salt marsh phenology, and performances of the smoothing techniques in terms of improving the signal-to-noise ratio of the MODIS-derived phenology.
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1. Introduction


The global average atmospheric carbon dioxide (CO2) concentration has risen significantly since the pre-industrial revolution level of 280 ppm [1]. Such increasing levels of CO2 will have wide-ranging consequences on an ecosystem’s structure, function, and services; many natural systems have already started showing signs of being affected [2,3,4]. The conservation and restoration of natural ecosystems, especially those with high carbon sequestration capacity, is crucial in order to offset the rising levels of atmospheric carbon [5]. Salt marshes are well-recognized carbon sinks, and the conservation of such a natural ecosystem is critical in order to maintain carbon balance in the environment [6,7]. However, the response of salt marshes to global fluctuations of atmospheric CO2 may differ from the responses of terrestrial or aquatic ecosystems [8]. Studies have demonstrated the differential response of salt marsh plant species to increasing levels of CO2, with C3 plants (e.g., Phragmites) being more productive than C4 plants (e.g., Spartina), which is an effect that has also been found to be enhanced by sea-level rise [9,10]. This reduced productivity of C4 plants puts them at an adaptive disadvantage, where they might be out-competed by C3 species [11], causing massive shifts in biogeochemistry and ecosystem functioning. The continuous monitoring of the phenology of salt marsh ecosystems for the detection and analysis of any such trends is of utmost priority for the successful implementation of conservation and restoration measures, both at site-specific and landscape levels [12].



One way to study and understand the productive health of any vegetation ecosystem is through analyzing long-term spatiotemporal trends in phenology in relation to their environment [10]. Phenological measurements such as the timing of budburst and flowering are now widely used to detect and study the effect of climate variability on vegetation health, both at the site-specific anc broader landscape scale [13,14,15]. Further, phenology has been shown to be an effective indicator of forest and crop management practices [16,17], urban heat islands [18,19], the El Nino Southern Oscillation [20,21,22], and even the impact of allergies on human health [23]. Moreover, the accurate monitoring of vegetation phenology is crucial for the development of global surface energy and water flux models [24], and the global carbon cycle [25,26]. Therefore, phenological properties or seasonality parameters, such as the timing of the start and end of the season, the rate of green-up and brown-down, amplitude, and maximum growth level have become emerging indicators of global environmental changes [27,28].



Satellite-derived biophysical properties have been frequently utilized to understand vegetation phenology such as the onset of leaf greenness in the spring and leaf coloring in autumn [29,30]. Remote sensing-based phenology began with the Advanced Very High Resolution Radiometer (AVHRR) [31], and has been significantly improved with the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra and Aqua satellites [32]. Both AVHRR and MODIS are currently operational, but MODIS provides images with improved spatial resolution (250 m to 1 km versus 1 km), spectral resolution (36 spectral bands versus six), and geolocation accuracy [33]. Studies have utilized MODIS images for monitoring ecosystem phenology at both site-specific and landscape scales [34,35,36,37,38].



Developing algorithms to automatically retrieve land surface phenology metrics from satellite data has been a popular research topic [39,40,41]. However, the nature of satellite data makes it difficult to directly extract phenological metrics [38,42]. Satellite derived time-series data inevitably contain disturbances caused by cloud presence [43], atmospheric variability [44], and aerosol scattering [45], which degrade the data quality and hinder analysis. Therefore, satellite-derived time-series data are commonly quality-screened and/or smoothed to minimize noise and compensate for the absence of data before phenological metrics can be estimated [46]. Several methods based on the interpolation of time-series data have been proposed to remove such noise and reconstruct high-quality time-series products [47,48,49,50,51,52]. The MATLAB-based program TIMESAT [53] allows the user to test different smoothing techniques, along with various statistical filters, for increasing the signal-to-noise ratio and generating noise-free phenology that can be further utilized for generating seasonality parameters [48,54]. After smoothing the raw phenology, most of the start and end of the season are defined using different methods, such as derivative analysis of the smoothed time series, matching phenology dates derived from in situ observations such as PhenoCam, or using known start of season/end of season (SOS/EOS) thresholds on the smoothed time series (particularly for smoothed Normalized Difference Vegetation Index (NDVI) phenology) [32,55].



Phenology has been studied in detail in a variety of different terrestrial environments, such as tropical rainforests, deciduous habitats, and grasslands; it has also been studied in aquatic ecosystems, such as that of phytoplankton [56,57,58,59]. However, very few studies have emphasized the need to analyze the long-term phenology of salt marsh habitats [12,60,61,62]. In this paper, we derived the long-term trends in the phenology and seasonality parameters of the salt marshes in Louisiana (LA) using existing MODIS-derived biophysical parameters, and analyzed the broader implications of the observed trends. We first describe and test methods for deriving noise-free phenology and seasonality parameters for salt marshes in LA. After that, we validate our methods by analyzing the annual variations. Finally, we evaluate the long-term change trends in the seasonality parameters using statistical trend analysis techniques.




2. Materials and Methods


2.1. Study Area


LA has the largest salt marsh ecosystem (>6500 km2) in the United States (US) [63] (Figure 1). The ecosystem is mostly dominated by smooth cordgrass (Spartina alterniflora), and salt meadow cordgrass (Spartina patens). Apart from that, patchy distributions of American Glasswort (Salicornia virginica), saltwort (Batis maritima), and seashore saltgrass (Distichlis spicata) are also encountered. The distribution of black needle rush (Juncus roemarianus) is limited along the brackish regions. The high salinity and anoxic soil do not allow the growth or survival of non-specialized plant species; hence, floral diversity is remarkably low [64]. The climate of the region is tropical to sub-tropical; it is characterized by hot and humid summers, with occasional tropical storms and moderately cold winters. The salt marshes stretch across four state climatic divisions: southwest, south-central, southeast, and east-central [65]. The majority of the salt marsh ecosystem falls within the southeast (~4000 km2) and the southwest (~2000 km2) climatic zones. The average annual temperature in this region varies between 15–25°C, while annual precipitation ranges from 80 cm to 100 cm [66]. Since 2000, the salt marsh ecosystem in LA has experienced the landfall of major hurricanes, such as Lili in 2002 (Category 1), Katrina and Rita in 2005 (Category 4 and 3, respectively), Gustav in 2008 (Category 2), and Isaac in 2012 (Category 1) [67]. The marsh ecosystem in LA is also home to more than 160,000 oil and gas wells [68] that account for almost 18% of the oil and 24% of the natural gas production in the US, and are valued at $6.3 billion and $10.3 billion, respectively [69]. Hence, these ecosystems have been subjected to intense dredging and channelization for transportation as well as significant groundwater removal, which has led to soil and marsh erosion and localized subsidence. Further, the sediment flow from the Mississippi River, which typically provides nutrients and substrate for salt marshes, has been extensively trapped and diverted through the excessive construction of levees across the LA coast. Therefore, it is increasingly difficult for the salt marshes to sustain themselves and fight against sea level rise. Disturbed salt marsh ecosystems in the region have been invaded by common reed (Phragmites australis) at certain places [69].



Over the past decade, there has been an increasing number of reports of salt marsh “dieback” in the US. In 2000 and 2007, LA experienced a sudden and acute dieback event (termed “brown marsh”) that affected over 100,000 ha of Spartina alterniflora-dominated salt marsh throughout the Mississippi River deltaic plain [70,71]. In addition, although the long-term impact is still unknown, the Deepwater Horizon oil spill in 2010 had a severe short-term impact on the health of several fringe and interior salt marsh patches of LA, which was characterized by the loss of chlorophyll and biomass, and subsequently a reduction in photosynthetic capacity [60,72,73].




2.2. Time-Series Composites


The MODIS Land Science Team provides several data products derived from MODIS observations to the public, including the eight-day composite Land Surface Reflectance (MOD09A1). The MOD09A1 datasets include seven spectral bands at a spatial resolution of 500 m corrected for the effects of atmospheric gases, aerosols, and thin cirrus clouds [74]. We generated time-series composites for green biomass (GBM) for the salt marshes of LA for a 16-year period (2000–2015) using MODIS eight-day surface reflectance data (500 m). We generated subsets of LA salt marshes using the most recent vector boundaries obtained from the National Wetlands Inventory (NWI) database [63]. We generated GBM composites using the relationship between GBM and the Visible Atmospheric Resistant Index (VARI) [75] described in Ghosh et al. [12], as follows:


    G B M     (   g r a m s     p e r     s q u a r e     m e t e r   )  = 3617.104 ×  V A R I  + 543.3514   



(1)







The GBM biophysical model was developed using MODIS surface reflectance and in situ estimates of GBM from 200 study plots across the northern Gulf of Mexico. The model produced a R2 of 0.93 and an inherent percent normalized root mean square error (RMSE) of 17.34% in GBM estimation. Ghosh et al. [12] demonstrated the superior performance of VARI for mapping salt marsh GBM using the MODIS 500 m images compared with the near infrared (NIR) based indices such as NDVI; although studies have utilized NIR-based indices to study salt marsh phenology with finer resolution sensors [12,62,76]. The poor performance of the traditional NIR-based indices was attributed to the severe interference of background moisture and tidal signals to NIR wavelengths, whereas the sensitivity of visible bands was argued to be less susceptible to background water signals. While generating GBM composites, we utilized MODIS quality assurance bands to retain only the best quality pixels in the time-series composites [12,74]. This enabled us to assign equal weight to all of the salt marsh pixels for the extraction of phenology, rather than assigning weights based on quality pixels in TIMESAT. However, tidal correction was not performed, as it is not possible to determine the level of the contribution of daily MODIS images to the eight-day surface reflectance imagery, which would otherwise had helped correct for tidal signals using daily tidal fluctuation data [12].



Since the MODIS surface reflectance products have a temporal resolution of eight days, 46 GBM composites were generated per year for the LA salt marshes; thus, for the 16-year study period, 736 composites were generated in total. We analyzed the salt marshes of the southeast and southwest climatic zones separately in order to avoid any discrepancy due to climate variability. We created subsets of salt marsh GBM composites for individual climatic zones, using the LA climate zone boundaries obtained from the National Climatic Data Centre (NCDC) archives [65]. Once subsets were generated for the salt marshes for individual climatic zones, we converted the raw GBM composites to 16-bit signed generic binary format for running TIMESAT [53]. We also compiled temperature, precipitation, and Palmer Drought Severity Index (PDSI) [77] data for the individual climatic zones from the NCDC archives, to investigate any significant temperature, precipitation, and PDSI anomalies during the 16–year period that might potentially contribute to salt marsh phenological trends.




2.3. TIMESAT


Although the pixels for the time-series analysis were carefully screened using the MODIS quality assurance data, the raw time-series data, as derived from the GBM composites, still showed the presence of residual noise, which was possibly generated from short-term localized environmental disturbances, or tides. However, since the GBM composites were generated using a visible band index (VARI), the tidal effect can be assumed to be minimal. We used the MATLAB-based program TIMESAT to generate a pixel-wise, noise-free time series of GBM. A number of methods have been developed to reduce noise prior to the time series, such as Fourier Series [78,79], Best Index Slope Extraction (BISE) [47], logistic curve [80], and Savitzky-Golay filtering [48]. TIMESAT provides options to fit a smooth continuous curve to raw time-series data using asymmetric Gaussian (AG), double logistic (DL), and/or Savitzky-Golay (SG) filters. In these methods, local model functions are fitted to data in intervals around maxima and minima in the time series [48,54]. For the AG smoothing function, the basis function becomes:


   g  (  t ;  x 1  ,    x 2  , … ,    x 5   )  =  {      e x p  [  −    (    t −  x 1     x 2     )     x 3     ]  ,   i f   t >  x 1        e x p  [  −    (     x 1  − t    x 4     )     x 5     ]  ,   i f   t <  x 1          



(2)







Here, x1 defines the position of the maximum or minimum with respect to the independent time variable t; x2 and x3 determine the width and kurtosis of the right half of the function; and x4 and x5 determine the same for the left half of the function.



The basis function for the DL smoothing function is as follows:


   g  (  t ;  x 1  , … ,  x 4   )  =  1  1 + e x p  (     x 1  − t    x 2     )    −  1  1 + e x p  (     x 3  − t    x 4     )      



(3)




where x1 and x3 define the position of the left and right inflection point, respectively, while x2 and x4 give the rate of change at x1 and x3, respectively. Also, for this function, the parameters are restricted in range to ensure a smooth shape [81].



The AG and the DL filters have been found to produce similar results, with the AG filter being less sensitive to incomplete baseline time-series data [82]. We tested both filters for generating a noise-free time series, and then extracting seasonality parameters. The SG filter was not considered to be ideal for deriving a smooth time series, as it was too susceptible to localized noise in the raw phenology generated from the time-series images, and hence might provide erroneous estimates of seasonality parameters [83]. We used the Seasonal-Trend Decomposition by LOESS (STL) method to remove spikes and outliers in the time series. The STL method removes outliers by assigning weights to the values in the time series based on STL decomposition. This method does not depend on ancillary data, and is global in nature [84]. Further, we also eliminated any negative or zero values observed in the raw phenology from our analysis. We specified an adaptive upper envelope assuming any noise to be negatively biased [48,54]. We specified an adaptation strength of two, as a stronger adaptation strength was likely to put too much emphasis on single high-data values, leading to erroneous estimates of seasonality parameters [48,54].




2.4. Determination of Start and End of Season Determination Using TIMESAT and Derivative Analysis


TIMESAT allows the user to specify SOS and EOS dates as a user-defined fraction of the seasonal amplitude. We derived SOS and EOS using different thresholds (fractions of seasonal amplitude), such as 5%, 10%, 15%, and 20%. We did not test thresholds below five percent, as it might be influenced by the noise from the non-growing season [55]. Phenology studies using TIMESAT have mostly preferred to use thresholds above 10% (usually 20%; sometimes 50%) for deriving SOS and EOS dates using a NIR wavelength-based vegetation index time series. Most of these thresholds are usually determined based on expert opinions or in-field observations of the SOS and EOS [85,86,87]. However, the phenology of the salt marsh ecosystem has neither been studied in detail, nor did we have any in–field monitoring stations observing real-time SOS and EOS dates that could have been the basis for choosing or validating appropriate thresholds of SOS and EOS for TIMESAT. Temperature variations at the start and end of the growing season may be used to determine the SOS and EOS; however, plant phenology and seasonality parameters are not only influenced by temperature, but also by other environmental variables or local environmental disturbances and dynamics. Further, the NDVI time series or thresholds could not be utilized for deriving SOS and EOS, as NDVI or any NIR-based indices are prone to insensitivity in salt marsh settings [12]. GBM was derived from MODIS 500 m eight-day surface reflectance composites for LA marshes using the VARI [75], which had been shown to be more sensitive than NIR-based indices, especially for salt marshes with perpetually saturated soil [12]. Therefore, we tested the performances of different thresholds by matching the SOS and EOS dates derived using derivative analysis against dates derived using different thresholds in TIMESAT, as described in the following paragraph.



Unfortunately, there is no specific universal threshold that can be applied to estimate SOS and EOS dates; and calibration is necessary before the selection of any specific threshold. We investigated the derivatives of smoothed GBM time-series data, which were derived using both AG and DL methods from ~400 random pixels. We estimated the third-order derivative from the smoothed time series, and derived local maxima and minima [83]. The third-order derivative has been demonstrated as a better indicator for identifying SOS and EOS than the second order, as the latter represents the timing when the majority of vegetation within a pixel is turning green, rather than the timing when the change of green-up rate or brown-down rate is the greatest [83]. For the SOS and EOS, we matched the local maxima and local minima, respectively, with the SOS and EOS dates derived using different thresholds in TIMESAT. We did this using a smoothed time series derived by employing both AG and DL smoothing functions in TIMESAT. We did not analyze derivatives for peak of season (POS) date estimations, as POS is a function of the maximum value encountered in the middle of the growing season, and it does not depend on the thresholds chosen for SOS and EOS. Once we matched SOS and EOS dates derived from derivative analysis against TIMESAT thresholds, we estimated the error between the observations using root mean square error (RMSE), and also analyzed residual plots for any specific trends. We selected the TIMESAT SOS and EOS thresholds that illustrated the greatest agreement with the dates derived from derivative analysis. After that, we derived the SOS and EOS for the entire salt marsh landscape using the best SOS and EOS thresholds and the best smoothing technique in TIMESAT, for further analysis and validation.




2.5. Analysis of SOS and EOS Fluctuations for the Validation of Thresholds


We did not have any in situ observations of SOS and EOS to validate the dates derived using the best thresholds in TIMESAT. Therefore, we further attempted to validate our thresholds for SOS and EOS through analyzing the interannual variations of SOS and EOS, and investigating whether the major observed deviations from the normal trends in SOS and EOS can be explained by occurrences of environmental disturbances/anomalies (such as temperature anomalies, hurricanes, drought, or other natural/anthropogenic disasters) that might have influenced those deviations. Here, we derive the SOS and EOS for the salt marshes of southeast and southwest LA using the best thresholds in TIMESAT. We analyzed southeast and southwest LA separately, as the nature and effect of environmental disturbances on SOS and EOS may vary across climatic zones. Further, the southeast and the southwest climatic zones of LA comprise entirely salt marsh habitats; hence, the effect(s) of any localized environmental disturbance(s) within the climatic zones will be manifested entirely in the salt marsh phenology. The analysis attempts to provide further justification of the SOS and EOS thresholds chosen for deriving the seasonality parameters of the LA salt marshes.




2.6. Seasonality Analysis and Simple Linear Trend Analysis


TIMESAT allows its user to derive various seasonality parameters using time-series data (Table 1). We extracted seasonality parameters, such as base value, max value, amplitude, and small seasonal integral, which are major indicators of seasonal photosynthesis and biomass production and accumulation, for all of the salt marsh pixels covering coastal LA for 16-year period. Once extracted, they were analyzed for seasonal fluctuations. Possible reasons behind the seasonal fluctuations were investigated through the careful study of environmental events such as temperature and precipitation anomalies, the landfall of tropical storms, man-made hazards, or other climatic hazards such as drought causing possible localized dieback, which might trigger an early end to a growing season, or a subsequent late/early start of a growing season. After that, we examined the overall trend in these seasonality parameters using simple linear regression. We examined the slope of the fitted trendline to determine any overall positive and negative trends over the 16-year time period based on the positive or negative value of the slope magnitude.




2.7. Trend Analysis


In order to highlight the spatial distribution of the marsh pixels showing improvement (positive change) and stress/degradation (negative change), we employed the Mann-Kendall (MK) trend test [88] to determine the phenological changes of the salt marshes of southeast and southwest LA between 2000–2015, using R [89]. We calculated the MK trend test separately for every pixel for base value, amplitude, max value, and small seasonal integral composites for the southeast and southwest LA salt marshes. These parameters are crucial indicators of seasonal productivity. We classified changes based on the z-score distribution at a 95% confidence interval. A positive or negative value of z represented an upward or downward trend, respectively. Changes beyond the lower critical limit (z < −1.96) were classified as a strong negative change, while those beyond the higher critical limit (z > 1.96) were classified as a strong positive change. Changes within the 95% confidence interval were classified as weak (negative or positive depending on negative or positive values of z).





3. Results


3.1. SOS and EOS Determination


3.1.1. Derivative Analysis versus TIMESAT


Results from the derivative analysis showed similar trends for both the AG and DL methods of smoothing. For the SOS (Figure 2a), the 5% threshold seemed to agree the most with the derivative analysis for both the AG and DL smoothing functions with the lowest RMSE. Higher thresholds showed greater RMSEs. The SOS dates derived using the AG method agreed with the derivative-derived dates marginally better than the DL method; the AG method showing an error of ~25 days for the 5% threshold and ~28 days for the DL method. The residual plots for the SOS showed no specific trends for the 5% threshold (Figure 3a). Higher thresholds predicted late SOS dates when compared with the derivative derived dates (Figure 3b–d). For the EOS, the 20% threshold showed the highest agreement with the derivative–derived EOS dates (Figure 2b), with errors progressively increasing with lower thresholds (Figure 3e–h). The residual plots also demonstrated late EOS predictions with progressive decreasing thresholds compared with the derivative-derived EOS dates (Figure 3b). The AG method again agreed more closely with the derivative-derived dates than the DL method in the estimation of EOS. For the best threshold (20%), the AG method showed an error of ~29 days, while the same for the DL method was ~40 days. However, as mentioned before, we did not have any in situ observations of the SOS and EOS to validate the dates derived using asymmetric thresholds in TIMESAT. Therefore, the only way to validate our thresholds for the SOS and EOS was through analyzing the interannual variations of the SOS and EOS, and investigating whether the major deviations from the normal trends in the SOS and EOS observed can be explained by occurrences of environmental disturbances/anomalies that might have influenced those deviations.




3.1.2. SOS and EOS Validation through Analysis of Fluctuations


The median SOS date for the salt marshes of southeast and southwest Louisiana as derived from TIMESAT was observed at ~60 Julian days (Figure 4a and Figure 5a). However, in the years 2000, 2010, and 2013, the salt marshes of southeast LA showed a late SOS. A late SOS was also observed in southwest LA in 2010. The median EOS for the LA salt marshes was observed at ~322 Julian days. The salt marshes of both southeast and southwest LA experienced an early end to the growing season in the years 2005 and 2008.





3.2. Seasonality Analysis and Simple Linear Trends


Simple linear trends in GBM base values, GBM max values, seasonal GBM amplitude, and small GBM integral are shown in Figure 6. Overall, during the 16-year study period, the GBM base values showed positive trends (Figure 6a) and GBM max values remained stable, while the rest of the seasonality parameters showed negative trends (Figure 6b–d). We also observed a periodic decline in the levels of GBM amplitude and GBM small integral in the years 2000, 2005–2006, 2008, and 2011–2012. However, we noticed subsequent improvements in the levels of these seasonality parameters after the short-term decline as well, when environmental conditions improved.




3.3. Mann-Kendall Trend Analysis


Trend classes for changes in the base values, max values, seasonal amplitudes, and small seasonal integrals (refer to Table 1 for description and phenological significance) for the southeast LA salt marshes are shown in Figure 7. We observed positive changes in the GBM base values in almost 75.5% of the salt marsh area in southeast LA, with strong positive changes observed in 31.6% of the area. However, the max values did not show as much positive change; we observed strong positive changes in only 7.2% of the total salt marsh area. On the other hand, we observed mostly negative changes in the seasonal amplitude and small seasonal integral, two parameters that are indicators of net seasonal photosynthesis rates and biomass productions. Most (70.3%) of the salt marsh ecosystem showed negative changes in seasonal amplitude (with 12.1% of the area showing a strong negative change), while 67.9% showed negative changes in the small seasonal integral (with 10.9% of the area showing a strong negative change). Overall, the areas with positive changes in base values and negative changes in the seasonal amplitude and small seasonal integral matched well (Figure 8).





4. Discussion


4.1. SOS and EOS Determination


4.1.1. Derivative Analysis vs. TIMESAT


As evident from matching the SOS and EOS dates from derivative analysis with those from TIMESAT, both the AG and DL smoothing filters performed similarly. This was not unexpected, since previous studies have shown similar behaviors for these two methods [82]. Further, the 5% threshold for the SOS agreed the most with the SOS dates that were derived from derivative analysis, while the 20% threshold displayed the highest agreement with the derivative analysis derived EOS dates. Although seasonality parameters are usually derived using symmetric thresholds, asymmetric thresholds may not be uncommon for AG or DL smoothing filters, as both smoothing functions demonstrated skewness.




4.1.2. SOS and EOS Validation through Analysis of Fluctuations


The median SOS date for the salt marshes of southeast and southwest Louisiana as derived from TIMESAT was ~60 Julian days (Figure 4a and Figure 5a), which corresponds with the onset of spring at the end of February and beginning of March. However, in the years 2000, 2010, and 2013, the salt marshes of southeast LA displayed a late SOS. The year 2000 had witnessed an acute recurring dieback event that affected almost 100,000 ha of marshes in LA [71,90]. This dieback might have resulted from extremely dry conditions for two consecutive years (1999 and 2000) [65]. The acute dieback event had most likely delayed the normal SOS date in 2000. The delayed start to the 2010 growing season was most likely due to the late onset of spring owing to colder than normal temperatures at the beginning of the season [65], a phenomenon also observed in the salt marshes of southwest LA.



Finally, the delayed SOS in 2013 might be due to the aftereffects of the Deepwater Horizon oil spill (2010) and Hurricane Isaac (2012). The residual oil and the cleanup efforts had negative effects on the marsh patches in southeast LA, and the restoration efforts may have been affected by the landfall of tropical storm Bonnie in 2010, which brought additional oil into the shoreline marsh. The short-term degradation due to the oil spill, subsequent cleanup, and the efforts and stress induced by tropical storm Bonnie, all delayed the peak growth of the marsh patches in the area in 2011 [60]. In spite of this, the marshes had started to recover from oil spill effects in 2011 [91]. However, the recovery of the marsh patches was further damaged by the landfall of Hurricane Isaac in 2012, during the peak of the growing season. Although Hurricane Isaac was a Category 1 hurricane, the timing of the landfall had an adverse effect, as the salt marshes were unable to achieve full recovery from the stress induced by the oil spill. That could be the reason why we noticed another delayed dormancy onset in 2013. Our observations are consistent with those made by Khanna et al. [92]. Any residual oil effects in 2011 or 2012 might have been localized, as the marshes had started to recover or had already recovered from the effects of the oil spill. Those localized effects were not severe enough to have manifested in the MODIS data. Further, the biomass model has a 17% error, so a minor localized disturbance that produced a localized effect in the biomass level may have been below the error threshold, and thus not have been picked up by the model.



The salt marsh growing season in LA normally ends around mid-November (Figure 4b and Figure 5b), which was observed in both southeast and southwest LA, with the median EOS date being ~322 Julian days. However, the salt marshes in both these regions experienced an early end to the growing season in 2005 and 2008. In southeast LA, Hurricane Katrina made landfall in September as a major Category 3 hurricane that destroyed most of the salt marsh ecosystem [93], which was unable to recover in the same year. A similarly drastic EOS was observed in the year 2008, when Hurricane Gustav made landfall; however, the effects of the landfall were not as severe as Katrina. In southwest LA, landfalls and subsequent damages caused by Hurricane Rita (2005) and Hurricane Ike (2008) were the main reasons for the early EOS in those respective years. These results provide justification to the SOS and EOS thresholds chosen for the derivation of seasonality parameters, as they have been able to capture the environmental events that have affected the SOS and EOS of the salt marsh ecosystem during the 16-year time period.





4.2. Seasonality Analysis and Simple Linear Trends


The positive trend observed in the base GBM values is an indicator of the cumulative storage of carbon over time as aboveground biomass. However, the max GBM values remained almost stable during the 16-year period. Meanwhile, negative changes were observed in seasonal amplitude and seasonal integral, which indicated the long-term stress that had been induced in the salt marsh vegetation, resulting in reduced photosynthesis and aboveground biomass accumulation. We observed severe short-term effects of the periodic dieback events occurring in the salt marsh habits in the years 2000 [94], 2006 [90], and 2011 [95], and the landfalls of major hurricanes in 2005 (Katrina and Rita) [96,97], 2008 (Gustav and Ike) [98], and 2012 (Isaac) [99], which affected the seasonal photosynthetic activity of the salt marsh habitats. These severe short-term effects were evident from the relative lower magnitudes of seasonal amplitude and small integral, as observed for those time periods. However, we also observed the recovery of the marsh habitats from the stress induced by dieback events and hurricane landfalls, when the environmental conditions became normal and conducive for salt marsh vegetation growth.




4.3. Mann-Kendall Trend Analysis


Most of the salt marsh ecosystem showed a progressive increase in the base GBM value, indicating that a considerable amount of carbon had been accumulated over time and stored as aboveground biomass in the salt marsh ecosystem. Interestingly, the maximum GBM value did not show as much progressive increase as the base GBM value, indicating that the maximum biomass as well as maximum photosynthesis rate had reached a level of saturation. Therefore, strong negative changes in seasonal amplitude and small seasonal integral were observed, which indicated a progressive decline in the levels of the net seasonal photosynthesis rate over the 16-year time period. Normally, changes in the levels of photosynthesis are attributed to changes in the levels of temperature and precipitation, as they influence the photoperiod and salinity of the ecosystem [100,101]. However, neither the temperature nor the precipitation anomalies for either southeast or southwest LA showed any particular trend during the 16-year time period (Figure 9). The salt marsh ecosystem of these regions has experienced periodic diebacks; however, since salt marshes are resilient ecosystems, they are capable of recovering from short–term environmental stress if environmental conditions become normal again [73].



Atmospheric CO2 levels rose from 369 ppm to 404 ppm during the period 2000–2015 [1], while sea levels were observed rising at a rate of 9–12 mm·year−1 in coastal LA [102]. Elevated CO2 levels in the atmosphere have been known to induce photosynthetic saturation in C4 plants; the saturation generally initiates at carbon dioxide concentrations beyond 350 ppm [103]. In salt marsh habitats, elevated atmospheric CO2 levels have been observed to reduce both above and belowground biomass allocation in C4 plant species [9,10], as a result of a reduction in stomatal conductance [104], as well as the rate of water usage [9,10,105] ultimately reducing the rate of photosynthesis. White et al. [9] observed a greater reduction in the aboveground biomass allocation of C4 plants than C3 plants in response to elevated CO2 and sea level rise in a salt marsh habitat, even with altered nutrient levels in the environment. The salt marsh ecosystem in Louisiana is mostly dominated by the smooth cordgrass (Spartina alterniflora) and salt meadow cordgrass (Spartina patens), both of which are C4 species. Therefore, in light of the observed rise in CO2 levels and sea level rise, this observed reduction in the level of net photosynthesis and biomass allocation in the salt marshes of LA is not entirely unexpected. Although we haven’t done any field experiments to test this, there have been many studies over the past decade confirming the phenomena using observed datasets.



If the progressive decline in the rates of photosynthesis and biomass allocation continues, the carbon sequestration rate of the LA salt marsh ecosystem might not be able to keep up with the rate of rising atmospheric CO2; rather, with periodic disturbances such as hurricanes, dieback, and anthropogenic disasters, marsh loss will turn the ecosystem to carbon sources [106]. On the other hand, such elevated levels of atmospheric CO2 and sea levels will stimulate photosynthesis, water usage capacity, and more efficient biomass allocation in C3 plants compared with C4 plants [9,10]. This might explain the invasion of Phragmites australis in the coastal salt marsh landscape of LA [107]. Phragmites has a variable photosynthetic pathway that is capable of exhibiting both C3 and C4 photosynthesis [108]. Under elevated levels of CO2, the C3 pathway will probably become dominant in Phragmites, and this would allow the plant to dominate the coastal salt marsh ecosystem, especially if the ecosystem experiences nitrogen enrichment through runoff [109]. If Phragmites displaces Spartina as the dominant species in the coastal marsh landscape, there might be far-reaching ecological consequences such as changes in plant species abundance [110] and trophic interactions [111,112], herbivore population crashes [113], and changes in soil biogeochemistry [114]. In this research, we don’t claim that such a phenomenon is already underway, as it is beyond the scope of this study, but supporting evidence from our analysis suggests that there is a risk of such a cascading effect in future.





5. Conclusions


This study provides a comprehensive analysis of the phenological trends of the salt marsh ecosystem of LA, showcasing the efficiency of the MODIS-based biophysical model derived time-series composites of salt marsh GBM. We used TIMESAT to generate noise-free phenology from the GBM time-series composites after determining the SOS and EOS thresholds using derivative analysis. We justified our selection of the best smoothing algorithm (AG) and SOS/EOS thresholds after matching the SOS and EOS dates derived using derivative analysis and TIMESAT thresholds. We analyzed the seasonality in the SOS and EOS dates over a 16-year time period; the effects of the environmental events influencing the deviations from the normal SOS and EOS have been efficiently captured. Finally, the trend analysis demonstrated a reduction in the rates of seasonal amplitudes and small seasonal integrals, and improvement in the levels of GBM base values, indicating the progressive reduction in the levels of photosynthesis and biomass allocation in the salt marsh ecosystem that might be attributed as a combination of environmental effects such as rising atmospheric CO2 levels and sea level rise.



Further, the trend analysis results have been able to capture areas that are demonstrating significant stress in terms of reduced photosynthetic activity and thus require immediate restoration and conservation efforts. The results of this study can be compared with Gross Primary Productivity (GPP) trends as observed from the MODIS 500-m and 1-km GPP products; however, MODIS GPP products for coastal wetlands are derived using very generic grassland light use efficiency (LUE) estimates from a Biome properties look-up table that do not incorporate tidal effects or other conditions specific to coastal marshes. Therefore, caution should be exercised when drawing conclusions derived from GPP trend matching. Although trend analysis using MODIS-derived images can provide a valuable insight into the phenological dynamics at the landscape level, site-specific trend analysis might require a similar analysis using site-specific records of sea level changes, nitrogen enrichment, and salinity, along with finer resolution images. In addition, with finer resolution images, it will be possible to determine the distribution dynamics of the invasive Phragmites australis in an otherwise Spartina-dominated landscape, and compare the progressive phenological trends of the two species with respect to elevated CO2 levels and sea level rise. Such a future study will provide a clearer picture regarding the possible ecological succession of Spartina by Phragmites.



In addition, due to the coarse nature of the MODIS sensor, the possibility of encountering mixed pixels cannot be ruled out, especially while studying a highly fragmented ecosystem such as a salt marsh. One way to address the issue is to mask out mixed pixels completely from the analysis. However, ignoring or eliminating mixed pixels often poses the problem of eliminating the critical shoreline of salt marsh habitats from the analysis, which are often the most sensitive to environmental changes. Therefore, the selection of the appropriate vegetation index that is less susceptible to signals from water/tides in the shoreline pixels is crucial. This problem of mixed pixels exists even with finer spatial resolution sensors. Further, most fine spatial resolution sensors do not acquire images at such high temporal frequency as MODIS (daily images combined to generate the eight-day surface reflectance product), which is ideal for the analysis of long-term phenological trends. Further, finer spatial resolution images often present the problem of cloud cover that may render images completely unusable for analysis, resulting in frequent data gaps. This problem is particularly evident in the coastal Gulf of Mexico, where cloud presence in images from fine resolution sensors often hinders analysis, especially during the peak growing season. Further, their spatial coverage/swaths are much less than MODIS; hence, combining scenes from multiple days may create biases in the analysis itself. Hence, for analysis at such broader landscape scale, MODIS is clearly a robust sensor.



This is the first time that such a comprehensive analysis of the phenological trends of the LA salt marsh ecosystem has been studied in terms of the seasonality parameters. Using the suggested methods in this study, the monitoring of salt marsh ecosystem in LA, the southeast US, and elsewhere in the world with similar environmental settings will be possible, following the necessary re-parameterization of the GBM model. Through continuous monitoring of the ecosystem, it will be possible to ascertain whether salt marshes will continue to be a major carbon sink in the environment, or changes in the environment will force them to become a net carbon source. As mentioned before, salt marshes are dynamic and critical ecosystems in terms of carbon sequestration. Therefore, continuous monitoring of these critical ecosystems is crucial for effective restoration and management practices and the formulation of global change policies.
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Figure 1. Salt marsh extent in coastal Louisiana spread across four climatic zones. 
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Figure 2. Root mean square error (RMSE) estimates for the (a) start of season and (b) end of season dates between the derivative analysis and TIMESAT thresholds for both asymmetric Gaussian and double logistic smoothing functions. 
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Figure 3. Residual plots matching the Julian dates derived from the derivative analysis (x-axis) and TIMESAT thresholds (y-axis) for (a–d) start of season (SOS) and (e–h) end of season (EOS), from ~400 randomly selected pixels, across LA salt marshes. TIMESAT thresholds (5%, 10%, 15%, 20%) have been specified for individual residual plots. 
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Figure 4. (a) SOS and (b) EOS dates for the salt marshes of southeast LA. The dotted line represents median SOS and EOS dates. Late SOS and early EOS dates are highlighted in red along with environmental events (such as dieback, late spring onset, BP Oil Spill, Hurricane Isaac for the SOS, and Hurricanes Katrina and Gustav for the EOS) possibly influencing such events. 
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Figure 5. (a) SOS and (b) EOS dates for the salt marshes of southwest LA. The dotted green line represents median SOS and EOS dates. Late SOS and early EOS dates are highlighted in red along with environmental events (such as late spring onset for the SOS, and Hurricanes Rita, and Ike for EOS) possibly influencing such events. 
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Figure 6. Linear trends in the seasonality parameters during the 16-year time period (2000–2015): (a) Base green biomass (GBM) value; (b) Max GBM value; (c) seasonal amplitude; and (d) small seasonal integral. The dotted line represents a linear trend. Highlighted years in (c,d) indicate severe short-term effects of dieback events and hurricane landfalls on seasonal amplitude and small seasonal integrals. 
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Figure 7. Percentage of area coverage with different trends for (a) GBM base value; (b) GBM max value; (c) GBM amplitude; and (d) GBM small seasonal integral for the salt marshes in Louisiana. 
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Figure 8. Spatial distribution of the areas showing different trends for (a) GBM base value; (b) GBM max value; (c) GBM amplitude; and (d) GBM small seasonal integral for salt marshes in Louisiana. 
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Figure 9. (a) Temperature; (b) Precipitation; and (c) Palmer Drought Severity Index (PDSI) anomalies for all four coastal climatic zones of LA. 
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Table 1. Seasonality Parameters Estimated by TIMESAT. GBM: green biomass.
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	Seasonality Parameters
	Description/Phenological Interpretation
	Unit





	Start of Season (SOS)
	Time at the beginning of the growing season, when GBM begins to increase and photosynthesis starts
	Julian days starting from January 1



	End of Season (EOS)
	Time at the end of growing season, when GBM begins to decrease and photosynthesis stops completely
	Julian days starting from January 1



	Peak of Season (POS)
	Computed as the mean of the time period for which the green-up process stops and brown-down starts; time when the GBM and photosynthesis reach their maximum level
	Julian days starting from January 1



	Length of Season (LOS)
	Time from start to end of growing season
	Days



	Base Value
	Mean of the minimum GBM values at the start (initial GBM) and end (final GBM) of the growing season
	GBM unit



	Max Value
	Maximum GBM value for the fitted function during the growing season/ GBM value during the peak of the growing season
	GBM unit



	Amplitude
	Difference between the base and max value; Maximum increase in canopy photosynthetic activity above the baseline
	GBM unit



	Left Derivative
	Rate of green-up; rate of increase of GBM values from the beginning till the peak of the growing season
	GBM unit/8 days



	Right Derivative
	Rate of brown-down; rate of decrease of GBM values from the peak to the end of the growing season
	GBM unit/8 days



	Small Seasonal Integral
	Integral of the function describing the season from the start to end of the season, above the base level; indicator of net canopy photosynthetic rate across the entire growing season
	GBM unit



	Large Seasonal Integral
	Integral of the function describing the season from start to end of the season; indicator of gross canopy photosynthetic rate across the entire growing season, along with the base GBM
	GBM unit











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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