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Abstract

Salinity in estuaries varies naturally due to tides, weather, geomorphology,
freshwater flow, climate, and sea-level. Before the 1950’s, water management in Southern
Florida focused on diverting freshwater to the ocean to make historic wetlands more amenable to
development and to protect human life. However, current water management activities aim
to restore wetlands and estuaries while maintaining flood control and drinking water for the
human population. Due to anthropogenic alteration, the spatiotemporal variability in salinity
within Biscayne Bay, Florida, is a significant concern for ecosystem restoration under the
Comprehensive Everglades Restoration Plan (CERP). This study aims to analyze daily seasonal
salinity trends within the Bay and quantify the change in salinity per year (salinity slope).
Salinity data, collected at 30 stations within the central and southern regions of Biscayne Bay over
16 years (2005-2020), were examined for trends. The non-parametric Seasonal Kendall trend
test, at a 0.05 significance level, was used for the analysis. Results of the trend analysis show
salinity slopes were consistently positive (indicating increasing salinity over time) in the southern
portion of the study area and negative (indicating decreasing salinity over time) in the northern
portion of the study area. Throughout the study region, most salinity slopes were positive in the
wet season and negative in the dry season. The study results show trends in seasonal salinity,
which helps in understanding changes in this region. This study will aid future management

efforts within Biscayne Bay.
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Introduction

One of the defining characteristics of estuaries is the temporal and spatial variability in
salinity (Torregroza-Espinosa et al. 2021). Drivers of the salinity in estuarine systems
include natural and anthropogenic factors (NOAA 2021). Estuarine salinity is expressed as
Practical Salinity Unit (PSU; UNESCO 1985). Estuarine salinity gradients impact physical
processes and the distribution of organisms in ecosystems (Shellenbarger and Schoellhamer
2011). In South Florida, adverse and rapid salinity changes have impacted estuarine
ecosystems (Bachman and Rand 2008).

Drivers of the salinity in South Florida’s estuarine systems have varied over the past
200 years (SFWMD 2023a). During the mid-1800s, natural habitats were impacted due to the
extension of farms and ranch lands into the wild (NPS and OERI 2022). In the late 1800s, many
wetlands in South Florida’s Everglades were drained or filled, and canals were dug to alter the
natural freshwater flow regime (NPS and OERI 2022). In 1948, the Central and Southern
Florida Flood Control Project drained half of the original Everglades through water
management infrastructure (NPS and OERI 2022), allowing South Florida to develop into one
of the most important economic regions in the country (USACE and USDOI 2015). Frequent
hurricanes and floods in the early 20th century encouraged flood control measures to protect
human life and economies in the region (OERI 2021). Freshwater that used to flow from Lake
Okeechobee through the Everglades was slowly diverted to the coasts through an extensive and
efficient network of canals (NPS and OERI 2022). These actions impacted estuarine habitat near
canal mouths by creating rapid fluctuations in salinity (Browder et al. 2005) and declined the
abundance and diversity of ecosystems within the Biscayne Bay ecosystem (SFNRC 2006).

The draining of the Everglades generated the need for restoration and resulted in the

formulation of the Comprehensive Everglades Restoration Plan (CERP) (NPS and OERI 2022).



CERP was authorized in 2000 (OERI 2023) and is the largest hydrologic restoration project in
the United States (National Academy of Sciences 2016). The goal of CERP is to reinstate
the quantity, timing, quality, and distribution of freshwater in the ecosystem to gradually
return to pre-development conditions (Marshall et al. 2009; NPS and OERI 2022; Wingard et al.
2022). The salinity in Biscayne Bay, located in South Florida, has been greatly influenced by
the drainage of freshwater from the Florida Everglades through water management systems
(Lirman et al. 2008).

Restoration efforts under CERP began in the early 2000s (USACE and USDOI 2015). In
Biscayne Bay, these efforts are primarily implemented through the Biscayne Bay and
Southeastern Everglades Ecosystem Restoration (BBSEER) and include the Biscayne Bay
Coastal Wetlands (BBCW) phase | project (USACE 2023b). The BBCW phase | project was
authorized in 2014 (USACE and USDOI 2015). The BBCW plan includes the construction of
culverts, pumps, and associated wetlands to rehydrate wetlands by directing the fresh water
that would otherwise enter the Bay through canals (RECOVER, 2019). Water will flow into the
Bay through wetlands, reestablishing the connection between the wetlands and the Bay
(RECOVER, 2019). The BBCW project covers 14,877 hectares and includes three
components: the L-31E Culverts, Deering Estate, and Cutler Wetlands (SFWMD, South Florida
Water Management District) 2018). Some BBCW components are completed, some are in
progress, and the project will be nearly complete within the next 5 years (RECOVER, 2019).

Several studies have investigated changes in salinity in Southern Florida. A sediment
core taken in 2002 indicated that salinity in Central Biscayne Bay has become increasingly
marine over the last 100 years (Wingard et al. 2003). Another paleoenvironmental study on three

cores collected in 2002 within Biscayne Bay (Wingard et al. 2003, 2004) showed a long-term



salinity increase attributed to changing climate and anthropogenic activities (Wachnicka et al.
2013). Studies on more recent trends in Biscayne Bay’s salinity and water quality have also
been conducted. For example, studies have shown seasonal and spatiotemporal trends in
nutrients, chlorophyll-a, and dissolved oxygen (Caccia and Boyer 2005, 2007; Millette et al.
2019) across the three regions of the Bay (North, Central, and South). Kelble et al. (2007)
studied monthly salinities in Florida Bay, adjacent to Biscayne Bay, from 1998 to 2004 and
observed a non-monotonic trend (i.e., highest and lowest monthly salinities in an annual cycle).
So far, there have been no peer-reviewed studies that have examined recent salinity
trends in Biscayne Bay through the analysis of observational data. This is a critical gap in
knowledge, given that restoration efforts are underway in the Bay to restore historical hydrology.
The objective of this study is to (i) analyze seasonal Biscayne Bay salinity trends at individual
stations within the study area between 2005 and 2020, a period that covers several years
before restoration efforts were in place and after restoration had begun, (ii) evaluate the
direction of the salinity slopes within the study region, and (iii) spatially interpolate the salinity
slopes by kriging to provide a better visual representation of the data. Findings will aid in
adaptive management and planning for future restoration efforts under climate change and
accelerating sea-level rise. This study provides a novel framework for using trend analysis to
study temporal and spatial variation in an estuarine system that may be experiencing

change due to anthropogenic activities and climate.

Study Area

Biscayne Bay is a shallow tropical marine lagoon that has been impacted by
natural and anthropogenic activities. The Bay covers an area of approximately 700 km? (270 mi?)

(Caccia and Boyer 2005) and includes Biscayne National Park, the largest marine park in the



U.S. National Park System (NPS and USDOI 2018; Wingard 2004). The salinity fluctuates
spatially and seasonally in nearshore habitats of Biscayne Bay (Lirman et al. 2008). For the
purpose of this study, nearshore and open bay stations are defined based on the observed
salinity variations. Nearshore stations are considered closest to land on the Bay's western side,
and open bay stations are considered further away from the mainland.

According to the Koppen classification (Peel et al. 2007), the climate in South
Florida is atransition zone between sub-tropical (in the north) and tropical (in the south) and is
influenced mainly by rainfall, storm events, temperature, and evaporation (Marshall et al. 2020).
In addition to these variables, the climatic cycles Intertropical Convergence Zone (ITCZ)
(Jones et al. 2019), ElI Nifio- Southern Oscillation (ENSO), Atlantic Multidecadal Oscillation
(AMO), and North Atlantic Oscillation (NAO) also influence the climate of South Florida
(Wachnicka et al. 2013). The two predominant seasons of this region are the wet and dry seasons.
The wet season extends from May to October and is characterized by warmer temperatures,
frequent showers, and thunderstorms (NOAA 2023). The dry season extends from November to
April and is characterized by cooler temperatures and less frequent precipitation (NOAA 2023).
The wet season also corresponds to the hurricane season, when periodic storms can contribute

large volumes of rainfall to the region over a short period (Marshall et al. 2020).

Material and Methods
(i) Dataset description

Time series of salinity data, from 30 stations across the central and southern regions of
Biscayne Bay, were obtained from the DBHYDRO-SFWMD environmental database (SFWMD
2023c). These data were sampled by the Biscayne National Park and recorded using

permanently or intermittently deployed sondes (SFWMD 2023b). The temporal resolution of



the salinity data from the sondes is 15 minutes. The data were averaged daily, and a trend
analysis was conducted at each station over the time period for which data was available.
Twenty-three stations had data from 2005 to 2020, 6 stations only had data from 2011 to 2020,
and 1 station had data from 2012 to 2020. Stations with truncated time series (n=7), were still
considered in the analysis to augment the dataset. Daily salinity data were grouped into dry
(November 1% to April 30™) and wet (May 1% to October 31%) seasons. Individual years over
the study period, from January to December, were grouped seasonally. The data were not
adjusted for unusual years where the dry or wet seasons may have been skewed. The rainfall
variability during the study period between the wet and dry seasons is shown in Figure 1. Trend
analyses were conducted on the daily salinity data for the wet season, dry season, and
combined over both seasons. Details of the stations, their period of analysis, and missing data are

listed in Table 1. The spatial distribution of stations is shown in Figure 2.

(ii) Methodology
a. Trend analysis

Seasonal salinity trends at individual stations were analyzed using the Seasonal Kendall
(SK) test. The SK test is a modification of Kendall’s trend test, allowing for seasonality in
observations collected over time (Hirsch et al. 1982). The SK test is a non-parametric test
widely used for trend detection in non-normally distributed data (Hirsch and Slack 1984). The
function “kendallSeasonal TrendTest” from the EnvStats package in R, version 2.7.0 (Millard
SP, 2013) was used to calculate trends within the seasonal data and to provide salinity slopes
for each season. This function can test trends in two ways: (i) that allows for serial dependence;
and (ii) that assumes serial independence. This study uses the trend test that allows for serial

dependence. The function includes two tests: (i) the Van Belle-Hughes Heterogeneity Test



for trend modified for serial dependence (HT); and (ii) the SK tests for trend modified for serial
dependence (Millard SP, 2013). The SK test assumes that any monotonic trends present occur in
the same direction (positive or negative). The SK test may not be appropriate if there are
trends in different directions in one or more seasons (Hirsch and Slack 1984). This limitation
of the SK test is overcome in the function “kendallSeasonalTrendTest” which tests for
heterogeneity in trends among seasons by applying the HT test before applying the SK test
(Millard SP, 2013). The HT is aheterogeneity test for trends in any direction (positive or
negative) in any season (Belle and Hughes 1984). The HT statistic is approximately distributed
as a chi-square random variable with p-1 degrees of freedom, where “p” is the number of seasons
(Belle and Hughes 1984). Detailed descriptions of the HT are explained in (Belle and Hughes
1984).

The null hypothesis (Ho) for the SK test is that there is no constant trend for each of the
seasons (wet and dry), and the alternate hypothesis (Ha) is that there is a trend in one or more
seasons (Hirsch et al. 1982). The SK test calculates Kendall’s tau, slope, and intercept for each
season and an overall value for Kendall’s tau, slope, and intercept combined over the seasons
(Millard SP, 2013). The Kendall’s tau (£), slope (B;), and intercept (5,), for season j are

computed as

~ ZSj
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where
Ni—1 N; ;
§i=%121 Zilisr sign|Xuy — Xip) (Y — Y] (2)



Blj = Median (%);l < k; ij * Xik (3)

J=Xij

Bo, = Yos; = B1, Xos; (4)
i=1,2,...n ( n denotes the number of years), j= 1,2,..p (p denotes the number of seasons), k=i+1, X
and Y denote two continuous random variables with bivariate distribution, N;jdenotes the number
of bivariate observations taken in the j™ season, Xosjand Yosj denote the sample medians of X’s
and Y’s respectively. Detailed descriptions of the SK test used in the function are explained in
(Hirsch and Slack 1984).

The Z-statistic of the SK trend test is based on summing together the Kendall S-statistics

for each season. The null hypothesis of the test is either accepted or rejected based on this

statistic (Meals et al. 2011).

S

7= (5)
var (S)
where
S =305 (6)

The Z-statistic indicates the direction of the trend. The p-value (alpha level = 0.05)
indicates the significance of the trend. The function “kendallSeasonalTrendTest” used in this
study calculates the Z-statistic and the associated p-value for the data combined over the
seasons and not for each season. Kendall’s tau (%), is a correlation coefficient between two
random variables, the slope (8,), is the rate of change of the variable over time, and the
intercept (8,), is the point through which the estimated regression line passes. The overall tau

(over the seasons) is the weighted average of the seasonal tau values, the overall slope is the



median of all two-point slopes computed within each season, and the overall intercept is the

median of the seasonal intercepts (Millard SP, 2013).

b. Spatial Interpolation

Salinity slopes were kriged for the dry, wet, and combined seasons using the gstat
package, version 2.1-0 (Gréler et al. 2016; Pebesma 2004). Kriging is the most common and
widely used spatial interpolation method (Haberlandt 1998), that uses semivariograms or
covariances to help predict unknown variables from data at known locations (Pebesma and
Wesseling 1998). Kriging was performed on the salinity slopes to provide a better visual
representation of the data. Semivariograms were used in this study to depict the spatial
autocorrelation of measured locations and were initially fit using various models (Sph, Exp,
Gau, Mat) using the fit.variogram function in R software. Of the models tested, the exponential
model resulted in the lowest Mean Squared Prediction Error (MSPE) for the wet, dry, and
combined season data. The “eyeball method” was then used to further adjust the nugget, sill,
and range parameters to further lower the MSPE for the exponential models. Leave One Out
Cross-Validation (LOOCV) was performed on the kriging predictions to obtain mean
prediction error (MPE), mean-squared prediction error (MSPE), and the coefficient of

determination (R?).

Results

This section presents the trend analysis of daily salinity data over the wet, dry, and
combined wet and dry over seasons. The results of the spatial interpolation analysis are also

presented in this section.



(i) Trend analysis and salinity slopes combined over the wet and dry seasons

The Z-statistic and the associated p-value (alpha = 0.05) of the SK trend test indicate
statistically significant increasing trends (13 stations) outnumbering decreasing trends
(10 stations) (Table 2).

The spatial distribution of the salinity slopes, combined over the seasons, at each station, is
shown in Figure 2. Figure 2 shows that there are both increases (positive slopes) and decreases
(negative slopes) in salinity within the study area. Positive salinity slopes were present in the
central and southern areas of the study region. Negative salinity slopes were present in the
northern, nearshore areas of the study area. The two most positive salinity slopes were at stations
BISCO0B (0.163 PSU/year, 2005 to 2020; Figure 3a) and BISCA2 (0.360PSU/year, 2011 to
2020; Figure 3b). The two most negative salinity slopes were at stations BISC52B
(-0.138 PSUl/year, 2005 to 2020; Figure 4a) and BISCD4 (-0.230 PSU/year, 2011 to 2020;
Figure 4b). Stations with the most positive and negative salinity slopes are reported irrespective of

the statistical significance. This is done to show the salinity variations within the study area.

(ii) Seasonal salinity slopes
a. Dry season

During the dry season, the majority of the stations (n=22) exhibit a negative salinity
slope, and 8 stations exhibit a positive salinity slope (Table 3). Positive salinity slopes were
present at all stations in the southern region during the dry season (Figure 5a). Negative salinity
slopes were observed at most stations in the central and northern portions of the study area. The
two most positive salinity slopes during the dry season were at stations BISC00B

(0.204 PSU/year, 2005 to 2020) and BISCA4 (0.350 PSU/year, 2012 to 2020), and the two most
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negative salinity slopes were at stations BISC52B (-0.234 PSU/year, 2005 to 2020) and

BISCD4 (-0.244 PSUlyear, 2011 to 2020).

b. Wet season

During the wet season, the majority of stations (n=24) exhibit a positive salinity slope,
while 6 stations exhibit a negative slope (Table 3). All the stations showing a negative salinity
slope are located in the northern nearshore portion of the study area (Figure 5b). The two most
positive salinity slopes were at stations BISC54B (0.160 PSU/year, 2005 to 2020) and BISCA2
(0.417 PSUl/year (2011 to 2020), and the two most negative salinity slopes were at stations
BISC62B (-0.042 PSU/year, 2005 to 2020) and BISCD4 (-0.213 PSU/year, 2011 to 2020).
A box plot of salinity slopes from 30 stations shows that during the wet season, most salinity

slopes are positive, and during the dry season, most salinity slopes are negative (Figure 6).

(iii) Spatial interpolation analysis

The salinity slopes were kriged to a prediction grid. The four southernmost stations
(BISCA4, BISCA2, BISCO00B, and BISC06B) were not included in the spatial interpolation
because of their distance from the other stations (Figure 7a). Accordingly, 26 stations, including
nearshore and open bay areas, were considered for the spatial interpolation analysis. The grid
size of the prediction grid was 3.5 x 3.5 hectares.

The spatial interpolation analysis results are shown for (1) combined over the seasons,
(2) the dry season, and (3) the wet season (Figures 7 b-d). Cross-validation results and fit
statistics for the analysis are shown in Table 4. For all time periods: combined, dry, and wet
seasons the salinity slope is negative in the north and positive in the south. For the dry season

(Figure 7c), the salinity slope is negative in the nearshore, northern areas and increased to
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slightly positive in the open bay, southern areas. In the wet season, the salinity slope was
positive across the study region except for the northernmost nearshore portion of the study area
(Figure 7d). In addition to the prediction plots, standard deviation plots are also shown to
quantify the uncertainty of the predictions (Figures 8b-d). For all the maps, prediction uncertainty
is lower at the eastern portion of the mapped area near the coast, due to the higher density of
sampling locations. The highest degree of uncertainty for all the maps is in the southeast
portion of the mapped area where sampling density is lowest. The standard deviation maps show
similar overall trends because the model parameters (nugget, sill, range) that best fit each data set

were similar.

Discussion

In this study, we examined seasonal (wet and dry) salinity trends and the change in
salinity per year (salinity slope) at 30 stations within central and southern regions of Biscayne
Bay over 16 years (2005-2020). The non-parametric Seasonal Kendall trend test, at a 0.05
significance level, was used for the analysis. Salinity slopes were interpolated to a fine grid over
the study area to provide a better visual representation of the data. Results of the trend test show
mostly positive salinity slopes in the wet and mostly negative salinity slopes in the dry season.
Spatial interpolation analysis results indicated negative salinity slopes along the nearshore areas
of the northern portion of the study area and positive salinity slopes further south. In this
section, we discuss the potential drivers of changing salinity slopes, including restoration, water
management, climate change, changing rainfall patterns, climate variability, and sea-level rise.

Drivers responsible for changing salinity slopes may include restoration and water
management practices. The BBCW restoration goal is to reduce point source freshwater flow to

the Bay and Biscayne National Park (USACE 2021a) while improving salinity distribution
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near the shore of Biscayne Bay (SFWMD 2022). BBCW completed construction of the Deering
Estate and portions of the L-31E Flow-way in the fall of 2012, and some phases of the L-31E
Flow-way were completed in 2018 (USACE 2023a). Stations BISCD4 and BISC62B are both
located near Deering Estate. Stations BISC40B and BISC28B are both located near the L-31
Flow-way. The restored wetland habitats are designed to absorb water in the wet season and
slowly release it in a more natural pattern into the Bay (SFWMD 2022). In Biscayne Bay, water
storage in the wet season and the gradual and sustained release of freshwater from storage in the
dry season resulted in a more estuarine ecosystem in the nearshore areas (Stabenau et al. 2015).
Within Florida Bay, the net freshwater flow suggests that the most substantial advantage would
result from increasing dry-season inflows, especially in terms of reducing salinity fluctuations
in the nearshore regions, Johnson (2012). In this study, stations BISCD4, BISC62B, BISC40B,
and BISC28B (all nearshore stations) show a decreasing salinity slope, combined over the
seasons and during the dry season (Figures 2 and 5a). We speculate that the management
practices, such as restoration efforts, could account for the negative salinity slopes observed in
these nearshore areas of the northern and central regions of the study area in the dry season.
However, the BBCW phase | project is in progress. Further analysis is required to investigate the
impacts of restoration efforts on the salinity slope.

Changes in the salinity slope could also be due to climate change and changing rainfall
patterns. In South Florida, the traditional wet season runs from May through October. In
our study, annual variation in the occurrence of the wet and dry seasons were not considered and
the length of the wet and dry seasons did not change. If the wet season is becoming shorter, one
would expect increases in salinity during what is traditionally known as the wet season.

ObeysekeraJ. et al. (2011) showed that May rainfall decreased over time in Florida between
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1950 and 2008, based on the influence of AMO. Abiy et al. (2019) conducted a trend
analysis, revealing a decrease in October rainfall and an increase in August rainfall in
Southeast Florida between 1906 and 2016. They indicated their findings might be due to the
ongoing transition in the local rainfall pattern from a bimodal to a unimodal regime. Another
study by Misra et al. (2018) investigated the start, end, and length of the wet seasons between
1948 and 2006 in Florida and observed a shorter wet season in urban areas relative to rural
areas. They found the heterogeneity in the duration of the wet season as a response to changes in
land cover. While these studies show different causes for changes in wet season duration,
they agree that Biscayne Bay may be experiencing a decrease in the duration of the wet
season. Indeed, our study shows that salinity is increasing in the wet season, which may be
due to a decreased wet season duration as described in the findings from the above studies, and
demonstrates how changes in rainfall and land cover may affect salinity trends in Biscayne
Bay. However, more work is required to explore these causal relationships.

In addition to the changing rainfall patterns impacting salinity slopes, climate variability
caused by ENSO cycles (EI Nino, Neutral, and La Nina) may also impact salinity slopes. The
ENSO cycles impact seasonal rainfall patterns in the Southeast U.S. (NOAA 2023a). The
resulting freshwater variability influences seasonal salinity distribution (Schmidt et al. 2004).
South Florida winters, which occur during the dry season, are warm and wet during El Nifio
conditions, while La Nifia brings cool and dry conditions (NOAA 2023b). El Nifio and La Nifia
cycles usually occur every 3 to 5 years. El Nifio exists for 9 to 12 months, and La Nina exists
for 1 to 3 years (NOAA 2023c). Our study period is from 2005 to 2020 (16 years) and includes at
least three ENSO cycles. Wet season rainfall contributes to most of the annual rainfall in the

study area (Figure 1a). Figure 1b shows that the ENSO cycles influence rainfall patterns within
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the study area. It appears that the negative phase of the ENSO cycle (the La Nifa), is stronger
than the positive phase of the ENSO cycle (the El Nifio). Our study results indicate that during
the dry season the salinity slopes are negative (Figure 5a) than the wet season (Figure 5b). We
speculate that negative salinity slopes in the dry season may be due to increased rainfall patterns
influenced by ENSO cycles.

Sea-level rise can also impact salinity over time. One would expect to see increases in
salinity (positive salinity slope) over time in response to sea-level. The Intergovernmental
Panel on Climate Change reported that the Global Mean Sea Level (GMSL) increased from 3.2 m
per year over the period 1993-2015 to 3.6 mm per year over the period 2006-2015 (IPCC
2022). Several studies conducted globally, within the US, and within the region have
investigated the impacts of sea-level rise on salinity (Du et al. 2018; Hauer 2017; Hilton et al.
2008; Liu and Liu 2014; Mills et al. 2021; Mulamba et al. 2019; Ross et al. 2015). Mills et al.
(2021) used a hydrodynamic model to study the impacts of sea-level rise on salinity changes in
the Guadiana Estuary, Spain. Their study showed an overall increase in salinity in the estuary in
response to sea-level rise. Another modeling study in a tidal estuary in Taiwan showed that the
rising sea-level rise will increase the distance of saltwater intrusion into the river, impacting
water quality and fish habitat (Liu and Liu 2014). (Ross et al. 2015) used a statistical model
and long-term salinity records to determine the response of salinity to rising sea-level in the
Delaware estuary. Their study results indicated a positive correlation between rising sea-levels
and increasing salinity. Hauer (2017) showed that Florida has the most exposure to sea-
level rise throughout the United States. Southeast Florida’s low-lying elevation and porous
geology are vulnerable to sea-level rise (Southeast Florida Regional Climate Change Compact

Sea Level Rise Work Group (Compact) 2020). A previous study in Biscayne Bay showed a
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long-term salinity increase in open-water areas due to rising sea-level, intensive urbanization of
the southeast Florida coast, and associated reduction of freshwater discharges (Wachnicka et al.
2013). Our study shows that overall, throughout the seasons, the salinity slope is more positive in
the open bay areas. Again, more work is required to explore these causal relationships.

This study shows the patterns in salinity slopes within Biscayne Bay and we
speculate the complex and interconnected factors related to recent changes in salinity. The
study results indicate the need for continued monitoring of salinity within Biscayne Bay to

protect coastal ecosystems.

Conclusions

Understanding seasonal trends in salinity is vital for assessing restoration progress for
adaptive management and future ecosystem restoration in Biscayne Bay under CERP. In this
study, daily seasonal salinity trends at thirty stations were analyzed using non-parametric
tests and spatial interpolation analysis. The results show an increase in daily average salinity
over time in the southern portion of the Bay and a decrease in the northernmost part of the study
site. Positive salinity slopes were present in the central and southern areas of the study region.
Negative salinity slopes were present in the northern, nearshore areas of the study area.
Seasonally, the change in salinity is more positive in the wet season and more negative in the
dry season. Spatial analysis results indicated a negative salinity slope in the north and a
positive salinity slope in the south for all time periods (combined, dry, and wet seasons).

Decreasing salinity (negative salinity slope) in the Deering Estate and L-31E Flow-way
areas may be a result of restoration efforts under the BBCW phase | project. Conversely, increasing

salinity (positive salinity slope) could be attributed to the sea-level rise and/or a decrease in the
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duration of the wet season. However, more analysis is required to understand how these factors

impact spatial and temporal salinity trends within the Bay.

Data Availability Statement

Some or all data, models, or codes used during the study are available from the
corresponding author upon reasonable request. Salinity data for the study area were obtained
from the DBHYDRO - SFWMD environmental database
(https://apps.sfwmd.gov/WAB/EnvironmentalMonitoring/index.html ). The package used for SK
trend tests is from the EnvStats package of R software, version 2.7.0 (Millard, SP 2013). The
package used for spatial analysis is from the gstat package of R software, version 2.1-0 (Gréler

et al. 2016, Pebesma and Wesseling 1998).
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Table 1. The list of stations considered for analysis, the period of analysis, the number of data

points, and missing data points throughout the time series.

Number of
Station Period of Number of  missing data
Number Station analysis Latitude Longitude data points points
1 BISC44B Jan05-Dec20 25.52 -80.31 5689 155
2 BISC46B Jan05-Dec20 25.53 -80.3 5606 238
3 BISC48B Jan05-Dec20 25.52 -80.28 5433 411
4 BISC52B Jan05-Dec20 25.55 -80.31 5710 134
5 BISC54B Jan05-Dec20 25.55 -80.29 5606 238
6 BISC56B Jan05-Dec20 25.56 -80.31 5821 23
7 BISC60B Jan05-Dec20 25.56 -80.28 5589 255
8 BISC62B Jan05-Dec20 25.61 -80.31 5765 79
9 BISC64B Jan05-Dec20 25.61 -80.3 5662 182
10 BISC66B Jan05-Dec20 25.6 -80.29 5520 324
11 BISC70B Jan05-Dec20 25.64 -80.25 5537 307
12 BISCD2 Jan11-Dec20 25.62 -80.30 3615 38
13 BISCD4 Jan11-Dec20 25.62 -80.29 3612 41
14 BISCD6 Jan11-Dec20 25.62 -80.3 3653 0
15 BISCD8 Jan11-Dec20 25.47 -80.21 3501 152
16 BISC0O0B Jan05-Dec20 25.25 -80.41 5702 142
17 BISC06B Jan05-Dec20 25.28 -80.4 5113 731
18 BISC10B Jan05-Dec20 25.4 -80.24 5422 422
19 BISC12B Jan05-Dec20 25.44 -80.3 5648 196
20 BISC18B Jan05-Dec20 25.48 -80.31 5664 180
21 BISC20B Jan05-Dec20 25.47 -80.28 5710 134
22 BISC22B Jan05-Dec20 25.49 -80.34 5755 89
23 BISC26B Jan05-Dec20 25.49 -80.33 5793 51
24 BISC28B Jan05-Dec20 255 -80.34 5784 60
25 BISC34B Jan05-Dec20 25.49 -80.31 5417 427
26 BISC36B Jan05-Dec20 25.49 -80.28 5603 241
27 BISC40B Jan05-Dec20 25.51 -80.34 5738 106
28 BISCA2 Jan11-Dec20 25.32 -80.35 3606 47
29 BISCA4 Jan12-Dec20 25.34 -80.32 2361 927
30 BISCA6 Jan11-Dec20 25.45 -80.33 3653 0
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Table 2. Daily trends and trend magnitudes of salinity slopes combined over the seasons. From the SK test
results, for a 95% confidence interval, the computed p-value of less than 0.05 indicates the presence of a

statistically significant trend.

Test statistics and p-values

Combined over the seasons

. Chi- Lower Upper
Station square p-value | Z-statistic | p-value | Kendall’s | Salinity Confidence Confidence

Number Station (HT) (HT) (SK test) | (SK test) Tau slope Interval Interval Intercept
1 BISC46B | 32.25 <0.001 | 293 0.003 | 0.025 0.044 0.015 0.073 -70.621
2 BISC52B | 58.54 <0.001 | -7.83 <0.001 | -0.069 -0.138 -0.173 -0.104 262.333
3 BISC54B | 51.72 <0.001 | 4.20 <0.001 | 0.038 0.056 0.030 0.081 -96.119
4 BISC56B | 35.13 <0.001 | -3.74 <0.001 | -0.033 -0.061 -0.092 -0.029 112.062
5 BISC60B | 38.36 <0.001 | -0.28 0.779 | -0.002 -0.004 -0.031 0.023 25.596
6 BISC62B | 43.62 <0.001 | -8.62 <0.001 | -0.077 -0.124 -0.152 -0.096 243.832
7 BISC64B | 16.38 <0.001 | -5.97 <0.001 | -0.054 -0.081 -0.108 -0.055 177.620
8 BISC66B | 38.73 <0.001 | -4.30 <0.001 | -0.038 -0.052 -0.075 -0.028 109.995
9 BISC70B | 57.65 <0.001 | -5.85 <0.001 | -0.053 -0.057 -0.076 -0.038 139.337
10 BISCD2 | 10.37 0.001 | -2.16 0.031 | -0.024 -0.059 -0.113 -0.005 177.626
11 BISCD4 1.27 0.260 | -8.15 <0.001 | -0.090 -0.230 -0.287 -0.173 488.555
12 BISCD6 | 14.11 <0.001 | -1.66 0.096 | -0.018 -0.044 -0.095 0.008 151.339
13 BISC44B | 53.17 <0.001 | 1.60 0.110 | 0.013 0.024 -0.005 0.053 -41.263
14 BISC48B | 18.21 <0.001 | 345 0.001 | 0.031 0.039 0.017 0.061 -46.217
15 BISCD8 | 11.80 0.001 | 1.04 0.296 | 0.012 0.011 -0.010 0.032 6.767
16 BISCO0B | 11.99 <0.001 | 9.33 <0.001 | 0.082 0.163 0.129 0.197 -289.833
17 BISC06B 2.73 0.098 | 284 0.005 | 0.026 0.051 0.016 0.086 -69.082
18 BISC10B | 10.79 0.002 | 10.02 <0.001 | 0.090 0.042 0.034 0.050 -46.785
19 BISC12B | 45.18 <0.001 | 4.15 <0.001 | 0.037 0.049 0.026 0.071 -55.204
20 BISC18B | 57.45 <0.001 | 2.29 0.022 | 0.019 0.029 0.004 0.054 -32.368
21 BISC20B 5.24 0.022 | 155 0.121 | 0.014 0.016 -0.004 0.035 2.105
22 BISC22B | 34.68 <0.001 | 057 0.569 | 0.004 0.012 -0.029 0.053 -40.727
23 BISC26B | 62.84 <0.001 | -0.84 0.401 | -0.007 -0.014 -0.047 0.019 25.444
24 BISC28B | 50.05 <0.001 | -2.29 0.022 | -0.020 -0.048 -0.089 -0.007 71.623
25 BISC34B | 33.09 <0.001 | 7.38 <0.001 | 0.064 0.100 0.074 0.127 -166.652
26 BISC36B | 59.91 <0.001 | 293 0.003 | 0.026 0.027 0.009 0.045 -21.096
27 BISC40B | 42.30 <0.001 | -2.75 0.006 | -0.024 -0.056 -0.096 -0.016 84.638
28 BISCA2 3.84 0.050 | 13.59 <0.001 | 0.150 0.360 0.310 0.409 -696.754
29 BISCA4 0.69 0.406 | 13.05 <0.001 | 0.178 0.338 0.292 0.386 -647.985
30 BISCAG6 1.46 0.226 | -0.22 0.824 | -0.003 -0.009 -0.092 0.073 41.320
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Table 3. Kendall’s tau, salinity slope, and intercept for the dry and the wet season from the
SK test. Note: The SK test does not give test statistics and p-values for each season.

Dry Season \Wet Season
Station Kendall’s
Number Station Tau Slope Intercept | Kendall’s Tau Slope Intercept
1 BISC46B -0.027 -0.040 108.303 0.074 0.137 -249.546
2 BISC52B -0.136 -0.234 497.281 -0.001 -0.003 27.385
3 BISC54B -0.025 -0.035 100.628 0.104 0.160 -292.866
4 BISC56B -0.085 -0.130 288.768 0.018 0.043 -64.643
5 BISC60B -0.057 -0.084 198.566 0.053 0.087 -147.374
6 BISC62B -0.136 -0.174 377.964 -0.019 -0.042 109.701
7 BISC64B -0.091 -0.114 258.780 -0.018 -0.035 96.461
8 BISC66B -0.093 -0.107 247.955 0.018 0.029 -27.966
9 BISC70B -0.122 -0.122 279.833 0.015 0.017 -1.158
10 BISCD2 0.012 0.026 -23.140 -0.059 -0.175 378.392
11 BISCD4 -0.102 -0.244 521.567 -0.078 -0.213 455,544
12 BISCD6 0.024 0.047 -65.511 -0.059 -0.170 368.189
13 BISC44B -0.051 -0.078 184.713 0.077 0.146 -267.239
14 BISC48B -0.008 -0.010 52.739 0.068 0.089 -145.174
15 BISCD8 -0.026 -0.024 83.974 0.051 0.053 -70.441
16 BISC00B 0.113 0.204 -381.570 0.052 0.113 -198.097
17 BISC06B 0.011 0.021 -11.762 0.041 0.078 -126.402
18 BISC10B 0.061 0.031 -25.497 0.117 0.052 -68.074
19 BISC12B -0.023 -0.033 97.734 0.096 0.121 -208.142
20 BISC18B -0.049 -0.067 165.020 0.085 0.130 -229.757
21 BISC20B -0.007 -0.008 48.984 0.034 0.040 -44.774
22 BISC22B -0.048 -0.097 216.998 0.056 0.158 -298.453
23 BISC26B -0.077 -0.133 294.409 0.062 0.135 -243.520
24 BISC28B -0.083 -0.167 358.029 0.041 0.117 -214.782
25 BISC34B 0.011 0.015 0.531 0.111 0.182 -333.835
26 BISC36B -0.043 -0.044 122.459 0.095 0.099 -164.650
27 BISC40B -0.080 -0.159 340.603 0.034 0.094 -171.328
28 BISCA2 0.128 0.307 -585.727 0.173 0.417 -807.780
29 BISCA4 0.165 0.350 -670.957 0.191 0.327 -625.012
30 BISCA®6 -0.016 -0.058 143.481 0.011 0.045 -60.841
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Table 4. Cross-validation results

and fit statistics for salinity slope.

Mean Absolute

Mean Squared

Coefficient of

Error Prediction Error Determination
Data (MAE) (MSPE) (R?)
Wet season 0.0630 0.0067 0.7617
Dry season 0.0700 0.0086 0.7146
Combined over the 0.0566 0.0058 0.7541
seasons
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Figure 1. (a) Annual rainfall variability between the wet and dry seasons over the study period (200-2020),
(b) Monthly rainfall and climate oscillations (ENSO and AMO), and (c) the location of the rainfall station
within the study area. Spatial distribution of stations indicating positive and negative salinity slopes
combined over the seasons.
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Figure 2. Spatial distribution of stations (combined over the stations) over the study area. Circles with
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Figure 3a. Time series plot of southernmost station BISCO0B from 2005 to 2020.
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Figure 3b. Time series plot of station BISCA2 north of Manatee Bay from 2011 to 2020.
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Figure 4a. Time series plot of station BISC52B from just north of Black Point, from 2005 to 2020.
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Figure 4b. Time series plot of station BISCD4 near Deering Estate, from 2011 to 2020.
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Figure 5a. Spatial distribution of stations indicating positive and negative salinity slopes for the dry
season.
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Figure 5b. Spatial distribution of stations indicating positive and negative salinity slopes for the wet
season.
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Figure 6. Box plot showing the mean, median, and quartiles of salinity slope in the dry and wet seasons.
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Figure 7. Stations included in the spatial analysis: (a) Spatial analysis for salinity slope; (b) combined over
the seasons; (c) dry season; and (d) wet season.
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