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Abstract: This unique case study of Lake Okeechobee — a large, shallow and culturally eutrophic lake in south
Florida — documents the effects of hurricanes on its water quality, sediment, phytoplankton and submersed aquatic
vegetation (SAV). Three hurricanes (Frances and Jeanne in 2004 and Wilma in 2005) that swept directly over the
lake led to a number of expected changes throughout the system: 1) high winds produced large seiches, strong
waves and currents that redistributed bottom sediments and uprooted SAV and emergent macrophytes; 2) sediment
disturbance resulted in increased suspended solids and nutrients in the water column, reduced Secchi transparency
and affected SAV recovery, phytoplankton biomass and phytoplankton species dominance; and 3) heavy rainfall
increased flows, nutrient loads and lake water levels. Changes in suspended solids, most nutrient concentrations,
phytoplankton and SAV persisted for two years after the hurricanes. This persistence was attributed to unconsoli-
dated surface sediment that increased in thickness because of the storms and was more easily resuspended during
subsequent wind events. Drought conditions and low lake levels in the second year after the hurricanes led to some
recovery of SAV, primarily in the form of the non-vascular musk grass (Chara spp.). The absence of high-intensity
hurricanes in the near future should aid in SAV recovery and return the nearshore region to a macrophyte-dominated
clear-water state. Our results demonstrate the importance of sediment disturbance and water levels in shallow lakes
that are vulnerable to extreme weather events.
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Introduction

Lake Okeechobee has a long history of anthropogenic
effects (Havens et al. 1996a). Encircled by the Herbert
Hoover Dike, surface inflow, surface outflow and lake
level are managed for the competing needs of water
supply, flood control and environmental benefits. For
decades, excessive phosphorus (P) loads from the sur-
rounding watershed have lead to increased eutrophica-

tion (Havens et al. 1996a), which is expressed as: 1)
total P (TP) concentration that has more than doubled
in the past 30 years (Havens & James 2005), 2) re-
duced nitrogen (N) to P ratios (Havens et al. 2003) and
3) increased frequency of algal blooms (Havens et al.
1995, Havens et al. 1996a). In addition, there has been
a decline in Secchi transparency (Havens & James
1999) as easily resuspended mud sediments have ac-
cumulated in the lake (Brezonik & Engstrom 1998).
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Environmental reconstructions based on multi-proxy
sediment records (geochemistry, fossil pigments, sta-
ble isotopes and diatoms) extend these trends back to
the early 1900s and suggest that the current eutrophic
state of the lake is largely a consequence of land-use
changes and altered hydrology of the south Florida
landscape (Stoermer et al. 1992, Brezonik & Engstrom
1998, Engstrom et al. 2006).

Extreme natural events, such as intense storms, can
amplify the effect that environmental stressors like
eutrophication have on this ecosystem. Few studies,
however, have examined the effects of hurricanes on
lakes. Short-term studies have focused on hydrology
and hydrodynamics (Chimney 2005), water quality
(Havens et al. 2001a, Hoyer et al. 2008, Presley et al.
2006) or submersed aquatic vegetation (SAV) (Havens
et al. 2001a). Long-term studies have mainly exam-
ined sediment cores (e.g., Schwimmer & Frazier 1994,
Liu & Fearn 2000, Donnelly et al. 2001, Liu & Fearn
2002) or change in lake trophic state (e.g., Lake Ap-
opka: Lowe et al. 2001).

From August 2004 to October 2005, Lake Okee-
chobee was influenced by five hurricanes (Charley,
Frances, Ivan and Jeanne in 2004; Wilma in 2005) that
produced strong winds and/or torrential rainfall. Hur-
ricane Charley was a compact, intense storm that af-
fected the upper portion of the Lake Okeechobee wa-
tershed on August 13, 2004 with 6 to 9 cm of rainfall.
After striking the panhandle of Florida on September
16, 2004, the remnants of Hurricane Ivan passed over
south Florida on September 20 adding 3 to 5 cm of
rainfall to the watershed. The eye walls of Hurricanes
Frances on September 5, 2004, Jeanne on September
26, 2004 and Wilma on October 24, 2005 passed di-
rectly over the lake and had the greatest environmental
effect. These storms delivered between 9 to 16 cm, 8
to 20 cm and 14 to 17 cm of rainfall, respectively, to
the lake and watershed. It had been over 50 years since
storms of this magnitude had affected the lake.

The South Florida Water Management District
(District) has conducted an extensive monitoring pro-
gram on Lake Okeechobee since the mid-1970s (James
et al. 1995a, 1995b). Routine acquisition of physical,
chemical and biological data provided us with the
unique opportunity to document changes in the lake
that resulted from these extreme events. A previous
study by Havens et al. (2001a) documented short-term
changes to water quality, hydrodynamics and the SAV
community in Lake Okeechobee after Hurricane Irene
in 1999. The subsequent recovery of SAV and water
quality resulted from reduced water levels in the year
following the hurricane. In this paper, we use Lake

Okeechobee monitoring data to evaluate the longer-
term effects (over two years) that the much stronger
storms, Hurricanes Frances, Jeanne and Wilma, had on
the lake’s phytoplankton and SAV communities, hy-
drology, water quality and sediments.

The objectives of this paper are to document hur-
ricane-related changes to water quality and the phyto-
plankton and SAV communities in Lake Okeechobee.
Because of the unique opportunity of obtaining sedi-
ment cores prior to (in 2003) and after (2005) Hur-
ricanes Frances and Jeanne, we also were able to re-
late differences observed in sediment cores to other
changes that took place in the lake. Our results provide
information on changes that may be anticipated and
managed for in other eutrophic lakes that are vulner-
able to extreme weather events.

Methods

Site history and description

Lake Okeechobee is a large (1730 km?), shallow (average depth
2.7 m) eutrophic lake located in south Florida (Fig. 1A). It is
a highly managed system that provides irrigation water for re-
gional agriculture, flood control for the surrounding watershed,
water supply for several local municipalities and ground water
recharge for urban areas to the south and east. The lake also is
a recreational and ecotourism destination and supports a multi-
million-dollar sport fishery.

The lake can be divided into three regions: 1) littoral, 2)
nearshore and 3) offshore (Fig. 1B). The shallow (water depth
approximately 1 m depth) littoral region comprises 24 % of the
total surface area (350 km?), contains a diverse plant commu-
nity with 61 plant species (Richardson & Harris 1995) and is a
spawning and nursery area for many fish species. The nearshore
region comprises approximately 15 % of total lake surface area,
resides on a shelf with slightly deeper water (1-2 m) that can
support an extensive SAV community and wave-tolerant emer-
gent plants. The offshore region comprises the remaining 61 %
of the lake area. It is the deepest portion of the lake (2.5-5 m),
turbid, light limited, nutrient rich (TP > 100 pg I'') and devoid of
rooted plants or attached algae (Havens 1995). A large portion
of this offshore region (an area encompassing 666 km? and ap-
proximately 37 % of the lake bottom) is underlain by flocculent
mud sediments (Fisher et al. 2001). Due to the lake’s exception-
ally long fetch (up to 56 km) and shallow depth, even moderate
breezes (<5 m sec™) can produce waves of sufficient energy to
resuspend sediments causing the turbid conditions often preva-
lent in this region (Jin & Ji 2004).

Field and laboratory procedures

The District operates four automated meteorological stations on
Lake Okeechobee (Fig. 1A) that measure wind speed and direc-
tion, and lake stage (i.e., water surface elevation relative to the
National Geodetic Vertical Datum [NGVD] of 1929). Observa-
tions are averaged every 15 minutes and recorded to a CR10
datalogger (Campbell Scientific Inc., Logan, UT). Weather
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data were used by the Lake Okeechobee Environment Model
(LOEM: Jin & Ji 2004, Jin et al. 2007) to estimate sediment
resuspension, current velocity, and flow patterns during and im-
mediately after the hurricanes.

Rainfall was estimated from weather stations located in and
near the lake. Rainfall water quality collected weekly in wet
bucket Aerochem Metrics® collectors located at two lake struc-
tures (S131 and S308, Fig. 1A) was averaged for the period of
January 2000 to November 2003 (monitoring was discontinued
thereafter). These average values were multiplied by estimated
rainfall volume over the lake to obtain rainfall nutrient loads.
All other hydrological, meteorological and water quality data
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used in our analyses were collected from September 1, 2002 to
October 31, 2007.

Lake stage is monitored at the four weather stations in the
lake and at 11 flow structures at the lake’s perimeter. Because
the north-south lake axis experienced the greatest surface seiche
during each hurricane, we calculated seiche height as the differ-
ence in stage data between structures S133 on the north side of
lake and S3 on the south side of lake (Fig. 1A).

The volume and water quality of surface inflow to the lake is
monitored at 34 flow structures and one free-flowing tributary,
Fisheating Creek (Fig. 1A). Most of the water discharged from
the lake goes to the Caloosahatchee and St. Lucie Rivers; five
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other locations discharge smaller volumes of water to the south.
Monthly estimates of nutrient loads for Lake Okeechobee were
developed as described by James et al. (1995a) for the period
September 2003 to October 2007.

In-lake water quality is monitored on a monthly basis at
34 sampling locations (Fig. 1A). The monitoring program has
been described elsewhere (James et al. 1995b). Secchi trans-
parency and concentrations of chlorophyll-a, N and P species
are measured at each site using standard methods (U. S. Envi-
ronmental Protection Agency [USEPA] 1983, APHA 1998). All
water quality samples are analyzed by laboratories certified by
the National Environmental Laboratory Accreditation Program
and followed District QA/QC procedures (South Florida Water
Management District [SFWMD] 1999).

Sediment cores were collected from the offshore region of
Lake Okeechobee (Fig. 1B) prior to the 2004 hurricane sea-
son. Cores were first collected in 1988 to reconstruct changes
in historical P loading (Brezonik & Engstrom 1998) and again
in 2003 (Schottler & Engstrom 2006). Profiles of these sedi-
ment cores were dated with >'°Pb analysis. Another set of cores
was taken from the same locations in April 2005 to assess the
amount of change that had occurred in the sediment profile after
Hurricanes Frances and Jeanne. Sediments were collected by
piston corer, sectioned at 0.5-2 cm intervals in the field and
analyzed for water content; two of these cores (stations L9 and
MBS) also were analyzed for *'°Pb as described in Schottler &
Engstrom (2006).

Phytoplankton biovolume and densities have been moni-
tored in Lake Okeechobee at five locations since 1994 (Fig. 1B).
Samples used in this study were collected on a quarterly ba-
sis from October 2003 to October 2006 (the latest analyzed).
Sample collection and analysis are described in Havens et al.
(2003).

Annual surveys of the aerial coverage and species composi-
tion of the SAV community have been conducted on Lake Okee-
chobee in the months of August to September since 2001. Field
procedures are documented in Havens et al. (2002). Briefly, the
lake is partitioned into 1 km?* grids and SAV at the center point
of each grid (determined by GIS) is sampled using a rake sys-
tem that scraped one m* of sediment bed and a visual estimate
of the abundance of the major species is determined. Assuming
the point sample represented conditions throughout the entire
grid, the number of vegetated grids is summed to determine the
areal extent of SAV for each year. Because vascular and non-
vascular SAV species overlapped within the grids, the percent
coverage of each plant type is determined semi-quantitatively.
The percent coverage of vascular species is the total coverage
of vascular species divided by the sum of the total coverage of
vascular species and the total coverage of non-vascular species.
The percent coverage of non-vascular species is simply 100
percent minus the percent coverage of vascular species.

To determine the viability of SAV propagules in Lake Okee-
chobee after Hurricane Wilma, we conducted a germination ex-
periment. Sediment cores were collected in August 2006 from
eight locations (Fig. 1B). Sites were selected that historically
had high SAV density and species diversity. Ten 7.7 cm diam-
eter x 10 cm deep cores were collected at each site (a total of
80 cores) using a PVC corer. The cores were kept in PVC tubes,
covered with plastic wrap and secured in an upright position.
The cores were transported back to the laboratory and trans-
ferred in their PVC sleeves to individual 2.4 1 opaque buckets
containing enough deionized water to cover the entire core.
The buckets were covered with clear plastic wrap to prevent

evaporation and positioned randomly in a Revco environmental
chamber (Thermo Electron Corporation, Asheville, NC). The
chamber was maintained between 25-30 °C and illuminated at
240 uMole photons m™ s on a 13/11 hr day-night cycle. An
initial inspection of the cores found no plants. The abundance
and diversity of SAV species that germinated in each core was
observed every seven days for 12 weeks.

Data analysis

Environmental data were separated into approximately
12-month periods: the 2003 (September 1, 2002 to August 31,
2003) and 2004 (September 1, 2003 to August 31, 2004) years
represent pre-hurricane periods. The 2005 year (October 1,
2004 to September 30, 2005) represents the post-Frances and
Jeanne period. The 2006 year (November 1, 2005 to October
31, 2006) represents the post-Wilma period and the 2007 year
(November 1, 2006 to October 31, 2007) represents a period
of extended drought and lake-level decline (see below). Water
quality data for the post-hurricane and drought periods were
compared to the pre-hurricane periods for each region of the
lake using a mixed model analysis of variance (ANOVA) based
on least square means comparisons and an anisotropic expo-
nential covariance structure to account for correlation of rep-
licate measures over time (Littell et al. 1996, James & Havens
2005). Unless otherwise specified, a probability value of 0.01 or
less was considered significant. Where appropriate, data were
normalized using transformations recommended by SAS/LAB
software (SAS version 8.2, SAS Institute Inc., Cary, NC). All
other statistics were performed using SAS version 9.1.

Results

Sediment resuspension and disturbance

The most direct hurricane effects on Lake Okeechobee
were related to wind speed and duration (Table 1).
High winds caused a large surface seiche to develop
along the lake’s north-south axis during each storm
(Fig. 2). The greatest difference between maximum
wind set-up and set-down, i.e., the total deviation in
lake stage, was 4.9 m at the north site during Hurri-
cane Jeanne. High winds also created strong currents
and large waves (Table 1). While Hurricane Frances
was the weakest of these three hurricanes, it persisted
for the longest time over the lake because it moved
very slowly across south Florida. Wind speeds exceed-
ing 29 km hr™, the critical speed at which the LOEM
predicts sediment resuspension occurs throughout the
offshore region, lasted for 4.7 days, resulting in the
highest bottom shear stress (16 N m™) of the three
storms. In contrast, the other two storms were much
stronger — based on wind speed — but had less impact
on sediment resuspension because their persistence
was shorter (2.5 and 1.5 days for Hurricanes Jeanne
and Wilma, respectively). The LOEM estimated a net
sediment flux to the water column during Hurricane
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Table 1. Hurricane wind statistics and Lake Okeechobee Environment Model simulation results for all hurricanes passing over
Lake Okeechobee from 2004 to 2005.

Hurricane Date and Maximum Storm Maximum Maximum Estimated  Significant
time of peak hourly and persistence bottom bottom net sediment wave height
storm 15-minute (days wind current shear resuspension  (cm above
intensity wind >29 km h™") velocity stress (millions of t)  average
speed (ms™) (Nm?) water
(km h™) depth)
Frances 9/5/2004 106 4.7 0.18 16.0 2.1 115
0200 (108)
Jeanne 9/26/2004 113 2.5 0.11 13.2 0.7 114
1300 (119)
Wilma 10/24/2005 126 1.5 0.12 13.4 1.4 117
1100 (146)
81 North
o South
9 Jeanne Wilma
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Fig. 2. Change in lake stage at a north
($-133) and south (S-3) shoreline |

location on Lake Okeechobee dur- 1 3 5 9 11 13 15 17 19 21 23 25 27 22 24 26
&s%lrrlil;mcanes Frances, Jeanne and Sep 2004 Oct 2005
Frances of 2.1 x 10° t of solids; the net sediment flux Sediment 2'°Pb (pCig™)
was substantially lower during the other storms. 0 ) 4 5 8 10 1o 14
Based on the dry bulk density of sediment cores 0 . . . . : . " A
obtained in 2005 (0.05-0.10 g cm™), the net sediment PPN S e+ gy =
load predicted by the LOEM (2.1 x 10° t) and the as- 20 ] g pasane
sumption that all suspended sediment came from the
central mud zone of the lake, sediment entrained into 30 1
the water column by Hurricane Frances represented £ 40 -
the complete resuspension of 3 to 6 cm of the sedi- £ 50 |
ment column from this zone. Because the estimated & —O— 2005
resuspension of solids is a net load, it is likely that the ] 601 I ;ggg
sediments were disturbed to an even greater depth (see g 0!
below). £° B
Comparisons of 2°Pb profiles of sediment cores ¢§ 101 __ g2 ___ % . ___

collected in 1998 and 2003 with cores taken in April 20 | f,m:,‘;re’;f}”e
2005, indicate that the sediments were disturbed to a 30 -
depth greater than 6 cm (Fig. 3A, B). The sharp ex- —C— 2005

40 4 —— 1988

ponential decline in *'°Pb content with depth in pre-
hurricane sediments is consistent with a conformable
and unmixed sedimentary record and contrasts with
the more uniform distribution of '°Pb down to a depth
from 9 to 12 cm in post-hurricane cores. These results

Fig. 3. Comparisons of '°Pb vertical profiles in sediment cores
collected from Lake Okeechobee at sample locations (A) L9
and (B) M8 (see Fig. 1B) in 1988 (Brezonik & Engstrom 1998),
2003 (Schottler & Engstrom 2006) and 2005 (current study).
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Fig. 4. Percent water content in
sediment cores collected from Lake
Okeechobee at eight locations (see

Fig. 1B) in 1988 (Brezonik & Eng-
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indicate that the upper mixed zone was not present
prior to 2004 and implies that considerable mixing
occurred after the 2003 samples were collected. The
older profiles (1988 and 2003) show a nearly expo-
nential decline in *'°Pb with depth, which is strong
evidence that mixing on par with the 2004 storms had
not occurred in the past 50 or more years (Pollman &
Engstrom, unpubl. data).

In addition to mixing, the sediments were less co-
hesive after the hurricanes than before. A comparison
of sediment profiles for eight offshore cores showed
higher water content in the upper sediment column in
2005 than in 1988 at five sites and similar profiles in
the other three locations (Fig. 4). For three of those
sites showing elevated water content in 2005 (N6, M8
and M11), the divergence from the 1988 profiles was
greatest between approximately 2 and 5 cm depth, with
values for both years converging at sediment depths
above and below this stratum. At the other two sites
(N10 and M4), the 2005 cores showed elevated wa-
ter content to a depth of 15 cm, implying even deeper
sediment mixing.

After the 2004 hurricanes, total suspended solids
(TSS) in the water column increased and did not re-
turn to pre-hurricane levels (Figs SA and 6A). The
TSS peaks in December 2004, February 2005, and
January and February 2006 in the offshore region were
the largest monthly average concentrations on record

strom 1998), 2003 (Schottler &
Engstrom 2006) and 2005 (current
study).

and could be related to cold fronts that moved through
south Florida. These weather systems typically are as-
sociated with high constant unidirectional winds that
produce strong currents, large waves and increased
bottom shear stress in the lake (Jin et al. 2002, Jin &
Ji 2004), which results in increased TSS in the water
column.

Secchi transparency also declined dramatically
throughout the lake, although the littoral region had
the highest and most variable changes after 2004 (Figs
5B and 6B). Secchi transparency in the offshore region
was the least changed because of its very low values
prior to the hurricanes. Nearshore Secchi transparency
declined by more than half in the 12 months after the
2004 hurricanes, but increased thereafter. In 2007, only
five samples were taken from the littoral region stations
due to low water levels resulting from the drought and
no nutrient, sediment or Secchi transparency data are
reported. A significant inverse logarithmic relationship
between TSS and Secchi transparency was observed
for data pooled over all years in the littoral region (r*
= 0.65, Fig. 5C).

The relationship between antecedent wind condi-
tions and TSS in the offshore region changed following
the hurricanes (Fig. 5D). For both pre- and post-hurri-
cane periods, the strongest relationship was between
TSS and wind speed averaged over the two days prior
to sample collection. The slope of the post-hurricane
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Fig. 5. Monthly average (A) total suspended solids (TSS) con-
centration and (B) Secchi transparency in the three regions of
Lake Okeechobee from September 2002 to September 2007;
(C) relationship of monthly average Secchi transparency in the
littoral region with pre- and post-hurricane TSS concentrations;
and (D) relationship of average offshore TSS concentration
with average wind speed for the previous two days. Labeled
arrows indicate approximate dates of hurricanes.

wind speed-TSS regression (6.23 mg TSS [km h™']™)
was significantly higher (p <0.05) than the pre-hur-
ricane slope (2.10 mg TSS [km h™']™), based on an
Analysis of Covariance, suggesting that the sediments
were more easily resuspended after the hurricanes.

100 7 = Littoral
Nearshore
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Fig. 6. Yearly mean values, standard deviations and pre-post
hurricane mean comparisons in the three regions of Lake
Okeechobee for (A) total suspended solids, (B) Secchi transpar-
ency and (C) chlorophyll-a from September 2003 to October
2007. Least square mean comparison key (p <0.01) : * — signifi-
cantly different from 2003 or 2004; ** — significantly different
from 2003 and 2004; N/D — not determined.

The significantly higher TSS concentration and
lower Secchi transparency in the offshore region con-
tinued throughout all post-hurricane years (Figs 6A
and B). Increased TSS most likely resulted in the redis-
tribution of sediment throughout the lake, as indicated
by the significant increase of TSS in the littoral region
in 2006. In the post-Wilma year (2006), all regions of
the lake had higher TSS levels. Only in the drought
year (2007) was there an indication of reduced TSS
in these regions. Preliminary results of a post-storm
study to determine the distribution of mud sediments
throughout Lake Okeechobee indicate some accumu-
lation of this material in the littoral and nearshore re-
gions (BEM & University of Florida 2007).

Flows and loads

Rainfall, primarily from Hurricanes Frances and
Jeanne, led to greatly increased surface water inflow
and corresponding P and N loads (Figs 7A, B and C).
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Table 2. Nutrient load calculations for Lake Okeechobee during the 2004 three month hurricane period and the following 18 month

draw down period.

Date Calculation millions of m® TP (t) SRP (t) TN (t) DIN (t) TSS (t)
August 1 2004 Surface Inflow/Load 3,010 794 618 5,363 843 42,978
to October 30, Surface Outflow/Load 1,110 167 55 2,043 554 36,018
2004 Rainfall 915 9 7 493 326 0
Resuspension® N/A 2,100 420 19,110 1,848 2,100,000

November 1,  Surface Inflow /Load 5,716 871 583 7,951 1,096 36,928
2004 to April ~ Surface Outflow/Load 6,222 1,131 344 11,547 2,565 237,379
30, 2006 Rainfall/Atmospheric Deposition” 2,560 52 40 1,845 751 0

* estimated from the Lake Okeechobee Environment Model for Hurricane Frances and Fisher et al. (2001).
® Nutrient atmospheric deposition estimated from James et al. (2005).
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Fig. 7. Monthly average (A) surface inflow and discharge and
(B) inflow phosphorus load from September 2002 to April 2007,
and (C) inflow nitrogen load and (D) lake stage from September
2002 to October 2007 in Lake Okeechobee. Labeled arrows in-
dicate approximate dates of hurricanes.

While some of the monthly differences in inflows and
loads reflect normal weather changes from wet (June
to November) to dry (December to May) seasons in

Table 3. Wet rainfall nutrient chemistry from January 2001 to
November 2003 collected weekly at stations S131 and S308.

DIN TN SRP TP
Mean (ug I'") 356 539 7 10
Standard deviation (ug 1) 276 348 6 8
N 108 112 114 83

south Florida, the 2004 hurricanes generated much
more load and flow than normal (Table 2). Phosphorus
loads from surface water inflows from August to Oc-
tober 2004 were equivalent to average annual P loads
in years without hurricanes (Havens & James 2005).
Nitrogen loads for the same three-month period were
high as well. Rainfall directly on the lake was esti-
mated at 53 cm for these three months, or 915 million
m’. Based on averaged rainfall nutrient concentrations
(Table 3), rainfall contributed less than 10 % of the to-
tal load of all nutrients with the exception of dissolved
inorganic N (DIN), which accounted for 38 % of the
load (Table 2).

Using the net resuspension of sediments estimated
for Hurricane Frances from the LOEM and the nutri-
ent content of mud sediments in the offshore region of
the lake (Fisher et al. 2001), sediment nutrient loads
were calculated (Table 2). These estimated internal
loads exceeded external loads, with the exception of
soluble reactive phosphorus (SRP).

High surface water inflows, which exceeded 1.6
billion m® for the month of September 2004, greatly
exceeded the District’s capability to discharge water
from the lake, which peaked at nearly 1.0 billion m?in
October 2004 (Fig. 7A). The difference between inflow
and discharge resulted in a rapid increase of lake stage
from 3.9 m NGVD in August 2004 to 5.4 m NGVD
by October 2004 (Fig. 7D). Water releases continued
through April 2006 when lake stage declined to 4.13 m
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NGVD, more than a full meter below the highest stage
following the 2004 hurricanes.

During the drawdown period from November 2004
to April 2006, discharges from the lake were greater
than inflow and loads to the lake for all nutrients except
SRP (Table 2). Over this longer period, atmospheric
deposition (which included estimates of dry and wet
loads) was based on estimates of James et al. (2005).
Net sediment resuspension could not be calculated for
this period of time.

Releases of lake water to the Caloosahatchee River,
coupled with drier than normal conditions in 2006, re-
sulted in lake stage reaching 3.7 m NGVD by summer
2006 (Fig. 7D), which was within the range of opti-
mum water level for SAV growth (Havens et al. 2005).
Subsequent drought conditions in late 2006 and early
2007 led to a further decline in lake stage to 2.7 m by
July 2007.

Water-column nutrients

In addition to the TSS increase during Hurricanes
Frances and Jeanne (Fig. 6A), SRP and TP concentra-
tions in the nearshore and offshore regions (Figs 8A,
B) also increased substantially. SRP concentrations
in the nearshore and offshore regions following Hur-
ricanes Frances and Jeanne were two to four times
greater than pre-hurricane concentrations. In the lit-
toral region, post-hurricane SRP levels were six to 13
times greater than pre-hurricane values. All compari-
sons of pre-post hurricane concentration differences
were significantly different.

Similar to changes in SRP, DIN concentrations after
the 2004 hurricanes (Fig. 8C) exceeded pre-hurricane
concentrations by three to four times in the offshore
region, and six to eight times in the nearshore region.
Dissolved inorganic N like SRP began to decline after
2005. As of 2007, the offshore concentration was not
significantly different from the pre-hurricane years.

In the littoral region, the DIN concentration tripled
in the year after Hurricanes Frances and Jeanne (2005)
compared to pre-hurricane levels and was six times
greater after Hurricane Wilma (Fig. 8C). Increased lit-
toral DIN concentrations paralleled the increased con-
centrations in other lake regions but were not as large,
probably because the continued presence of emergent
and submersed vegetation, shallow water depth and
good light conditions resulted in uptake of these nu-
trients by plants.

Total N (TN) in the littoral region was never signif-
icantly different from levels in the pre-hurricane years
(Fig. 8D). The nearshore and offshore concentrations
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Fig. 8. Yearly mean concentrations, standard deviations and
pre-post hurricane mean comparisons in the three regions of
Lake Okeechobee for (A) soluble reactive phosphorus, (B) total
phosphorus, (C) dissolved inorganic nitrogen and (D) total ni-
trogen from September 2002 to September 2007. Least square
mean comparison key (p <0.01): * — significantly different
from 2003 or 2004; ** — significantly different from 2003 and
2004; N/D — not determined.

in 2005 were significantly higher than levels in both
pre-hurricane years, but in 2006, these regions were
only significantly different from one pre-hurricane
year (2004). In 2007, neither the nearshore region nor
the offshore region was statistically different from pre-
hurricane years.

Submersed aquatic vegetation

The large surface seiches coupled with high wave ac-
tion during Hurricanes Frances and Jeanne uprooted
large quantities of aquatic plants along the western and
southern portions of the littoral and nearshore regions
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Fig. 9. Response of submersed aquatic vegetation (SAV) in
Lake Okeechobee to hurricanes: (A) Acreage of SAV cover
based on annual surveys conducted in August and/or September
of each year (B) the percent of coverage of vascular and non-
vascular SAV species in the annual surveys and (C) the number
of germinating plants in sediment cores collected from various
nearshore transects.

(Chimney 2005). This led to the dramatic decline in
SAV coverage (Fig. 9A). The percent coverage of
non-vascular SAV species also declined (Fig. 9B year
2005). Hurricane Wilma uprooted approximately
90,000 m® of plants that led to further declines in SAV
coverage (Fig. 9A year 2006) and a reduction of the
percent coverage of vascular SAV species (Fig. 9B
year 2006).

The optimal water level for SAV recovery (3.7 m
NGVD; Havens et al. 2005) was reached in the sum-
mer of 2006 (Fig. 7D). However, Secchi transparency
remained low (Figs 5B and 6B), which potentially
delayed SAV expansion. Viable propagules of vas-
cular SAV species were found at many transect sites
(Fig. 9C).

Phytoplankton

Algal blooms (defined as chlorophyll-a concentrations
>40ug 17, [Walker & Havens 1995]) occurred in all
regions of the lake in 2004 and 2005. After Hurricane
Wilma, only one algal bloom occurred: in the litto-
ral region in May 2006. The large variation of chlo-
rophyll-a associated with these blooms was reflected
in standard deviations greater than 100 percent of
the littoral-region means in 2005 and 2006 (Fig. 6C).
Chlorophyll-a concentrations were higher in this re-
gion after the hurricanes. However, because of the
high annual variation, only increases after Hurricanes
Frances and Jeanne (2005) were significantly differ-
ent from pre-hurricane levels. In the nearshore region,
chlorophyll-a decreased after the hurricanes, but only
the years after Hurricane Wilma were significantly dif-
ferent from both pre-hurricane years. In the offshore
region, chlorophyll-a concentrations were significant-
ly lower in all post-hurricane years.

For both offshore and nearshore sampling locations,
the average yearly biovolume of phytoplankton was
highest in 2003 and declined in each year thereafter
(Fig. 10A). The biovolumes of diatoms, Chlorophytes,
Cryptophytes and Cyanobacteria in the pre-hurricane
years 2003 and 2004 were not significantly different
from each other, despite the visibly lower values in
2004. Comparisons made between the pre-hurricane
2004 data and the post-hurricane years revealed sig-
nificantly less Cyanobacteria and Chlorophytes in the
nearshore region, while all divisions with the excep-
tion of Chlorophytes in 2005 had reduced biovolumes
in the offshore region (p <0.05). For most years, dia-
toms and Cyanobacteria were the dominant phyto-
plankton groups (Fig. 10B). The percent biovolume of
diatoms increased to over 60 % in the nearshore region
and over 80 % in the offshore region after the hurri-
canes, while the percent biovolume of Cyanobacteria
declined.

The major heterocystous Cyanobacteria genera
included Cylindrospermopsis, Anabaena and Apha-
nizomenon that were observed in most years and in
both regions of the lake (Fig. 10C). In 2005, Lyngbya,
a non-heterocyst, and Cylindrospermopsis, dominated
the nearshore Cyanobacteria biovolume, while Cylin-
drospermopsis and Anabaena, dominated the offshore
Cyanobacteria biovolume. In 2006, Planktolyngbya,
a non-heterocyst, was the dominant Cyanobacteria in
the offshore region while both Planktolyngbya and
Anabaena made up the majority of Cyanobacteria in
the nearshore region.
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Discussion

Sediment

We contend that the comparatively rare event of Hur-
ricane Frances caused a dramatic change in sediment
structure that has inhibited the return of Lake Okee-
chobee to pre-hurricane conditions. Although this hur-
ricane was not the strongest recent storm to move over
the lake, it exposed the system to high winds for over
four days (Table 1). These winds not only resuspended
a tremendous amount of solids, but also generated a
thick layer of unconsolidated sediment that was much
more easily resuspended by subsequent wind events.
Evidence that this layer exists is documented in the
*1%Pb and water-content profiles (Figs 3 and 4) as
well as the significant change in the relationship be-
tween water-column TSS and wind speed (Fig. 5SD).
This easily resuspended sediment potentially has led
to increased sediment-water exchanges of P and sol-
ids, which have maintained high levels of nutrients
and low light conditions over the post-hurricane years
throughout most of the lake.

The sediment water-content profiles also suggest
that following homogenization of the upper sediment
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column, there has been a gradual consolidation and
dewatering, but that sub-surface strata (2—-15 cm) —
which were more compact than the surface (0-2 cm)
prior to the hurricanes — have still not returned to their
pre-disturbance state (Fig. 4). Further sediment dewa-
tering and compaction should occur, provided no ad-
ditional hurricanes affect the area, thereby continuing
to reduce the potential for resuspension.

Loads and nutrients

The increases of nutrients (especially P) and TSS in
the water column of Lake Okeechobee immediately
following the 2004 and 2005 hurricanes were ex-
pected based on prior experience with Hurricane Irene
in 1999 (Havens et al. 2001a). Internal and external
loading during the storms and the increased sediment
resuspension after the storms contributed to the two-
and four-fold increase in water-column TN and TP
concentrations, respectively, from August to Decem-
ber 2004 (Fig. 8B, D). Similar to TP and TN, internal
and external loading also contributed to the increase
of water-column SRP and DIN shortly after the hur-
ricanes (Fig. 8 A, C). In addition, decomposition of up-
rooted aquatic plants may have contributed additional
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nutrient inputs in the months immediately after the
hurricanes.

In the post-2005 hurricane period, we expected a
gradual return of water quality to pre-hurricane condi-
tions as was observed by Havens et al. (2001a) fol-
lowing Hurricane Irene. However, to date this recov-
ery has only slowly begun. Two years after Hurricane
Wilma, water quality in Lake Okeechobee remains
significantly different from the pre-hurricane period
with the exception of TN in the nearshore and TN and
DIN in the offshore region (Fig. 8C, D).

We propose that reduced nutrient uptake by SAV
and phytoplankton maintained high water-column
SRP concentrations after Hurricanes Frances and
Jeanne. This hypothesis is based on laboratory experi-
ments, which showed that nearshore phytoplankton
and bacterioplankton and littoral SAV communities
sequestered the majority of available P (Havens et al.
2001b). Under light-limited conditions, P uptake was
reduced resulting in higher SRP in the water column.
The concentrations of SRP after Hurricanes Frances
and Jeanne were an order of magnitude or greater than
those reported by Havens et al. (2001b) for non-hurri-
cane years. While increased SRP flux from the sedi-
ments after the hurricanes could be a factor in maintain-
ing high water-column SRP concentrations (Fig. 8A),
a similar result for DIN would be expected. However,
DIN levels declined (Fig. 8C). The most logical expla-
nation for these two different results is the low uptake
of SRP and the removal of DIN through denitrification
(see below). The subsequent decline of water-column
SRP and TP concentrations in 2007 may be related to
improved light conditions as water levels declined and
SAV coverage increased (Fig. 8A, B).

The water-column concentrations of N species have
returned more rapidly to pre-hurricane conditions. Un-
like P, this nutrient can be removed from and released
to the atmosphere by N-fixation and denitrification,
respectively. Both of these processes are significant in
Lake Okeechobee (Messer & Brezonik 1983, Phlips
& Thnat 1995). Because of the reduced Cyanobacteria
biovolume after the storms, we propose that N-fixation
was limited and that denitrification in the sediments or
at the sediment-water interface largely contributed to
the reduction of DIN in the water column.

SAV

Even though water levels declined to an optimal level
by 2006 (3.7 m NGVD, Havens et al. 2005), SAV re-
growth was delayed until 2007, and then it was almost
exclusively musk grass (Chara spp.). These results

mirror previous findings that showed the dominance
of Chara in the first year of optimal SAV conditions
(Havens et al. 2004). Because viable propagules of
vascular SAV species were found at many transect
sites (Fig. 9C), we predict further recovery of the SAV
community in the near future, provided no hurricanes
affect the area and lake levels remain within an opti-
mal range (James & Havens 2005).

Phytoplankton

Low light penetration not only delayed regrowth of
SAV in the lake, it also appeared to have affected the
phytoplankton community adversely. Low light condi-
tions in Lake Okeechobee’s offshore region have led
to dominance by small-celled Cyanobacteria such as
Oscillatoria and Lyngbya (Phlips et al. 1997). Using
canonical correlation analysis, Havens et al. (1998)
supported the observations of Phlips et al. (1997) by
finding a strong negative relationship between Secchi
transparency and Lyngbya, which is a low-light adapt-
ed genera (Loeb & Reuter 1981, Roberts & Baylen
1988, Havens et al. 1996b). When Secchi transparency
is higher in Lake Okeechobee, Anaebena circinalis,
Aphanizominon flos aquae, and Microcystis occur in
greater abundance (Havens et al. 2003).

The post-hurricane period, which was typified
by greater turbidity and lower Secchi transparency
throughout the lake, was unfavorable for bloom-form-
ing heterocystous Cyanobacteria (Mur & Schreurs
1995, Scheffer et al. 1997, Phlips et al. 1997). The
overall reduction of Cyanobacteria biovolume and the
dominance by small-celled species of Lyngbya and
Planktolyngbya, is consistent with these observations.
The abundance and dominance by Cylindrospermop-
sis, an exotic N-fixing Cyanobacteria that has invaded
lakes in Florida (Chapman & Schelske 1997), appears
to play a role similar to Oscillatoria and Lyngbya
(Havens et al. 2003) and is consistent with small Cy-
anobacteria dominating in these increasingly turbid
waters.

The only time after the 2004 hurricanes that algal
blooms occurred on Lake Okeechobee was from Au-
gust to October 2005. During this period, Microcystis
blooms occurred in the lake and other water bodies
throughout south Florida (Zhang et al. 2007). This
dominance pattern ended with Hurricane Wilma, and
no major algal blooms have been observed through the
end of 2007. The poor environmental conditions for
Cyanobacteria including low light levels, low water-
column stability (Zhang & Prepas 1996), high bottom
shear stress (Moisander et al. 2002) and high DIN
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levels (Phlips et al. 1997), continued throughout most
2005 and 2006 and provides the rational for dominance
by phytoplankton other than Cyanobacteria, especially
diatoms. This pattern was consistent with past studies
that showed diatoms out-compete Cyanobacteria un-
der turbulent and light-limited conditions (Litchman
1998).

Has there been a change to an alternative
stable state?

In light of the increase in sediment-water exchanges
that occurred after Hurricane Frances and the persist-
ently high P and TSS water-column concentrations
and low Secchi transparency throughout the lake after
the storms, might this be an example of a change to
an alternative stable state caused by a dramatic event
(sensu Scheffer et al. 1993)? In the offshore region,
post-hurricane changes do not fit the definition of a
classic change of state, as this region has simply moved
further along a continuum of increasing turbidity and
nutrients. In the nearshore region, the areal extent of
the SAV community has varied dramatically over the
years, alternating from high—water, turbid, plankton-
dominated conditions to low and clear-water SAV-
dominated conditions (James & Havens 2005). The
increased turbidity in this region after the 2004 hur-
ricanes, attributed to the movement of sediment from
the offshore region, has potentially made the turbid
state in this region more stable, as observed in the slow
regrowth of vascular SAV species. This change poten-
tially could delay recovery of the lake as management
activities move forward. The drought that followed in
2007 also has led to negative consequences by dewa-
tering regions of the lake where SAV had begun to re-
grow. Once water levels return to normal conditions,
the possible switch to an alternative stable state in the
nearshore region can be re-evaluated.

Management of ecosystem recovery

Excessive P loads have been a major concern for the
ecological health of Lake Okeechobee for decades
(Havens & James 2005). A number of projects and
programs have been initiated within the Lake Okee-
chobee Watershed (SFWMD et al. 2007) to reduce P
input to a Total Maximum Daily Load of 140 t P per
year (Florida Department of Environmental Protection
2001) by 2015.

The Lake Okeechobee Water Quality Model
(LOWQM) (James et al. 2005) has been used to fore-
cast responses to load reductions in the lake (Blasland
Bouck & Lee Inc. 2003). Lake responses are predi-

cated in part on the burial of sediments to the point
where they no longer interact with the water column.
In LOWQM simulations, James et al. (2005) assumed
that sediments deeper than 6 cm were permanently
buried and not subject to reintroduction to the system.
Due to the depth to which sediments were disturbed
after the hurricanes (Fig. 3), this assumption must be
reconsidered. It now appears that estimates of the time
required for recovery of the lake as internal P loads
diminish may be lengthened. However, despite the ef-
fects of hurricanes on Lake Okeechobee described in
this paper, we fully expect that P load reductions will
lead to improved lake conditions (Cooke et al. 2005,
Jeppesen et al. 2003).

Reduced water levels also should contribute to im-
proving habitat conditions in the lake. To help man-
age lake stage within a more ideal range, plans have
been developed to store excess water from the lake in
reservoirs and deep injection wells through the Com-
prehensive Everglades Restoration Plan (www.ever-
gladesplan.org). These projects should improve con-
ditions in the lake that promote SAV growth (Havens
2002).

Lake management recommendations

Shallow coastal lakes that are vulnerable to anthropo-
genic and climatic events (Havens et al. 2007) may ex-
perience similar deleterious changes in their ecology
as a consequence of a (potentially) higher frequency of
hurricanes in the future (Goldenberg et al. 2001, Web-
ster et al. 2005). For Lake Okeechobee, these changes
are attributed primarily to increased resuspension of
flocculent sediments that influenced water quality,
phytoplankton and SAV. Such changes in other vul-
nerable lakes could potentially delay the benefits of
restoration activities related to water or nutrient man-
agement. Our results suggest that sediment conditions
be evaluated in vulnerable lakes to determine the role
they could play in response to extreme weather events.
While direct mitigation of sediments may not be feasi-
ble, management of water levels, as are being pursued
for Lake Okeechobee, could help maintain healthy
SAV beds and improve water quality conditions.
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