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Abstract
The short-term (< 6 months) effects of Hurricane Irma on water quality and phytoplankton community structure were assessed in
Biscayne Bay and the adjacent coastal canals from September 2017 through January 2018. The bay experienced sharp fluctu-
ations in daily average salinity and salinity gradients during the passage of the hurricane and significant decreases in salinity as a
result of increased freshwater inflows that followed the hurricane (148.2% increase in total inflows in the first week after the
hurricane compared to a week before). These decreases were most pronounced in southern and south-central parts of the bay,
which experienced the largest post-hurricane increases in freshwater inflows (349.4% and 103.1% in southern and south-central
parts of the bay, respectively). Storm-induced increases in inorganic nutrient concentrations stimulated phytoplankton growth in
northern, north-central, and southern parts of the bay. Opportunistic phytoplankton taxonomic groups such as chlorophytes and
cyanobacteria dominated the total algal biomass pool in the canals, and northern and southern parts of the bay in the weeks
following the storm, but they were gradually outcompeted by diatoms in the following months. Changes in spatial-temporal
phytoplankton community structure in the months following Hurricane Irma reflect recovery and return to usual seasonal
patterns. The effect of Hurricane Irma on water quality and phytoplankton communities was short-lived (< 3 months), suggesting
that Biscayne Bay is resilient to tropical cyclones.
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Introduction

Hurricanes impact estuaries by drastically changing their geo-
morphology, biogeochemistry, and habitats (Zhang et al.
2005; Mallin and Corbett 2006; Paerl et al. 2018). Increased
freshwater inflows and precipitation during and just after hur-
ricanes cause sudden changes in inshore water-column salin-
ity, temperature, transparency, and dissolved oxygen concen-
tration (Mallin et al. 1999; Paerl et al. 2006; Hagy et al. 2006;
Steward et al. 2006), while winds cause strong wave action
that degrades benthic habitats (Woodley et al. 1981; Wilson
et al. (this volume)). Hurricane-induced internal and external
nutrient loads often lead to phytoplankton blooms and shifts in
the phytoplankton community composition (Hagy et al. 2006;
Zhao et al. 2008; Liu et al. 2009; Paerl et al. 2001, 2006,
2018). Increased influx of terrigenous organic material and
resuspension of estuary sediments increase biochemical oxy-
gen demand, often resulting in hypoxia (Mallin et al. 1999;
Tomasko et al. 2006; Bianucci et al. 2018). These cascading
ecological and physicochemical impacts ultimately affect
higher food-web trophic levels (Stevens et al. 2006; Munroe
et al. 2013; Strickland et al. (This volume); Massie et al. (this
volume); Zink et al. (this volume)).

Hurricane Irma was a category 4 storm with 213-km/h
maximum sustained winds (the highest 1-min average wind
speeds measured at the standard meteorological height of
10 m in an unobstructed exposure (Powell et al. 1996)) when
it made landfall in the Florida Keys on September 10, 2017
(Cangialosi et al. 2018). Tropical-storm force winds (63–
117 km/h) extended outward up to 650 km from the hurri-
cane’s center and wind gusts reached over 126 km/h along
southeast Florida coast (Cangialosi et al. 2018). Biscayne
Bay, located outside of the eye wall in the strong northeast
quadrant of the storm, was exposed to 86–108-km/h winds
and a 1.2–1.8-m storm surge (Cangialosi et al. 2018). The
combined effects of storm surge and high tide produced coast-
al inundation of 1–3 m aboveground along the bay (South
Florida Water Management District 2018a). As the storm
moved over the area, strong winds caused extensive damage
to coastal mangroves (Radabaugh et al. (2019)), estuarine
mangrove islands (Wingard et al. (this volume)), and urban
infrastructure, including local sewage treatment plants, which
released millions of liters of raw and partially treated waste-
water into the bay during power outages (Florida Department
of Environmental Protection 2018).

Due to the sampling constraints directly after tropical cy-
clones, little is known about the immediate-, short-, and long-
term impacts these weather systems have on water quality in
South Florida estuaries. The goal of this study was to evaluate
the short-term effects of Hurricane Irma on Biscayne Bay
water quality and phytoplankton communities. Detailed water
quality and phytoplankton community structure analyses were
performed on data collected from the coastal canals and

inshore locations of the bay for 6 months after the hurricane,
and an overview of pre- and post-hurricane water quality con-
ditions was provided for the entire bay based on data collected
from offshore locations and the northern part of the bay.

Methods

Study Area and Sampling Locations

Biscayne Bay is a large (~ 700 km2), shallow (~ 2-m avg.
water depth), subtropical, lagoonal estuary with a mixed
urban-agricultural watershed (2429 km2; Fig. 1a,b; Carey
et al. 2011). The coastal area adjacent to the northern part of
Biscayne Bay is the metropolitan area of Miami, while south-
central and southern parts of the bay are farmlands and coastal
wetlands (Fig. 1a,b; Carey et al. 2011). These differences in
the watershed result in different nutrient loadings to the bay,
with elevated nitrate-nitrite (NOx) loads from southern agri-
cultural areas into southern Biscayne Bay and elevated am-
monium (NH4

+) and phosphate (PO4
3−) loads from urban

areas into northern Biscayne Bay (Caccia and Boyer 2005,
2007; Carey et al. 2011; Briceño et al. 2013). The exchange
of water between the Atlantic Ocean and the bay occurs
through the “Safety Valve” (central main opening to the bay)
and the tidal creeks between the barrier islands. Freshwater
enters the bay via the coastal drainage canals and natural
creeks, precipitation, and groundwater (Langevin 2003;
Stalker et al. 2009). Salinity remains > 30 PSU in the entire
bay area during dry seasons (November 1–April 30) and drops
to < 10 near canals and creeks during wet seasons (May 1–
October 30; Briceño et al. 2013).

Water quality and phytoplankton samples were collected
from 12 inshore (north-south transect) and 20 canal (east-
west transects) si tes by the South Florida Water
Management District (SFWMD) and National Oceanic and
Atmospheric Administration (NOAA) team on a bi-monthly
basis, between September 2017 and January 2018 (Fig. 1a).
Additional monthly water quality data from 18 offshore loca-
t ions moni tored by Miami-Dade Depar tment of
Environmental Resource Management (DERM) and daily av-
erage salinity data from 20 bottom recorders maintained at
inshore locations by Biscayne National Park (BNP) were used
in this study (Fig. 1b). All transects encompass the gradient of
salinity and nutrients characterizing the bay coastal zone.

Atmospheric and Flow Data

Radar-based daily rainfall data from Biscayne Bay were ob-
tained from the Next Generation Radar (NEXRAD;
NEXRAD 2018). Daily wind, sea surface temperature
(SST), and air temperature (Air T) data were obtained from
the NOAA National Weather Service Virginia Key
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meteorological station in Miami, Florida (Figs. 1a and 2;
NOAA 2018).

Total daily discharges into Biscayne Bay were estimated
based on the flow data from the 14 major SFWMD-operated
structures on Snake Creek (S-29/C9), Biscayne (S-28/C8),
Little River (S-27/C7), Miami North (S-26/C6), Tamiami
(S-25B/C4), South Fork Miami River (S-25/C5), Coral
Gables (G-93/C3), Snapper Creek (S-22/C2), Cutler Drain
(S-123/C100), Black Creek (S-21/C1), Princeton (S-21A/
C102), Military (S-20G/G95), Mowry (S-20F/C103), and
Aerojet (S-197/C111) canals (Figs. 1a,b and 2b; South
Florida Water Management District 2015; 2018a). The daily
flow values were used to calculate total annual and monthly
inflows into Biscayne Bay.

Field and Lab Methods

Physical water quality data (salinity (S), temperature (T), tur-
bidity (Turb), dissolved oxygen (O2), pH) were recorded at

each SFWMD/NOAA, DERM, and BNP location using YSI
6600 sondes. Fifty-five milliliters of water was collected from
each location and filtered through 0.45-μm Whatman PTFE
syringe filters in the field and placed in coolers on ice for the
duration of each sampling trip. In the lab, samples were stored
frozen until ready for inorganic nutrient (silica (SiO2), nitrate
(NO3

−), nitrite (NO2
−), NH4

+, PO4
3−) analyses. All analyses

were performed according to the standard United States
Environmental Protection Agency (US EPA) procedures
(EPA SM4500F, 353.2, 350.1, 365.1) at the NOAA Atlantic
Oceanographic and Meteorological Laboratory (NOAA
AOML) in Miami, FL.

An additional 3000 ml of water was collected at each
SFWMD/NOAA site for pigment-based chemotaxonomic
analyses of total and phytoplankton class-specific biomass
(chlorophylls and carotenoids) and relative abundance of ma-
jor phytoplankton classes (diatoms, dinoflagellates,
cyanobacteria, chlorophytes, and cryptophytes). Sampled wa-
ter was stored in Nalgene amber bottles and placed in coolers

Fig. 1 Map showing the locations of sampling sites in Biscayne Bay used
for this study: a 32 SFWMD/NOAA sites (blue dots), and b 20 selected
BNP sites with data recorders (green dots) and 18 selected monthly

DERM monitoring sites (red dots). Yellow rectangles indicate the loca-
tion of the SFWMD coastal structures. VK = NOAA Virginia Key
Meteorological Station
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on ice for the duration of each sampling trip to protect the
pigments from photodegradation and disintegration.
Between 1000 and 3000 ml of water was filtered through
GF/F glass microfiber filters (nominal pore size 0.7 μm and
47 mm diameter) using a vacuum pump (< 5 in Hg) immedi-
ately after arrival in the lab. Filtered samples were stored at −

80 °C until ready for analyses. Photosynthetic (chlorophylls)
and photoprotective (carotenoids) pigments were extracted
following Hagerthey et al. (2006), separated and identified
using Reversed Phase High-Performance Liquid
Chromatography (RP-HPLC) with a ternary gradient includ-
ing ion-pairing reagents (Louda et al. 1998), and quantified by

Fig. 2 a Temporal variation in daily rainfall (cm) across Miami-Dade
County, and daily surface water and air temperature (°C) at Virginia
Key Meteorological Station (Key Biscayne, Florida). b Total daily aver-
age inflows from 14 canal structures into Biscayne Bay, and difference in

total average inflows into the bay 2 weeks before (blue) and after (red)
Hurricane Irma (chart in the upper right corner). c Daily average bottom
salinity (PSU) at 20 inshore locations Biscayne Bay (north (top) to south
(bottom) transect)
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the Beer-Lambert Law relationship using the integrated peak
areas at appropriate wavelengths in the Environmental
Biogeochemistry Lab at Florida Atlantic University (FAU).
Taxon-specific algal biomass (chl a) was estimated using chl
a/marker pigment ratios determined by multiple regression/
multiple simultaneous equation formulae (Grant and Louda
2010). Samples for nutrient and chemotaxonomic analyses
were collected at 0.3-m water depth below the surface, and
physical water quality measurements were taken at 0.3 m be-
low the surface and 0.3 m above the bottom.

Statistical Methods

Environmental data were checked for outliers, square-root
transformed, and standardized via z scores to more closely
approximate a normal distribution and to equalize variable
distribution to a common scale (McCune et al. 2002). The
improvement of normality was checked by evaluating values
of skewness and kurtosis for each variable before and after
transformation. Principal component analysis (PCA) was used
to visualize similarities in water quality among locations and
to describe different sources of variation in water quality
among sites (Jolliffe 2011). Similarity in water quality among
sites was determined using hierarchical clustering with
Euclidean distance measure and group average linkage meth-
od and visualized in two-dimensional PCA ordination dia-
grams (Kruskal and Wish 1978).

Compositional similarity in phytoplankton community
structure was determined using hierarchical clustering with
Sørensen distance measure (Bray and Curtis 1957) and flexi-
ble beta (β = − 0.25) linkagemethod (McCune et al. 2002) and
was visualized in nonmetric multidimensional (NMDS) ordi-
nation diagrams (Kruskal and Wish 1978). Explanatory water
quality variables were overlain as “vectors” representing the
direction and strength of the plane of the maximum correlation
with phytoplankton community similarity. Stress statistics
were used as a measure of distortion in the ordination diagram.
Indicator species analysis (ISA) was used to identify the phy-
toplankton classes, which were the most abundant and most
frequently occurring at each location (canals vs. inshore) and
clusters during each sampling event. The indicator value (IVkj;
a value of 100 represents the best indicator of a particular
group) was calculated by multiplying the value of proportion-
al abundance of each class in a designated group relative to the
abundance of that class in all groups by the proportional fre-
quency of the same class in each group (Dufrêne and
Legendre 1997; McCune et al. 2002).

The statistical significance of differences in water quality
and phytoplankton community structure among locations (ca-
nals vs. inshore), sampling events, and clusters was testedwith
a Permutational Multivariate Analysis of Variance
(PERMANOVA), a nonparametric multivariate statistical test
(Anderson 2001, 2014). The Kruskal-Wallis test (Kruskal and

Wallis 1952), a rank-based nonparametric test, was used to
determine if the median concentrations of different water qual-
ity variables differed among clusters, while the Dunn-
Bonferroni post hoc test (Dunn 1964) was used to make all
possible cluster pairwise comparisons. The Similarity
Percentage (SIMPER) analysis was used to determine the per-
centage contribution of different phytoplankton classes and
water quality variables to the separation of the groups
(locations, clusters; Clarke 1993). RELATE, a nonparametric
type of Mantel test, was used to test how well the patterns in
biological data matched those in environmental data (the
closer the ρ values were to 1, the more similar the patterns in
biological and environmental data were; Clarke et al. 2014).
The BIO-ENV procedure was used to find sets of environ-
mental variables that best explained the patterns in biological
communities, and distance-based linear modeling (DistLM)
was used to determine how much of the variation in biota
can be explained by environmental variables (Clarke et al.
2014). A marginal test, a nonparametric significance test,
was used to determine how much variation in biological data
each environmental variable can explain. The sequential test, a
conditional test of individual variables, was used to examine
whether adding particular variables contributed significantly
to the explained variation in biological data. Akaike’s infor-
mation criterion (AICc), which measures the relative quality
of a statistical model for a given set of data, was used to select
the best model with environmental variables that explain most
of the variation in the phytoplankton community structure
(Clarke et al. 2014). The strength and direction of association
among water quality and algal biomass variables were
assessed with Spearman rank correlation analysis, and the
significance of the results were assessed using the t test. All
analyses were conducted using Statistical Package for Social
Sciences (SPSS) version 25, John’s Macintosh Project (JMP)
version 14, Personal Computer-Ordinations (PC-Ord) version
6, and Plymouth Routines in Multivariate Ecological
Research (Primer) version 7 (Clarke and Gorley 2015) .

Results

Atmospheric Conditions

Total average daily precipitation reached a record of 11.5 cm
across Miami Dade County on September 10, which repre-
sented 36.4% of the total September precipitation (31.6 cm;
NEXRAD 2018; Fig. 2a). Total September precipitation was
32.8% higher than the SFWMD 30-year average (1986–2015)
rainfall for this month (21.2 cm) in Miami Dade County
(South Florida Water Management District 2018b). The max-
imum wind speed recorded during the passage of Hurricane
Irma at the Virginia Key meteorological station (Key
Biscayne, FL) was 85.3 km/h with wind gusts up to

Estuaries and Coasts (2020) 43:1217–1234 1221



114.5 km/h (67 km/h and 89.6 km/h daily average wind speed
and maximum gusts, respectively; NOAA 2018). Wind speed
during the event increased by approximately 800% compared
to the week before the hurricane (10.8–16.2 km/h weekly
average wind speed and maximum gusts). SST dropped by
~ 3 °C from an average of 30.4 °C a week prior to the event
(NOAA 2018; Fig. 2a). Air T also dropped after the hurricane
by an average of ~ 1 °C (Fig. 2a).

Freshwater Inflows

The 2017 total annual inflow from the 14 major coastal struc-
tures into inshore regions of Biscayne Bay (27,649.4 m3/s)
was the largest in the last decade and 26% larger than the year
before (22,009.1 m3/s; South Florida Water Management
District 2018a). Total monthly discharges increased by 34%
in September compared to August (5288.8 m3/s vs.
3938.4 m3/s, respectively) and by 78% in the 2-week period
after the storm compared to the same period before the event
(3344.5 m3/s vs. 1876.7 m3/s, respectively; Fig. 2b).
Maximum daily discharges occurred a day after the hurricane,
on September 11 (532.4 m3/s). Most of the water that entered
Biscayne Bay was discharged into central and southern
Biscayne Bay both 2 weeks before and 2 weeks after
Hurricane Irma. The largest 2-week post-hurricane increase
in total inflows occurred from Military Canal (G-95/S-20G;
716.3% increase from the 0.4-m3/s 2-week average inflow
prior to the hurricane) and Cutler Drain Canal (C-100/S-123;
356.0% increase from the 4.0-m3/s 2-week average inflow
prior to the hurricane) into the central part of the bay, and

Aerojet Canal (C-111/S-197; 349.4% increase from the 9.8-
m3/s 2-week average inflow prior to the hurricane) into
Manatee Bay (Fig. 3). The largest post-hurricane average dai-
ly discharges were recorded from the Aerojet Canal (C111/S-
197; aver. 43.9 ± 15.8 m3/s), Snake Creek Canal (C9/S-29;
33.1 ± 12.3 m3/s), and Mowry Canal (C103/S-20F; 30.5 ±
23.1 m3/s; Fig. 3). Both the magnitude and variation in daily
average discharges increased in most of the canals after the
hurricane (except for Miami North Fork (C6/S-26) and
Tamiami (C4/S-25B) canals; Fig. 3). The 2017 wet season
discharges were significantly higher during increased periods
of precipitation (ρ = 0.402; p = 0.000; Fig. 2a,b).

Water Quality

Significant temporal (F = 16.600, p = 0.001) and spatial (F =
6.213, F = 13.662, and F = 10.234 at p = 0.001 in September
and November 2017, and January 2018, respectively) differ-
ences in water quality were present at the sampling locations
after the hurricane (Figs. 2c and 4a–d; Table 1). Daily bottom
S was significantly lower during higher freshwater inflows
(ρ = − 0.489; Fig. 2b, c). In general, nutrient concentrations
and T decreased with increasing distance from the canal struc-
tures towards the inshore locations (except for September
when Twas lower in the canals compared to the inshore loca-
tions), while S and O2 increased (Fig. 5a–c; Table 2). On
average, O2 levels were lower in September compared to
November and January and in the canals compared to inshore
sites (Fig. 5a–c). The lowest September O2 concentrations
were recorded in Snapper Creek (C2), Coral Gables (C3),

Fig. 3 Average discharges from
14 major coastal canal structures
(coastal structure IDs on the Y
axis) into Biscayne Bay 2 weeks
before (gray bars) and after (black
bars) Hurricane Irma
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and Gould canals (C1; < 2–3 mg/l). Water column stratifica-
tion was recorded at many inshore locations.

PCA analysis revealed that most of the variation in water
quality could be explained by the first two principal compo-
nents (PC1 and PC2; 54.3%, 61.0%, and 63.8% of the total
variation explained in September, November, and January,
respectively; Fig. 5a–c; Table 3). In September, the marine
inshore locations in the southernmost and northernmost parts
of the bay (cluster D) were significantly warmer compared to
the north fork of the Coral Gables Canal (C3; cluster A) as
well as at other canals and inshore locations (cluster E;
p < 0.05; Fig. 5a). On the contrary, the canals were more
nutrient-enriched (north fork of the Coral Gables Canal (clus-
ter A) in NO2

−, lower part of the Coral Gables Canal (cluster
C) in NO3

−, and other canals and the remaining inshore loca-
tions (cluster E) in SiO2) than the inshore locations (cluster D;
p < 0.05; Fig. 5a). The lower part of the Coral Gables Canal
(cluster C) had also a significantly higher concentration of

PO4
3− than the other canals and inshore sites in the central

part of the bay (cluster E; p < 0.05; Fig. 5a).
In November, most of the canal sites (cluster E) were sig-

nificantly warmer and less oxygenated compared to the in-
shore locations (cluster D; Fig. 5b). They had also higher
nutrient concentrations (NO3

− in Princeton Canal (C102; clus-
ter C), NH4

+ in the north fork of the Coral Gables Canal (C3;
cluster A), and PO4

3− in the other canals (cluster E)) relative to
the inshore locations (cluster D; p < 0.05; Fig. 5b).

In January, water in the south fork of the Coral Gables
Canal (C3; cluster E) was significantly warmer than at any
inshore location, the lower part of the Coral Gables Canal,
or the Snapper Creek Canal (C2; cluster B; p < 0.05; Fig.
5c). Princeton (C102) and Mowry (C103) canals (cluster D),
and the north fork of the Coral Gables Canal (cluster E) had
significantly higher SiO2 and NO3

−, and NO2
− (only

Princeton and Mowry canals) than the inshore locations, and
the lower part of the Coral Gables Canal (C3) and Snapper

Fig. 4 Spatial and temporal differences in chl a (μg/l), ammonia (NH4)
(mg/l), nitrate and nitrite (NOx) (mg/l), and orthophosphate (PO4) (mg/l)
across Biscayne Bay during August, September, and November 2017,

and January 2018 surveys. Black dots represent DERMmonitoring loca-
tions and pink dots represent SFWMD/NOAA monitoring locations
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Creek Canal (C2; cluster B; p < 0.05; Fig. 5c). NH4
+ was

significantly higher in Aerojet (C111), Black Creek/Gould
(C1), and Military (G95) canals (cluster C) compared to any
inshore location, lower part of the Coral Gables Canal, or
Snapper Creek Canal (cluster B; p < 0.05). PO4

3− was signif-
icantly higher in the north fork of the Coral Gables Canal
(cluster E) compared to the lower part of the Coral Gables
Canal and Snapper Creek Canal (cluster B), and Mowry and
Princeton canals (cluster D; p < 0.05; Fig. 5c).

Spatial and Temporal Distribution Patterns
of Phytoplankton Communities

Compared to the 2016 dry season (mid-December), the
abundances of chlorophytes, cryptophytes, and dinoflagel-
lates were significantly higher in the 2018 dry season (early
January; p < 0.05; Fig. 6a, b). Algal biomass, expressed as
chlorophyll a (chl a) concentration, was significantly higher
in September compared to November and January (p < 0.05;
Figs. 4a and 6c). The September biomass was also

significantly higher at inshore locations compared to the
canals (p < 0.05; Fig. 6c). Overall, chl a was highest in
northern (1.1–6.1 μg/l) and southern (1.2–3.6 μg/l) parts of
the bay compared to the central part (Figs. 4a, 6d, and 9).
Biomass in these two regions significantly increased in
September compared to the months before the hurricane
(p < 0.05) and then gradually declined to pre-hurricane levels
in the following months (Fig. 6 d).

The phytoplankton community structure differed signifi-
cantly among post-hurricane sampling events (F = 8.908, p =
0.001), and these differences were captured in the 2-
dimensional NMDS ordination diagrams (Fig. 7a–c). Pair-
wise tests found September communities to be significantly
different from November (t = 3.012, p = 0.001) and January
(t = 4.198, p = 0.001) communities, but November and
January communities were comparable (t = 1.506, p = 0.089;
Fig. 7a–c). Much of the differences in community structure
among sampling events was driven by the presence of diatoms
and cyanobacteria, which contributed 30.1% and 26.1%, re-
spectively, of the total difference between the September and

Fig. 4 (continued)
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November community structure, and 24.3% and 28.1%, re-
spectively, of the total difference between the September and
January community structure (Fig. 7a–c). Canal and inshore
communities differed significantly in September and
November (t = 2.372, p = 0.002 and t = 1.879, p = 0.027, re-
spectively; Fig. 7a–c). Cyanobacteria and dinoflagellates were

more frequently found and at higher abundance at inshore sites
(62.3% IV; p = 0.037 and 64.0% IV, p = 0.025, respectively),
while chlorophytes were more common in the canals (66.9%,
p = 0.002 IV; Fig. 7a–c). The phytoplankton community struc-
ture differed significantly among groups defined by cluster
analysis in all three sampling events (p < 0.05; Fig. 7a–c).

Spatial patterns in phytoplankton communities and water
quality were different in September and January (p > 0.05),
but similar in November (ρ = 0.282, p = 0.014). Water quality
variables that best explained phytoplankton community pat-
terns in September were S and PO4

3− (35.4% of variation
explained (R2 = 0.354; Fig. 7a). S, T, and NO2

− best explained
phytoplankton community patterns in November (46.1% of
variation in their structure (R2 = 0.461) and 34%, 6.9%, and
5.2% contribution, respectively; Fig. 7b). Temperature best
explained phytoplankton community patterns in January
(12.1% of variation explained (R2 = 0.121; Fig. 7c).

In September, cyanobacteria were frequently found and
had high abundance at marine sites with elevated NH4

+ con-
centrations south of Convoy Point, in Card Sound and Barnes
Sound, and in North-Central Biscayne Bay (cluster E; 35.5%
IV, p = 0.0004), while dinoflagellates were associated with the
more turbid sites in Military Canal (G95) and Barnes Sound
(cluster F; 60.5% IV, p = 0.001; Figs. 7a, 8, and 9).
Cryptophytes were frequently recorded and abundant at fresh-
water sites with elevated NOx and SiO2 in Coral Gables (C3),
Princeton (C102), and Snapper Creek (C2) canals (cluster B;
45% IV, p = 0.0002), while diatoms were higher in Aerojet
Canal (C111) and at inshore locations north of Black Creek
(c1) Canal (cluster A; 30.8% IV, p = 0.0214; Fig. 7a). In
November, cyanobacteria were still abundant in Barnes
Sound and Card Sound (cluster C and A; 62.3% IV, p =
0.0002), while chlorophytes increased in nutrient-enriched
waters of Coral Gables (C3) and Snapper Creek (C2) canals
(cluster B; 74.3% IV, p = 0.0002; Figs. 7b). In January,
chlorophytes remained abundant in warmer and nutrient-
enriched waters of Coral Gables (C3) and Military (G95) ca-
nals and at inshore sites in North-Central Bay (cluster A;
73.4% IV, p = 0.0002), while dinoflagellates increased at
NH4

+-enriched sites in Card Sound, Barnes Sound, and in-
shore sites in South-Central Bay (cluster C; 62.0% IV, p =
0.0006; Figs. 6, 7c, and 8; Supplemental Fig. 1).

Discussion

Despite its enormous size, strong winds, and close proximity
to the southeast Florida coast, Hurricane Irma had a short-
lasting (< 3-month) effect on water quality and phytoplankton
communities in Biscayne Bay, which indicates that the bay is
resilient to pulse disturbances. Large pre- and post-storm-
related freshwater inflows increased nutrient loading into the
bay, producing short-lived changes in phytoplankton

Table 1 Summary statistics of surface water quality parameters
(chlorophyll a (chl A) (μg/l), ammonium (NH4

+) (μM), nitrite (NO2
−)

μM, nitrate (NO3
−) μM, O2 = dissolved oxygen (mg/l), orthophosphate

(PO4
3−) (μM), salinity (PSU), silica (SiO2) (μM), temperature (°C),

Turb = turbidity (NTU)) at all sampling sites recorded during three
post–Hurricane Irma surveys in Biscayne Bay

Variables Number Range MN MAX Mean SD

September, 2017

chlA 32 4.5 0.00 4.46 1.16 1.03

NH4
+ 32 37.8 0.59 38.40 13.85 7.88

NO2
− 32 2.6 0.05 2.64 0.95 0.67

NO3
− 32 106.5 1.22 107.75 33.30 33.16

O2 32 6.1 1.11 7.21 4.29 1.55

pH 32 0.8 7.07 7.66 7.47 0.21

PO4
3− 32 1.6 0.00 1.61 0.15 0.37

S 32 29.9 0.27 30.13 11.64 10.03

SiO2 32 168.0 7.92 175.88 73.93 44.34

Temp 32 4.4 27.84 32.28 29.64 1.08

Turb 32 6.3 0.00 6.30 1.07 1.39

November, 2017

chlA 32 1.4 0.21 1.63 0.62 0.35

NH4
+ 32 50.0 0.59 50.57 7.95 10.39

NO2
− 32 2.6 0.18 2.75 0.72 0.58

NO3
− 32 184.5 1.19 185.71 29.94 43.22

O2 32 6.0 2.63 8.58 5.55 1.66

pH 32 0.9 7.35 8.21 7.89 0.23

PO4
3− 32 1.2 0.00 1.19 0.15 0.34

S 32 30.5 0.29 30.82 14.72 0.09

SiO2 32 178.1 1.95 180.01 63.06 50.33

Temp 32 3.1 23.52 26.55 24.87 0.78

Turb 32 4.2 0.00 4.20 0.80 0.86

January, 2018

chlA 32 3.3 011 3.40 0.66 0.68

NH4
+ 32 22.8 0.00 22.76 3.44 4.63

NO2
− 32 1.0 0.02 0.98 0.36 0.25

NO3
− 32 190.1 0.06 190.20 20.79 45.76

O2 32 6.8 2.29 9.04 6.81 1.38

pH 32 1.7 6.75 8.41 7.95 0.35

PO4
3− 32 1.3 0.00 1.30 0.15 0.34

S 32 27.0 5.85 32.90 21.50 7.64

SiO2 32 103.1 1.05 104.17 36.42 32.25

Temp 32 7.1 15.51 22.65 19.57 1.84

Turb 32 6.9 0.10 7.00 1.97 1.57
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community structure, driven largely by decreases in diatoms
and increases in cyanobacteria abundance, but relatively mod-
est increases in total phytoplankton biomass.

The 2017 wet season was the wettest on record in South
Florida since 1932, with several tropical storms, including
Hurricane Irma, soaking and bringing water stages to record
levels across the entire region (South Florida Water
Management District 2018b). In preparation for Hurricane
Irma, the SFWMD followed standard emergency operating
procedures (USACE 2012) and opened the coastal structures
along Biscayne Bay to lower the primary canal levels in prep-
aration to receive discharge from the secondary canals that
drain residential areas in Miami-Dade County. This increased
discharges into the bay several days prior to arrival of the
hurricane. During the event, the primary canal gates remained
open in anticipation of losing electrical power, which would
prevent the SFWMD from operating them remotely, and to
prevent their failure, which could cause severe flooding of
coastal areas. This allowed a surge of water to enter the canals
causing backflow (negative flows), which was recorded at all
Biscayne Bay coastal structures and was reflected in short-
term, sharp S fluctuations at inshore locations. After the hur-
ricane, storm surge and water drained from the mainland back
to the bay in the form of amplified discharges via the coastal
structures. Submarine groundwater discharges into the bay
also likely increased, but the data are lacking for this time
period. The large post-hurricane discharges and overland run-
off resulted in large S fluctuations and a drop in average S
across the entire inshore zone in the weeks following the
event. This was especially pronounced in the south-central
and southern parts of the bay, which experienced some of
the largest post-hurricane canal discharges (Figs. 2b, c and
3). Increased freshwater inflows also increased nutrient load-
ings into the bay, as reflected in elevated concentrations of

NOx and NH4
+ in the south-central part of the bay, PO4

3− in
northern and southern parts of the bay, and negative nutrient
correlations with S (Figs. 4b-d; Table 2).

The south-central part of the bay is adjacent to the South
Dade Agricultural Areas (SDAA), from which NOx loads are
substantially larger compared to urban areas in northern
Miami-Dade County (Caccia and Boyer 2005, 2007; Zhang
et al. 2009; Carey et al. 2011). Earlier studies showed that 74%
of the annual NOx loading in this region comes from the
Mowry (C-103/S-20F) and Princeton (C-102/S-21A) canals
(Caccia and Boyer 2007), and this was reflected in the highest
NO3

− concentrations within and large discharges from these
canals during the post–Hurricane Irma September survey (es-
pecially inMowry Canal). Agricultural activities in this region
require application of NO3

− and potassium-rich fertilizers,
which easily percolate through porous limestone into the
groundwater underneath the SDAA and the canals draining
this region (Bradner et al. 2005; Caccia and Boyer 2007).
Hurricane Irma–induced nutrient loading from farmlands
might have been particularly high because the timing of the
event coincided with the beginning of the growing season in
South Miami-Dade County, when intense fertilization occurs
to stimulate plant growth (FASS 1997). Other possible sources
of NOx and NH4

+ to this region include South Dade
Wastewater Treatment Plant (SDWWTP) and the Black
Point Landfill (Swart et al. 2013). Power shortages after ex-
treme events and flooding often introduce partially treated and
raw sewage from treatment plants into coastal regions. For
example, after the 1996 Hurricane Fran and Hurricane
Bertha, sewage treatment plant and pump station power fail-
ures caused diversions of millions of liters of raw and partially
treated human waste into Cape Fear River and Cape Fear
Watershed (North Carolina). This was combined with
overtopping of several swine waste lagoons by floodwater

Fig. 5 Principal component ordination diagrams of sites based on
Euclidean similarity in water quality in a September 2017, b November
2017, and c January 2018. Sites are coded by sampling locations (canals
(red dots) vs. inshore (blue dots)), and clusters represent groups of sites

with similar water quality. Arrows represent the direction and magnitude
of correlation of environmental variables with principal components
(PCs)
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and discharging large quantities of concentrated organic waste
into the river, resulting in eutrophication and hypoxia (Mallin
et al. 1999). Similarly, sewage spills were also reported into
Biscayne Bay after Hurricane Irma (Florida Department of
Environmental Protection 2018). Canals near Black Point,
where the SDWWTP and landfill are located, had the highest

concentrations of NH4
+ after the hurricane. The northern part

of the bay (north of Virginia Key), which is adjacent to highly
populated Miami metropolitan areas, receives high NH4

+ and
PO4

3− loadings (~ 74% and ~ 60% of the total annual loading
to the bay, respectively) from the Miami River (C6), Little
River (C7), and Snake Creek (C9) canals (Caccia and Boyer

Table 2 Spearman rank correlation coefficients for quantitative
variables measured during September 2017, November 2017, and
January 2018 surveys at 32 locations in Biscayne Bay. S = salinity
(PSU), Temp = water temperature (°C), pH, SiO2 = silica (μM),

(NO3
− = nitrate (μM), NO2

− = nitrite (μM), NH4
+ = ammonium (μM),

PO4
3− = orthophosphate (μM), O2 = dissolved oxygen (mg/l), Turb =

turbidity (NTU), chlA = chlorophyll a (μg/L)

Variables S Temp pH SiO2 NO2
− NO3

− NH4
+ PO4

3− O2 Turb chlA

September 2017

S 1

Temp .593** 1

pH 0.063 0.234 1

SiO2 − .784** − .470** − 0.097 1

NO2
− − .535** − 0.31 − 0.044 0.265 1

NO3
− − .458** − 0.202 − 0.087 0.343 .620** 1

NH4
+ − 0.209 − 0.187 − 0.154 0.063 .547** − 0.033 1

PO4
3− 0.059 − 0.291 − 0.226 − 0.163 0.09 0.155 − 0.046 1

O2 .482** .399* .573** − .548** − 0.216 − 0.31 − 0.19 − 0.197 1

Turb 0.179 − 0.05 − .404* − 0.124 − 0.101 0.069 − 0.286 .574** − 0.274 1

chlA 0.249 0.07 0.15 − 0.292 − 0.042 − 0.254 − 0.05 0.086 0.067 0.111 1

November 2017

S 1

Temp − .673** 1

pH .357* − .502** 1

SiO2 − .952** .743** − .461** 1

NO2
− − .472** 0.348 .0.138 .399* 1

NO3
− − .688** .644** − 0.217 .610** .608** 1

NH4
+ − .666** .595** − .545** .717** .569** .467** 1

PO4
3− − .509** .634** − .635** .483** .401* .540** .571** 1

O2 .604** − .697** .639** − .671** − 0.338 − 0.293 − .612** − .697** 1

Turb − 0.251 0.067 0.087 0.229 − 0.069 0.04 0.31 0.019 − 0.068 1

chlA − .418* − 0.065 − 0.134 .367* 0.166 0.001 .388* 0.051 − 0.118 .528** 1

January 2018

S 1

Temp − .434* 1

pH − .669** − 0.16 1

SiO2 − .718** .504** 0.274 1

NO2
− − .766** .447* .533** .699** 1

NO3
− − .695** .506** 0.293 .850** .752** 1

NH4
+ − .583** 0.253 .413* .633** .657** .400* 1

PO4
3− 0.03 .573** − .511** 0.348 − 0.028 0.217 0.161 1

O2 − 0.067 − .432** .446* − .396* − 0.057 − 0.068 − .393* − .713** 1

Turb − 0.134 .420* − 0.129 0.324 .441* 0.245 .470** 0.347 .450** 1

chlA − 0.176 .561** − 0.324 .442* .425* .401* 0.306 .462** − .421* .628** 1

* Correlation is significant at the 0.05 level
** Correlation is significant at the 0.01 level
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2007). The post-hurricane surveys also revealed consistently
elevated PO4

3− and NH4
+ concentrations in the Coral Gables

Canal (C3). Many houses in this area, and ~ 21% in the
entire Miami Dade County, are still on septic tanks, which
back up and overflow during periods of extreme precipita-
tion, when groundwater levels rapidly increase (Florida
Department of Environmental Protection 2018), adding to
the nutrient load.

Biscayne Bay is normally a total phosphorus (TP)-limited
system, especially the south-central part of the bay (Caccia and
Boyer 2007; Zhang et al. 2009) which received an excess of

NOx from the farmlands after the hurricane. Low phosphorus
(PO4

3−) concentration limits phytoplankton growth in the bay,
which is reflected in historically lower phytoplankton biomass
compared to other Florida estuarine systems with less severe
nutrient limitations (Boyer et al. 2009; Briceño et al. 2013).
Increased nutrient loading after Hurricane Irma stimulated phy-
toplankton growth in Biscayne Bay, which is a common occur-
rence in estuarine systems after hurricanes (Hagy et al. 2006;
Zhao et al. 2008; Zhang et al. 2009; Peierls et al. 2003; Wetz
and Paerl 2008; Paerl et al. 2018). For example, passage of
three sequential hurricanes over Pamlico Sound (North
Carolina) in the fall of 1999 briefly increased inorganic nitro-
gen (NOx, NH4

+) and PO4
3− concentrations (by 2–3 times)

during the flooding, which subsequently increased algal bio-
mass until late spring of 2000 (Peierls et al. 2003). Similarly,
increased nutrient loadings into Chesapeake Bay (Maryland
and Virginia) after Hurricane Isabel in September 2003 resulted
in a twofold increase in algal biomass in the mid- and lower
parts of the bay, with an abrupt return to long-term average chl
a concentration by early October (Miller et al. 2006). The post–
Hurricane Irma ephemeral eutrophication of Biscayne Bay
stimulated phytoplankton growth in secluded inshore areas of
the northern and southern parts of the bay, but the biomass
gradually decreased over time (except for northern part of the
bay, where elevated algal biomass might not be an exclusively
hurricane-related phenomenon). Large freshwater inputs from
point sources (e.g., rivers, creeks, canals) following extreme
weather events prevent algal biomass from accumulating near
the point source discharges due to high flushing and instead
stimulate biomass in more downstream locations (Miller et al.
2006; Peierls et al. 2003; Paerl et al. 2006, 2018). This was
reflected in lower algal biomass in the Miami-Dade canals
compared to inshore locations in September. As nutrient con-
centrations at inshore locations became depleted and freshwater
discharges from the canals declined, algal biomass peaks
shifted to nutrient-enriched, warmer waters in the canals from
the inshore sites.

Themechanisms driving phytoplankton community compo-
sition are difficult to distinguish, but it is clear that Hurricane
Irma–related nutrient enrichment and significant changes in
physical water quality parameters had a profound effect on both
phytoplankton biomass and community structure patterns. The
relative contribution of cyanobacteria to the total chl a pool was
largest in September and declined over time in favor of dia-
toms. The highest concentrations of cyanobacteria were record-
ed in the southern and north-central parts of the bay, at sites
with elevated NH4

+ concentrations and NH4
+/NO3

− ratios
(Figs. 4b and 8). NH4

+ is a preferred nitrogen form by this
phytoplankton group because it is the least energy-demanding
N source for cells to assimilate (Lomas and Glibert 1999;
Glibert et al. 2016, Glibert and Burford 2017; Shangguan
et al. 2017a, 2017b). Mesocosm experiments in tidal estuarine
systems showed that NH4

+ enrichment with respect to NO3
−

Table 3 Factor loadings for five principal components

Variables PC1 PC2 PC3 PC4 PC5

September 2017

S − 0.477 0.189 − 0.125 0.132 0.003

Temp − 0.365 − 0.033 − 0.248 − 0.098 0.768

pH − 0.174 − 0.454 − 0.008 − 0.447 − 0.295
SiO2 0.422 − 0.097 0.375 − 0.190 0.169

NO2
− 0.376 − 0.226 − 0.527 0.097 0.032

NO3
− 0.312 0.045 − 0.402 − 0.539 0.233

NH4
+ 0.209 − 0.297 − 0.311 0.629 0.001

PO4
3− 0.158 0.497 − 0.296 − 0.138 − 0.329

O2 − 0.351 − 0.240 − 0.367 − 0.147 − 0.361
Turb 0.018 0.550 − 0.157 0.031 − 0.035

November 2017

S − 0.404 0.049 − 0.324 0.144 − 0.230
Temp 0.367 0.304 − 0.035 0.045 0.250

pH − 0.310 − 0.162 0.369 − 0.179 0.467

SiO2 0.392 0.004 0.332 0.051 0.344

NO2
− 0.286 − 0.551 − 0.166 − 0.231 − 0.214

NO3
− 0.201 0.281 0.357 − 0.622 − 0.348

NH4
+ 0.341 − 0.521 − 0.066 − 0.004 − 0.178

PO4
3− 0.266 0.473 − 0.285 − 0.026 − 0.235

O2 − 0.376 − 0.024 0.217 − 0.384 − 0.258

Turb 0.036 − 0.002 0.600 0.594 − 0.477

January 2018

S − 0.398 0.282 − 0.075 0.225 − 0.125

Temp 0.316 0.302 0.235 − 0.314 0.485

pH 0.159 − 0.517 − 0.195 0.182 0.431

SiO2 0.452 − 0.009 0.106 0.257 − 0.222
NO2

− 0.420 − 0.157 − 0.134 − 0.318 0.065

NO3
− 0.375 − 0.211 0.285 0.044 − 0.402

NH4
+ 0.284 0.047 − 0.553 0.401 − 0.241

PO4
3− 0.201 0.354 0.531 0.396 0.008

O2 − 0.194 − 0.436 0.323 − 0.303 − 0.422
Turb 0.189 0.418 − 0.314 − 0.488 − 0.336

Loadings are the Spearman correlation between the ranked data with the
principal components. In total, the first two principal components ex-
plained 54.3%, 61.0%, and 63.8% of the variation in the original
September 2017, November 2017, and January 2018 data
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promotes growth of cyanobacteria (Domingues et al. 2011;
Shangguan et al. 2017b). The southern part of Biscayne Bay
is an area of frequent picocyanobacteria blooms following ex-
tremeweather events, which result in large internal and external
pulses of nutrients. The largest and longest-lasting bloom of
this kind in this region was recorded between 2005 and 2008
(Rudnick et al. 2007; Glibert et al. 2009). This bloom devel-
oped after passage of three hurricanes in 2005 (Katrina, Rita,
and Wilma) and a major roadway construction and mangrove
soil excavation in the Florida Keys, which resulted in signifi-
cant external (from the mainland) and internal (from soil) nu-
trient loading into southern Biscayne Bay and northeast Florida
Bay (Rudnick et al. 2007; Glibert et al. 2009). Picocyanos such
as Synechococcus sp., which is the bloom forming species in
southern Biscayne Bay and northeastern Florida Bay (Phlips
and Badylak 1996; Rudnick et al. 2007; Glibert et al. 2009), are
good competitors in warm (> 25 °C), TP-limited ecosystems
(Irwin et al. 2006; Reynolds 2006; Finkel et al. 2009), like
South Florida estuaries. Because of the scarcity of phytoplank-
ton studies in northern Biscayne Bay, it is currently unclear
whether cyanobacteria commonly and frequently dominate
phytoplankton communities in this region after extreme weath-
er events. Diatoms are typically NO3

− opportunists and require
SiO2 to build their valves (Lomas and Glibert 2000; Glibert

et al. 2016; Glibert and Burford 2017; Shangguan et al.
2017a, 2017b). This phytoplankton group was most abundant
at NO3

−- and SiO2-enriched sites in the south-central part of the
bay and the canals. Chlorophytes were very abundant in P- and
N-enriched Coral Gables and Snapper Creek canals, which
intersect highly populated old Miami neighborhoods with ag-
ing urban infrastructure and leaky septic tanks. In general,
chlorophytes are often associated with shallow, nutrient-rich
freshwater environments, particularly those characterized by
elevated PO4

3− concentrations and high light penetration
(Barica et al. 1980; Jensen et al. 1994). They are competitive
with other phytoplankton in freshwater environments due to
high growth rates and diverse mechanisms of N assimilation
(Fernandez and Galvan 2007). Changes in spatial-temporal
phytoplankton community structure in the months following
Hurricane Irma reflect the annual T patterns in South Florida,
with a secondary influence from the hurricane-related
perturbations.

Conclusions

Continuous urban development along the southeast Florida
coast weakens the resilience of the region’s estuarine

Fig. 6 Temporal differences in relative abundance of diatoms,
cyanobacteria, chlorophytes, dinoflagellates, and cryptophytes at 32: a
canal and b inshore locations among December 2016, September 2017,
November 2017, and January 2018 surveys; c algal biomass (chl a) at 32
canal (yellow) and inshore (blue) locations among September 2017,
November 2017, and January 2018 surveys; and d northern (NB) and

southern (SB) Biscayne Bay among May–December 2017 and January
2018 surveys. The box shows the interquartile range (1st–3rd quartiles).
The left “whisker” represents the smallest number in the set, and the far
right “whisker” represents the largest number in the set. The median is
represented by a vertical bar in the center of the box and mean by an “x”
symbol within the box
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Fig. 7 Nonmetric
multidimensional scaling
ordination diagrams of sites based
on Bray-Curtis similarity in
phytoplankton community
structure in a September 2017, b
November 2017, and c January
2018. Sites are color-coded by
clusters representing groups of
sites with a similar phytoplankton
community structure. Water
quality clusters (circles) are
superimposed on phytoplankton
clusters. Arrows represent the
direction and magnitude of
correlation of environmental
variables with phytoplankton
community compositional
differences
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systems and their biota to withstand severe fluctuations in
hydrodynamic and water quality processes within the estu-
aries caused by natural pressures. Our study showed that
Biscayne Bay is still resilient to pulse disturbances like
hurricanes. Although the bay experienced record amounts
of pre– and post–Hurricane Irma freshwater inflows and
nutrient loads, water quality and phytoplankton dynamics
returned quickly (< 3 months) to pre-disturbance state,
which was also observed after Hurricane Katrina in 2005
(Zhang et al. 2009). However, the resilience of the

structural components of Biscayne Bay ecosystem (e.g.,
seagrasses, corals, sponges) to hurricanes is poorly under-
stood. Also, the fate and impacts of terrigenous organic
material (e.g., colored dissolved organic matter) transported
from marshes and wetlands and marine sources of organic
material (e.g., uprooted submersed aquatic vegetation) de-
posited at inshore locations on the Biscayne Bay ecosystem
(e.g., benthic habitats and water quality) are unclear. These
topics should be better investigated following extreme
weather events in the future.

Fig. 8 Changes in NH4
+/NO3

−

ratio at 32 SFWMD/NOAA
inshore and canal locations in
Biscayne Bay

Fig. 9 Conceptual diagram of post-hurricane conditions in Biscayne Bay.
The diagram shows different sources of nutrients, the establishment of
hypoxia due to strong water stratification and decomposition of organic

material at inshore locations and the canals, and eutrophication due to
nutrient enrichment in the southern and northern parts of Biscayne Bay
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Increased sampling frequency and supplementary sam-
pling after hurricanes and other extreme weather events are
recommended to better understand responses of the South
Florida estuarine systems to possible future increases in the
frequency and magnitude of hurricanes and extreme precipi-
tation events (IPCC 2018). Understanding how estuaries re-
spond to and recover from such severe events is of fundamen-
tal significance for environmental assessment and manage-
ment of these systems.
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