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Executive Summary

Agricultural runoff has resulted in higher phosphorus (P) inputs to Lake
Okeechobee that threaten the lake with more frequent blooms of nuisance algae. To
protect the lake, regulatory and management agencies, along with landowners, have acted
to. reduce P inputs through Best Management Practices, diversions, and other means.
The goal of this effort is to reduce these inputs by 40 percent. However, at:the time this '
goal was established, the lake’s probable response to lower P loads was unknown. -

Projecting this response required additional information on nutrient processing - and i

cycling in the lake. Phosphorus concentrations in this shallow lake depend on internal -
processes such as sediment-water column interactions, biogeochemical processes ini ‘the..
sediments, and littoral-open water exchanges, as well as external inputs. The Phosphorus *:

Dynamics Study was undertaken to investigate these processes so that future condmons U ST

could be predicted.

The project goals were to: (i) understand and quantify key processes that:affect -* i o

P dynamics in Lake Okeechobee, and (ii) develop a framework or model to understand S

and predict changes in lake P concentrations as affected by basin management;actions and :~* .-

natural variability. As part of the second goal, this project attempted to determine how":
long lake recovery might be delayed by internal P loading. (Lake recovery is: defined

here as an annual mean total phosphorus (TP) concentration of 50 ug/L.or less:) - To". e

. achieve the project goals, specific tasks were organized under six obJecnves
o Identify, map, and characterize the major sediment groups in the lake.

o Compare recent rates of sediment and P deposition with accumulation rates in the
geologic past. :

° Quantify the flux of P between the water and sediments due to various
biogeochemical processes. Measure the P retention capacity of different sediment

- types.
. Assess the influence of major inflows on P retention by lake sediments.

. Estimate annual P loading to the water column from the sediments.

o Determine if aquatic macrophytes are a source or a sink in exchanges of P
between the littoral and pelagic zones. :

The research was conducted by an interdisciplinary team of investigators with
expertise in hydrodynamic processes, chemical and physical characterization of
sediments, physical processes related to sediments, and biogeochemical processes in
lakes. The project’s objectives were accomplished through survey and collection of
sediments, extensive laboratory and in sizu experiments, statistical analysis of historical




data, intensive field monitoring, and modeling of processes regulating P dynamics and
water quality. Detailed results are presented in a 15-volume report entitled "Lake
Okeechobee Phosphorus Dynamics Study" of whxch this is the first volume.

Tlus summary hsts the results obtamed under each of the six ob_)ectlves It 1s. cares 7o
followed by a bnef discussion relatmg these ‘results to the study’s two main goals e

1. ,,:_;Identlficatlon, dlstnbutlon, and characterlzatmn of major sedlment groups"';
(Volume lI—-Reddy et al,) ;> TS SRR L e

o Based on, surface sedxment (upper 10 cm) charactensucs ﬁve maJor..;., o
. groups (mud;-. sand marl peat: and littoral) exist in Lake -Okeechobee
.- :Mud._. sediments represent :44%..of the lake bottom, and. are:: foundf'-‘-
throughout the north and central: regions. of the lake. R L

- % In the surface sediments, the storage of carbon (as total organic carbon), - ¢ -
-+ i total nitrogen,-and TP is 4:53.x10° kg, 3.81 x 10* kg, and 2.87 x 107kg; "

: -esrespectlvely -This: results. in :an overall C:N:P-mass ratio-of ‘158;12: 17t 155

<. Most of the P is stored in the muds (42 %) and sands (41%). Carbonand ~.i* #+:

- - nitrogen storage is more evenly dxstnbuted among mud, sand peat and" rE e
:: littoral sediment types. SRR S . *

e  The storage of TP in the surface sediments is 55 times greater than the_
: lake’s mean annual TP input (5.18 x 10° kg) and is increasing bv an-
average of i.5% per yeau.

® Total dissolved P in the sediment porewater accounts for 0.3 to 0.8% of
TP in the surface sediment layers. In mud and littoral sediment, more
than 50% of the total dissolved P is in the highly available inorganic form.

o The percentage of TP as iron- and aluminum-bound P is‘ highest in littoral
sediments (18%) and less than 4% in other sediment groups. :

° The percentage of TP as calcium-bound P (non-labile) is highest in mud
(44%) and sand (53%) sediments and less than 18% in other sediment
groups.

® In peat sediments, up to 75% of TP occurred as organic P forms.
Organic P represents less than 44% of TP in other sediment groups.

2. Comparison of recent rates of sediment and phosphorus deposition with
accumulation rates in the geologic past (Volume V—-Engstrom and Brezonik)

. Historical sediment and P accretion rates were measured using 2°Pb
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-techniques. -Although difficulties were encountered in interpreting 2°Pb

data from some sites, reliable dating of sediments from the mud zone of

Lake Okeechobee is possible. Results show that sediment accumulation
" rates have increased during this century at all mud zone sites by an

-average ‘of twofold (from 300 g/m?-yr before the year 1910 to 700
- -g/m?+yr in the 1980s). Phosphorus accumulation rates have increased “ @
: abouit fourfold over the same penod (from about 250 mg P/m?- yr before.
#.7-1910'to about 1000°mg P/m?- yr in the 1980s) Most of th1s increase ha
- occurred dunng the last 40-50 years. - .

_”Quantlficatmn of the P flux between water and sedlments due to -various
' bmgeoche ical- _procwses, ‘including measurement of P retentmn capacity -o
;_dlfferent "sedlment types (Volume II-:Reddy et:al.) - Ca N

vPhosphorus retention capacity of the sediments is in the order mud >.
- littoral > peat > sand: The buffer- capac1ty (or P adsoxptlon coefﬁc1ent)~_‘
"f'ls hlghest m mud and httoral sedlments ' :

‘""»"Phosphorus solub111ty in mud and httoral sednnents is govemed by iron” i . -
" under oxidized ‘(high Eh)-conditions, and by calcmm-phosphate mineral:. . -
prec1p1tat10n under reduced (low Eh) condltlons L

. Ave'rage P flux from bottom sediments is 0.70, 0.91, 0.29 and 1.09 mg -
o P/m?- day for mud, peéat, sand and littoral sediments, respectively. The
range in P flux is 0.14 to 2.22 mg P/m?- day for all sediment types.

o Internal P loads from bottom sediments are approxunately equivalent to -
the extemal P loads (~1 mg P/m?-day).

. At low total suspended solids (TSS) concentrations (<2 g/L) and low
dissolved oxygen levels (<1 mg/L) in water column, the resuspensmn P
ﬂux is about 6 to 18 times the diffusive flux. :

4. Assessment of the influence of major inflows on P retention by lake sediments
- (Volume IV--Reddy et al.)

o Phosphorus retention capacity of the sediments increases w1th loading of
morgamc P to the water column.

o Phosphorus retention capac1ty of the sediment near the Taylor:
Creek/Nubbin Slough inflow is high, with 80% of the P load (loading rate
='5.4 mg P/m?- day) assimilated.

. The predicted equilibrium P concentrations (EPC,) in the water column
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. are 38, 100, 104, and 230 ug P/L for South Bay, Fisheating Creek,
Taylor Creek, and Kissimmee River inflow sediments, respectively. If the
water column P concentration of the lake near the inflow area is lower
than the EPC,, then the sediments at that location will function as a

"source" of Pto the water column

5 o Determme 1f aquatlc macrophytw are a source or a smk in exchangos of P - .
"+ between the- littoral and pelaglc zonw (Volume- VI-Dlerberg, Volume VII- CENEBERE o
- - Sheng et-al.) o R I T

‘oo o Detrital submerged aquatic: vegetatlon decomposes rapldly w1th tumoveri"‘"-f SR
-rates.of. less than 30 days e e T e EERE

SR Water column TP concentratlons exh1b1ted d1stmct honzontal gradlents at o

- - the edge.of the littoral zone on both calm and wmdy days, suggesting that -

oL f'hydrauhc exchange between the two zones is minor except durmg episodic : .~

-+ events.;. However, the P flux between vegetation-and ‘open water ‘'is- -
S expected to increase with higher lake stage. During low lake stage there
oo s little :water movement to: transport P between the two zores: . During’
-+ .higher lake stage, circulation may intrude into the vegetation zone to-cause-# - .7
resuspension - of -sediments and P from the shallow bottom and the .=« - %+
subsequent transport of P into the open water zone nearby. However, =

further . data collection and modehng are needed to confirm this -

supposition.

6. Estimate the annual P loading to the water column from the sediments
(Volume IX--Mehta et al.; Volume X--Dickinson et al., Volume XI-Pollmam ’
~ - Volume XII--Sheng and Chen)

. - Significant correlation was observed in open-water zone between TP and
TSS ‘and wind speed : :

| ° A three d1mens1onal P transport model (includes 3-D wind-driven
1 - - ~ circulation model, sediment transport model) was used to determine the
dynamic changes at the sediment-water interface, and impact on water

quality.

e Using a simple box model (LOPOD), a nine-year simulation showed that'
over the long-term, sediments act as a sink and not as a source to the
water column. The predicted diagenetic fluxes of P were in the same

range as those measured.

5 . Internal loading processes are dominant on a daily or weekly time scale,
‘ whereas external loadings are dominant when the time scale is months to

iv




- years' Eros10u/depos1tion is a dominant factor for short-term response,
while wind mixing is critical to understand short and long—term P

= dynamlcs of the lake

BEEEL I »-A s1mulat10n of a modest resuspensmn event resulting from' 20 mph wmd; T

. over a 3-hour period indicated that a total of 9.36 x 10 g of fine -
"7 sediments from the central mud zone will be suspended into the: water..
. “column:If these sediments are uniformly distributed throughout.the wate;
column over the: entire muddy bottom, -the suspended sediment.:;
~ concentration will increase by about 100 mg/L. This should in turn lead

-+ fgan inicréase in TP concentrations:by about 180 ug P/L; according to the:
" correlation between TP and TSS." The amount-of TP transferred from the. ,
‘bottom sediments to the water column would be approximately 1.2 x 10%;
o7 gror 120 metric tons.: In compatison‘to nutrient budget:data presented by -

- -James et al. (1995a), this-amount is 33% of the mean contentof TPinthe .. ... ..
= water ‘colimn: (367 metric: tons) and 23 % of the mean- annual extemal TP S

o '*"mput (5 18 metnc tons)

S The amount of soluble P released mto the water column durmg a typ1ca1.;§;: s .o

. diurnal event is expected to be only a small fraction (e.g., 1-10%).of the:. . : -

- estimated 120 tons of TP. Much of-the TP settles back to the bottom -

within a few hours after the event, while there may be a small increase in - . ¢

soluble P concentration on the order of a few ug P/L. The amount of
soluble P released into water column over the course of a year depends -
mostly on the number of major wind events in the lake.

° In the open water zone, lake stage does not appear to affect the sediment

‘ resuspension over the muddy bottom significantly. At a lower lake stage,
waves are damped and weakened, but the waves can reach the shallower
bottom more effectively, hence the amount of sediment resuspension
remains comparable to the higher lake stage case. During low lake stage,
wind-driven circulation gyres are generally confined to the open water
zone with httle ﬂow into the vegetation zone.

Influence of reduced tributary loadmgs on total P concentration of the water
column in the lake (Volume X--Dickinson et al.; Volume XII--Sheng and

Chen)

o A nine-year simulation using the LOPOD box model indicates that
‘reducing tributary loads of SRP and TP by 40%, 50%, and 70% will
cause corresponding reductions in lake SRP concentrations of 26%, 33 %,
and 46% and reductions in lake TP concentrations by 19%, 23%, and
33%. The model also shows that the internal loadings of SRP via
diffusion and resuspension are insensitive to changes in the external




loadings. Using this model, the predicted lake response is not as great as
that expected from the modified Vollenweider (1976) model. When
tributary P loads are reduced by 70%, the LOPOD model predicts that
lake TP will decline to 62.9 ug/L. However, this prediction is unlikely
to be precise, and the important point is that significant in-lake TP

~reductions can be expected with large reductions in tributary loads. A

" 1 :P/L ‘These predlctlons are: sunllar to. those glven by Blerman and. James» ot
,’,',_’(1995)____and Fedenco et.al. ...,(1981) L RS A Ot

concentrations. This suggests that it is necessary to perform, longer term
~simulations in order to see-more significant changes. It should be noted /it

) return to lower lake TP. concentratlons of around 50 pg P/L is poss1b1e )

_ :j __but the lake may take up, to ten.years to respond to the reduced external -« -
:loadmgs In other. words after the target loadlng rate is ach1eved there-
o may be.a delay of- several _years before the mean lake TP, concentratlon

l. beglns to drop 51gmﬁcantly below its current level of approxnnately 90 pg:

Resultsi':: of the three month"sunulatlon of the 3 D model showed that a. ':. |

",reductlon in: the loadmg only caused localized reduction ;in:TP .and .SRP

o, v.";,v;,that none of the model simulations have been validated or verified yet w1th’ et Dl T
R .5h1stonca1 water quahty data. : A
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1.0 Introduction

1.1 Background and Purpose

Lake Okeechobee (26°58’ N 80°50 W) is a shallow, eutrophic lake (Figure 1)
located in a predominantly agricultural watershed. The lake provides important flood
control and water supply -benefits: for south Florida, and is a major recreational and

ecological resource. In addition to supplying potable water to several municipalities - .-
- around its shore and irrigation water for cropland to the south; the lake'serves as-the .

-« - backup-water siipply for:the urbarized -southeast" ‘coast. It'supports a recreational and.
-+ comimgrcial fishery that ‘cofitributes  $28-million-per year-to"the local economy Bell -

E 1987), and its' broad marshlands provide ‘habitat for a rich' array of wildlife species. -
Because of its economic and ecological importance to the reglon the management of th1s "
oo Jarge Take! has received- considerable attention. - RESE A

The control of nutrient runoff to the lake has' been the dommant management.':"?'

" “issué. Initial monitoring and evaluation by the U.S. Geologlcal Survey, ‘Central: and -~ -

* Soithern Florida Flood Control District, and others, led to the conclusion that:the lake’s
nutrient loads should be substantially reduced (MacGill et al. 1976). These excessive: . o v
.+ loads'mainly originated from dairy and beef cattle operations north of the lake, ‘and the . . - - i

" Everglades Agricultural Area (EAA), a region south of the lake of where : sugar care and . :
other crops are- grown. Steps were taken to reduce nutrient inputs through Best

Management Practices (BMPs) and restriction of pumped discharges from the EAA, but
these actions were not enough to reduce phosphorus (P) loads or stop the rising trend in
lake P concentrations. Continued monitoring by the Flood Control District (which later -
became the South Florida Water Management District, or SFWMD) revealed that annual
‘mean total phosphorus (TP) concentrations in the lake water rose from 49 ;cg/L in 1974
‘to 122 ug/L in 1988 (Janus et al. 1990). o

- Additional watershed management improvements were undertaken after the
Florida legislature enacted the Surface Water Improvement and Management (SWIM) Act
- in 1987. This ‘Act provided partial state funding for the SFWMD to carry out an
approved SWIM program. Through this program, the SFWMD, along with landowners
and other agencies and institutions, have made significant progress toward improving the.
quality of water discharged to the lake. The goal of this effort is to reduce P inputs by
40 percent. Watershed management activities have included the establishment of a
regulatory program, buy-outs of cows from certain dairy farms unable to meet runoff
criteria, and further implementation of BMPs. These BMPs include establishing buffer
zones along natural tributaries and water supplies, fencing cattle out of waterways,
providing shade structures for cattle, modifying feed, fertilization, and pumping
practices, constructing wastewater treatment lagoons, and recycling wastewater, solids,
and sludge through crop spray irrigation and land application. As a result, recent data
indicate that P loads are declining and in-lake TP concentrations have stabilized at about
80 ug/L (Flaig and Havens 1995; James et al. 1995a, 1995b). Thus, the lake response
has been observed during both rising and declining P inputs.
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At the time phosphorus controls were initiated, little was known about the lake’s
probable response. The goal of 40 percent reduction in P loading was derived from the
Vollenweider (1976) model modified for Florida lakes (Kratzer 1979). This model
predicted that the targeted reduction would result in lower lake TP concentrations that
would maintain the lake in a borderline meso-eutrophlc condition (Fedenco et al. 1981).!

N _ Although empmcal_ models of .th1s type need only a minimal amount of data and =
... have been applied to many lakes throughout the world, they are limited to-predictions of = .- .. ..
.- whole-lake, long-term conditions that may .be_inadequate for examining.spatial and-..::- . s
:.+ temporal scales Jimportant to management of- Lake Okeechobee. For:.example, the < -
- .+ modified , Vollenweider (1976) model treats -Lake Okeechobee as a completély mixed-.. .
- .."system, but this-is an inaccurate assumption. Spatial variability in water quality has been
-+ proven through several studies of the lake (e.g., Aldridge et al. 1994,-Havens:1994;,
. Havens et al; 1994, Maceina 1993, Phlips et al.:1994b), and certain areas :of: the lake. -
. may-differ in their responsiveness to nutrient inputs (Aldridge et al. 1994). The model... .. .
... .also:-does. not -explicitly consider internal nutrient loading. - As this. report sconfirms;: - - ¢ o
-+ internal «cycling greatly influences P concentrations in this shallow lake.. - Finally, the
- model assumes :steady-state’ conditions with regard to nutrient loading, -water:input;-
- residence time, and storage. Because of changes in watershed management: 'andv Yoo
- hydrologic - vanahons, this assumption is violated over shorter time - periods, as:. i
* demonstrated by James and Bierman (1995) who found that the annual predictions from S e T
- the Vollenweider model could not track changes in measured lake TP concentrations over: - ..
- a20-year period. Inshort, steady-state models will estimate (with some uncertainty) the
- eventual condition of the lake after a change in the rate of nutrient loading, but they are .
inappropriate for predicting short-term shifts in nutrient concentrations under non-.
equilibrium conditions. For the latter purpose, a dynamic model is needed.

Dynamic models can estimate the response time of the lake to a change in P load,’ "
but this type of model requires information on hydrodynamic, sedimentary, and
“biogeochemical processes affecting P in the lake water column and sediments. The Lake
Okeechobee Phosphorus Dynamics Study was initiated in 1988 to address this need. Its

goals were to understand the factors that control P cycling and incorporate them into'a -

- framework for predicting the lake’s response to the P reduction program. The products.

from this study will provide much of the groundwork for the SFWMD’s: ongoing
modeling efforts. These models employ not only nutrient and hydrologic mass balance,
. but also nutrient uptake by algae, mineralization of organic material, and physical
properties such as wind-driven resuspension of sediments. They structure information.
_into-a series of equations that can describe cause and effect relationships between
nutrients, algae, and environmental conditions such as stage and wind. Through
sensitivity analysis, the models can suggest research needs by determining which factors

I The Federico et al. (1981) report identified a value of 40 ug/L as the desired mean
annual in-lake TP concentration. However, 50 ug/L also has been considered informally as
being a more attainable goal. This slightly higher value is closer to the annual mean
concentrations that were observed in the early 1970s.
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are more important in determining algal productivity and bloom conditions. Ultimately,
the SFWMD intends to use these models to determine the effects of nutrient load
reductions and lake stage on the potential for algal blooms. The models also will

simulate conditions in various "ecological zones" of the lake and descnbe locahzed o

_impacts of putrient inputs from certain tributaries.

.1 2. - :Factors Affectmg Phosphorus Dynannes

SR ,;_‘;;,Phosphoms concentmtlons 1n Lake Okwchobee depend on mteractrons between;,
o -the bottom sediments. and water column,. exchanges between the vegetated: (littoral) and -
-, Open. water.. (limnpetic)..zones; - internal.» -biogeochemical processes, .and: mputs from .~
. tributaries, groundwater, -and the atmosphere Extensive studies of P cycling:in; lakes
..., have: 1dent1ﬁed the sediments -as a major, component (Syers et.al, 1973;: Bostrom.et:al. -

.’ 'are s1gn1ﬁcant (Brezomk et al. 1979, 1983 Pollman 1983). Figure 2 shows the
nnportant components: affectmg the P, dynam1cs in the hmnetlc zone (in.boxes) : and the-;: o

smteractlons among these components (arrows) g

. ;1'9.82) Prevxous work on Lake. Okeechobee also indicates. that mtemal nutriént sources -

In.' shallow lakes such as Lake Okeechobee P..:‘ﬂux -across the sedlment-water;r-'-'.-vi o ;;:;._ﬁ,

interface occurs in two different modes; _depending on meteorologlcal and hydrodynamrc' R
- .conditions. During calm days when vertical turbulent mixing and bottom ‘shear stress are: - -

insufficient to resuspend sediment, dissolved P moves via passive -diffusion and <+ -« ;.-

advection. The processes affecting P exchange in this mode include: (i) diffusion and -~ -

advection due to wind-driven currents and wave-induced orbital motion, (ii) diffusion and

e - e i o
OVECIon Zus o "TLSV ».?.:C tu::-ugu“-xo W Lu.u‘.un E-hnv u.nu»vu.uuuw Wuevl. Uh D\Jaw‘dm n‘&vﬂ.ﬂﬂ@ﬂﬁ-b,

(iii) chemical processes within the water column (mineralization, adsorption/sorption, and
biological uptake/release), and (iv) diagenetic reactions (mineralization, sorption, and
~ precipitation/dissolution, etc.) within the bottom sediments. Although P exchange.
connected with these processes is continuous, the flux is small compared to the P
movement due to resuspension and deposition of sediments during windy periods. -
Because resuspension events are transitory, the various hydrodynamic, sedimentary, and
biochemical processes associated with them must be resolved on relatively short time -
.scales (seasonal, monthly, and event—scale) to accurately estimate the annual P ﬂux from

sediment to the water column.

Lake littoral zones also can be a potential source of P to the pelagic water
column. Aquatic vegetation may excrete a portion of the P taken up from the sediments
(Carignan and Kalff 1982; Twilley et al. 1986). Macrophytes also release some of the
nutrients stored in their biomass as they senesce and die (Landers 1981). The relative
quantity of released P and its availability to phytoplankton varies depending on the
system under study. Based on modeling work, Blancher (1979) determined that littoral
macrophytes were the dominant suppliers of organic P to the pelagic zone of a central
Florida lake, but most of it could not be utilized by the phytoplankton. Conversely,
Carignan and Kalff (1982) reported only a small amount of P release by Myriophyllum
into the surrounding water, but this P was in a highly available soluble form.
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1 3 PrOJect Ob.]ectlvw

f for predxctmg Lake Okeechobee’s-Tesponse: to, management options, ‘a comprehensive, <
S mterdlsmphnary project was initiated. The team of investigators included researchers
<o with” expertise in-hydrodynamic processes, chiemical and physical - characterization” of *:
: ;r;,_r-'-;';sedunents phys1ca1 processes' related to sediments, ‘and biogeochemical- processes:.in
w07 lakes. The project”s: objectlves were accomphshed through inténsive field' monitofing-and. .

o samphng, ‘statistical- analysis. of historical -data, extensive laboratory :and: in situ ;- <
* experiments, and modeling of processes regulating P dynamics and water quality. =
Detailed results are presented in a 15-volume report (Table 1) entitled "Lake Okeschobes -
: rnospnorus Dynanics Study® of which tnis report 1 the first voume. This summary
' report revlews the results and relates them to the information needs of lake management. -

Some researchers have identified Lake Okeechobee’s littoral zone as a potential
contributor to internal P loading (Canfield and Hoyer 1988; Phlips et al. 1994a, 1994b).
They have suggested that higher lake stages resulting in littoral zone inundation may
promote the release of nutrients from decomposing plants and oxidized organic sediments

and facilitate nutrient transport to the open. water. Evidence for this internal loading = . -
process is derived in part from the positive correlation of lake stage and lake TP . ...~
. concentrations (Fedenco and Jones 1982; Maceina 1993; Hanlon et al. 1994). ‘Brezonik " - -
et al. (1979) concluded that P from macrophyte decomposition and "pumping” was onl;
* - a'minor conttibution to Lake Okwchobee’s ‘P:load, butthey acknowledged-a high degree .

of uncertainty ‘in“their estimate. ;. Because “macrophytes occupy about-25% of Lake .
Okeechobee’s surface area,-a more complete examination of P transport from the httoral
zone formed an 1mportant element of the Phosphorus Dynamlcs Study L

~To resolve a.-nd synthesme these varying effects and processes mto products useful

- The study’s ultlmate goals were to: (i) descnbe and quantlfy key processes that

affect P dynamics in Lake Okeechobee, and (ii) develop a framework or model to

understand and predict changes in lake P concentrations as affected by basin management

-and natural variability. As part of the second goal, this project attempted to determine

how long lake recovery might be delayed by internal P loading. (Lake recovery is
defined here as an annual mean TP concentration of 50 pg/L or less.) To ach1eve these
goals, specific tasks were organized under six objectives: A .

o Identify, map, and characterize the major sediment groups in the lake.

® Compare recent rates of sediment and P deposition with accumulation rates in the
geologic past.

e Quantify P flux between the water and sediments due to various ‘biogeochemical

processes. Measure the P retention capacity of different sediment types.

o Assess the influence of major inflows on P retention by lake sediments.




. Estimate the énnualP loading to the water column from the sediments.

e - Determine if aquatic macrophytes are a source or a sink in exchanges of P
between the httoral and pelagic zones. S

. : leSt of pro_]ect rcports on hke Okwchobee phosphorus dynamlcs study chorts were. -
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2.0 Hydrodynamics of Lake Okeechobee .. = -

2.1 Introduction

- Phosphorus discharged into Lake Okeechobee is strongly influenced by the
hydrodynamic processes which govern the circulation (or motion) and mixing of water

" pattemns’ 'need' to be quanttﬁed

C1rculat10n and mxxmg m I..ake Okwchobee are mﬂuenced by many* factors*"'
"”mcludmg ‘heating “and* ¢ooling“at the water surface, surface ‘inflows and- outflows;:
evaporation -and precipitation, vegetation, and the lake’s complex -geometry: -and-

e bathymetry.. However, the primary driving force is wind.” The direct shearing-aétion of: " &
t ... wind at the air-water interface transfers much momentum and energy to the ‘water. and

produces:wind-driven circulation.: Part of the momentum and energy in the ait; ‘however,:

- is- transferred -into‘wind-generated waves. These waves produce orbltal water motton‘

- whlch dnmmshes w1th depth below the water surface

e Wmd-dnven cxrculatton and wave-mduced motion have very deferent time scales. =
- The wave-induced orbital motion generally varies quickly with time, with a dominant- -

. -period on the order of 2 few seconds. The wind-driven circulation. on the other hand.
varics INOIE SIOWIY, Wi & QOIMNANY PEriod Of & YeW hours 1o a rew days. Both the
slowly-varying circulation and the high-frequency, wind-induced waves must be examined
to quantify the hydrodynamics. But due to the different time scales involved, different
methodologxes (ﬁeld monitoring and numerical modeling) must be employed o

" The objectlve of this portion of the study was to obtam a quanﬁtatlve
understanding of the wind-driven circulation and wind-induced waves in Lake
Okeechobee.' This information lays the groundwork for (i) quantifying the effects of -
hydrodynamic processes on sediment and P dynamics, with emphasis on benthic flux in
the lake’s limnetic zone, and (ii) quantifying the effect of vegetation on water movement
and P flux between the littoral and limnetic zones.

2.2 Wind-Driven Circulation
_ To qbantify the wind-driven circulation, parameters (wind speed and direction,

water current at 1-3 vertical levels, and water temperature at 1-3 vertical levels) were
measured at six locations (Figure 3) over two 1-2 month periods (one in 1988 and one

in 1989). Two types of field platforms with mounted instruments were used (Sheng et |

al. 1992). A portable platform was used at most sites except at the Central Lake Station

(UF Station C) and the Eastern Lake Station (UF Station D) where the bottom mud layer
was too thick for placement of portable platforms. At each of these two stations, a fixed

“" - parcels. These processes transport P. from the. point of discharge to other parts of the .

.. lake: - Vertical . mixing .distributes constituents..(e.g.; -phosphorus, oxygen, Organic. s
matenal) :-throughout the water column and faclhtates ‘exchange at the air:and: sedxment (R
" “interfaces ‘Thus, to predict P’ tmnsport w1thm the system these cn'culatlon and mlxmg -’ o
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Figure 3. Lake Okeechobee with platform'locations. Six platforms were placed in the
lake for this study. Platform A was located in the north end in 1988 and in
the south end in 1989. Stations 1002 and LOO5 are routine monitoring stations

operated by the SFWMD.




platform with piling was used instead. During the 1988 field study, three.portable
platforms were deployed in the vicinity of the littoral zone (Stations B, E, and F), where
the bottom was primarily composed of fine sand, and one platform was deployed in the
northern end of the lake (Station A). During 1989, Platform A was moved to the
southern portion of the lake, where the bottom was composed primarily of peat ‘

221 Wmd

g Wmd cond1t10ns near the: water surface are mﬂuenced by three-d1mens1ona1‘~"‘;3..
atmosphenc .circulation: - (convective- transport) over the: lake.- - Except:- dunng

‘ thunderstorms summer winds are. generally weak with distinct lake bresze: “patterns.

-+ With the passage of cold fronts in the fall and winter, winds are generally stronger: - Of .

L wosiwo o courses; tnoplcal storms..and ‘hurricanes can drastically impact hydrodynamics;:and:it:
T e -lmportant to realize that these extreme events:may profoundly affect the sediment and‘P
- dynamics of Lake Okeechobee. However, these storms are rare and difficult to-monitor,

- .. so.sufficient data-are not available to evaluate their significance. Therefore, the: analysis
-+ . of data collected for this study was- necessanly restncted to the range of wmd speeds
- commonly observed O ,v ,

Durmg the ﬁeld study, 15-m1nute averaged wmd data (speed and dlrectlon) were i
measured at most of the stations. Although wind speed and direction vary, evenbetween: <= -
different regions of the lake, there is a clear dominant diurnal cycle, partlcularly durmg- SN
the summer months. . A representative 3-day wind record at one station is shown in: -
Figure 4. The air is generally calm in the morning and earlv afternoon.: then 2 hresze -

Uegiins oG laie aiiernovi (dppwxim&wly 0:UU pIiij A0 YeIaims SIrong uni midnight,
The dominant wind direction is from the east. A sudden change in wind conditions often
leads to the development of seiche (standmg wave) oscillations of water levels and .

currents.

_ Light winds are generally due to convectional air currents. These currents, along
with localized thunderstorms, result in variations in wind speed and direction among
different areas of the lake. - Stronger winds usually accompany the passage of cold fronts
(except in the case of tropical disturbances). Consequently, wind conditions: over the
lake are usually more uniform when the wind speed is greater. Because of the spatial
variability in wind conditions, it is desirable to maintain more than one wmd monitoring

station on this large lake.
2.2.2 Currents

o Significant diurnal variations in the speed of currents measured in ‘Lake
‘ Okeechobee suggest that these currents are primarily driven by wind. Currents are
usually weak (on the order of 10 cm/s or less), but can increase to 50-70 cm/s or higher
during periods of seiche oscillation. A sample current meter record (Figure 5) at the
Center Lake Station (Station C), corresponds to the wind data shown in Figure 4.
Immediately after the wind speed increases in late afternoon, strong currents are
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Figure 4. Wind velocity and wind speed at Station C during Julian days 146.5 (noon on
' May 26) to 149.5 (noon on May 29) in 1989. Sticks in the upper panel
indicate the directions to which the wind is going (North is up). Length of the
sticks indicates wind speed.
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~|" station Goordinates: LAT- 26 47.36 LONG - 80 47.36
;. -1 Instrument Arm Height =284.0 cm Above Bottom.. .

East-West Current
I North-South Current i
12,0 | - ‘ T

,15.0I'I'“l_l.llAI’!‘lllll'|11!"
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Sfartlng Déte: Noon_ 5/26/89 T|ME' (DAYS)

Figure 5. Wind-driven éurrents at Arm 3 of Station C (depth = 3.5 m) during May 26-
29, 1989. '
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generated with an oscillation period of about 3-5 hours, which corresponds to the time
that a surface disturbance takes to travel back and forth across the lake.

Spectrum- analysis of the 15-minute averaged current data at the Central Lake
Station shows that the east-west current has a seiche period of 3.5 to 4 hours, while the

north-south current has a seiche period of 5 to 5.5 hours. The frictional resistance of the
vegetation, together with the shallow depths in the western portion of the lake, apparently . o
... reduce the effective width and depth of the basin and lead to a shortening of the east-west o ot s

- $eiche: penod These -seiche-oscillations;: however genera]ly do not. produce enough S

?-:.:bottom stress to resuspend bottom sednnents

- atmospheric motions and sea currents, but ‘most lakes are- so small- that:shoreline::

_influences preclude much of the Coriolis effect. In the .shallow waters..of Lake. . -- .
-~ Okeechobee, bottom friction is quite 1mportant and the Coriolis effect 1is. not apparent.,.}., CE RPN

: as the data show no ev1dence of the Conohs trme scale.

Desplte s1gmﬁcant vertical mixing; currents do decrease somewhat from 1ake;i‘~*=-~.f'%-"”-.‘ SR
' 'surface to lake bottom. Vertical turbulent mixing is primarily produced by the vertical - .. = ...
shear associated with the wind-driven currents, instead of the wave orbital currents which. - . % . 7
do not vary significantly w1th depth except wrthm the very thm wave boundary layer near- -

" the bottom.

During the relatively calm summer months, a diurnal thermal cycle is usually - -

present in the water column due to diurnal variation in heat flux at the lake surface.

During morning and early afternoon, the surface water is gradually heated by radiation
and heat flux from the air. A thermally stratified water column usually develops between
noon and 2 pm. A representative temperature record at the Center Lake Station is shown
in Figure 6. The onset of lake breeze in late afternoon usually causes a sudden increase
~ in current speed with differing current directions in the surface layer (downwind) and

bottom layer (upwind). In the evening, the surface water is cooled, which generally

leads to a tumover and de-stratification of the water column.

Currents vary spatially due to the lake’s bathymetry, shoreline geometry, and
vegetation. Under the forcing of a uniform and time-invariant wind field, steady-state
lake circulation consists of vertically-integrated gyres which are generated by the
spatially-varying topography. For example, with the saucer-shaped bathymetry shown
in Figure 7, an easterly wind (wind from the east) generally leads to a steady-state lake

circulation, consisting of a clockwise gyre in the southern portion of the lake and a

counter-clockwise gyre in the northern portion. In the shallow southern and northern
ends of the lake, surface and bottom currents are generally in the direction of the wind.
In the deeper central portion of the lake, surface currents are in the direction of the wind,
while bottom currents are opposite to the wind direction. A mild wind of 5-6 m/s is
expected to cause a setup (i.e., pileup of water) on the order of 10-20 cm in the
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oo The currents produced by ‘these selche 0sc1]1atrons are‘not’ deﬂected s1gmﬁcant1y,;.; v e
by the Coriolis force. “This effect, which results- from the earth’s rotation,: directs -
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Figure 7.

Geometry and bottom topography of Lake Okeechobee (Sheng et al. 1991a).
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downwind direction (Sheng et al. 1988). However, a time-invariant wind field over an
extended time period is rare, so steady-state circulation is rarely found in the lake.
Instead, lake circulation is quite dynamic showing s1gmﬁcant temporal variation. At any

instant of time, there may be one, two, or more gyres in the lake, but these gyres change .

mgmﬁcantly with time. ;

Near the httoral zone, the dense vegetation causes the adjacent open water to ﬂow E i -
~ paralle] to the littoral-pelagic, boundary For example, at Station F near the southwestern: =" %
‘. . littoral zone; flow direction is- pnma.nly northwest/southeast, as indicated by the: stnong.-*"-

north-south current and weak east-west current shown in Figure 8. In the’ ‘vicinity.of the

- northwestem httoral zone, the cunent at Statlon B flows pnmanly northeast/ southwest P

2 2 3 ~-.'C1rculatlon Modehng

- A three dlmensmnal numerical model of wind-driven cuculatlon in Lake S
Okeechobee (Sheng et al. 1991f, Sheng 1992) contains the following approximations: .

Wy verdcal aCCEiSfanoii is Siiai:, (i GENSKY varianon IS smial, (Ui verucal and
horizontal turbulent mixing are of vastly different scales and can be parameterized
separately, and (iv) a turbulent bottom boundary layer generally exists within the lowest
10% of the water depths. The model uses a robust model of turbulent transport to
parameterize the vertical turbulent mixing, thus eliminating the need for ad hoc tuning
of model coefficients for each model simulation. The model uses a uniform or non-
uniform horizontal grid with a stretched vertical grid. To speed up simulations, the 3-D
model uses a mode splitting technique to separate the fast external (surface gravity wave)

mode from the slow internal (vertical flow structure) mode. Similar versions of the 3-D

model have been developed for other lakes (e.g., Lake Erie, Green Bay, Lake Apopka)
and estuaries (e.g., Tampa Bay, Charlotte Harbour, Mississippi Sound).

Application of the 3-D model to Lake Okeechobee (with a horizontal grid spacing
of 2 km and five grid points in the vertical direction) showed that measured currents at
most of the stations can be simulated by the model with reasonable accuracy (Sheng et
al. 1991f, Sheng 1992). The model was used to produce flow fields in the lake over
time periods ranging from a few days to three months. Model simulations showed that
circulation gyres in the lake vary considerably with time, in response to the temporally
and spatially varying wind. For example, circulation gyres for the surface and bottom
layers of the water column at two instants of time are shown in Figures 9 and 10.
Results of the model simulations were used to estimate sediment (Sheng et al. 1991c,
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' Except durmg extreme storms wmd-dnven currents are too weak to resuspend-f"--;-l' SR
“. i sediments of nutrients. Instead, sediment resuspension: is caused by wave-indiiced: orbital ©. i
., .currents, Hence, the primary effect of wind-driven currents on sediment and nutrient. .
o dyna.m1cs is to provide transport (advection) and turbulent mixing. However, “during -
. ..~ .. hurricane wind. condmous, wmd-dnven currents exceedmg 1.m/s and a-surface setip- vk
< exceeding. 1-2'm may be expected ‘Under these conditions, both wind-driven” currents
‘ {and wave—mduced currents can cause s1gmﬁcant resuspens1on of sediments’ and nutnents ST e
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Figure 9. Near-surface (top panel) and near-bottom (lower panel) flow fields at the time
of the third synoptic survey of Spring 1989. Notice the different gyres at the
two vertical levels. The effect of vegetation is empirically parameterized in
terms of added bottom friction.
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Sheng et al. 1991d, Sheng et al. 1989) and P transport in the lake (Sheng et al. 1991d).
The model was coupled to the sediment transport model and P dynamics model in a 3-D
modeling system for Lake Okeechobee, LOHSP3D (Sheng and Chen 1992).

2.3 Wind-Induced Waves
23 1 WaveDynamm o

= Short—penod waves in Lake Okeechobee are genemted by wmd The helght and
‘period of wind waves at any particular location in the lake depend on the wind: speed and:
* the fetch length i.e., the distance over which the wind remains nearly ‘uniform.’ For
- :example; for an easterly -wind, fetch length and wave height increase from-Station D to-
“:Station C to Station E. ".In’ the. littoral zone, profile drag due to vegetation'and-bottom:
-~ friction due to shallow" depth lead to dampmg of wave height and period: “Wave:data
‘were collected at selected stations in open water with a 2 Hz samp]mg frequency.: The = = -- i
energy spectrum -of the measured wave data shows that wave energy is: concentrated at~' RAR R
waves w1th periods of 2 to 3 seconds (Flgure 11). : , N

. Rather than exhlbmng a smgle wave period at a given time, waves of different = o
penods commonly appear together. Under typical modest wind speeds, wave height .
ranges from 10 to 60 cm. During storms, however, wave height could reach I mor ~* =
higher. During the prevailing easterly wind, wave height grows from the eastern part -
of the lake towards the western marsh, where the waves are dampened when they reach
the shallower denths and vegetahen e

Based on measmed wave helght and period, the bottom orbital velocity and the
bottom stress exerted on the sediments can be estimated. Under the forcing of a typical
lake breeze in the late afternoon, significant bottom stress (1 to 5 dyne/cm?®) can be
generated due to the sharp velocity gradient within the wave boundary layer, which is
usually only a few centimeters thick. Due to difficulties in deploying instruments too
close to the bottom, the currents within the bottom boundary layer could not be
measured. Thus, bottom stress must be estimated by using numerical models. '

2.3.2 Wave Modeling

Sediments are primarily resuspended by bottom stress induced by wave orbital
currents near the bottom. Hence, before developing a sediment transport model (which
includes advection, diffusion, settling, turbulent mixing, deposition, and resuspension),
a wave model must be selected. Given a two-dimensional wind field over the lake, this
wave model will estimate wave height and wave period throughout the entire lake.

In this study, three wave models were compared (Sheng et al. 1991c, Ahn and
Sheng 1990): a spectral wave model, a parametric wave model, and a relatively simple
empirical wave model. Results indicate that the parametric wave model used by the
Great Lakes Environmental Research Laboratory (GLERL) of NOAA over-predicts the
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Figure 11.
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A typical wave spectruni during a wmdy pcrilod. The figure indicates that
most energy is concentrated at 0.34 Hz (cycles/sec), which corresponds to a
dominant wave period of 2.94 sec (Sheng et al. 1991%).
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wave height and period in the lake, due to the lack of bottom dissipation in the model.
The spectral model and the simple empirical model gave good results based on detailed
comparisons with data. The simple empirical (SMB) model takes only 2.5% of the
computational time required by the spectral model, so it was selected for practical
application to Lake Okeechobee. Figure 12 shows an example of the SMB model’ .
ability to simulate wave conditions. -

. Based on_ estimated wave height and wave period, the bottom stress ‘may be: ... .-
.:‘,,;\‘computed by usmg a number of bottom boundary. layers. To reduce computatmnaltlm" 5 e e

,,‘i..y.;layer 1s”not ecessary except poss1b1y durmg extreme storm events
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~_a piston corer.. Objectives included: (i) identify and map the major sediment groups in .
the lake, (ii) establish the spatial variability of C, N, and P fractions in the sediments; . . .

- estimate the historical® sediment and P accretion rates in the lake using the °Pb.
y techmque.-; ['For detalls‘ivsee Reddy et al. 1991 (Vol II), Engstrom and BreZomk 199

. 1

(mud sand/shell/marl, peat, littoral, and rock), and their areal extent was mapped SRR
 (Figure 13). Mud sediments were found throughout the lake’s north and central region: = i E
-, and occupy 44.3% of the lake bottom. A broad sandy area was observed between the . - i
-~ mud zone and the- westem littoral area, and sandy deposits were found throughout the. -« 30
~ of Okeechobee represents only 3.7.% of the lake area, and 8.9% of the bottom'is peatin
~ these depos1ts occupy 18.6% of the lake. Qualitative differences among zonal sediment - -

.dry/cm3) of surficial sands (1.213) was much higher than for mud (0.154) Tittoral

3.0 Characterizdtion of Bottom Sediments

Lake Okeechobee sediments were characterized for selected physical and chemical
properties. Intact sediment cores were collected from 171 grid sites, 3.2 km apart, usmg _

(iii) determine the soluble and insoluble forms of i inorganic P in sedlments ‘and " (iv) -

‘-"1989 (Vol IX)]

The surﬁcxal sedlments (10 cm depth) were class1ﬁed into. ﬁve major- groups’f‘:f'-l'*':-.: o

‘basin. ‘Sands represent 24.5% of the lake bottom. The rocky reef in the southern part R
the most southern part of the lake. The western marsh has heterogeneous sediments, and
types were reflected in the physical and chemical measurements. Mean bulk density (g

(u .uw), P pean (U L l) Z0ncs.
3.2  pH, Alkalinity, and Conductivity

Sediment porewater pH ranges were similar in the mud (6.7-8.3) and sand (6.9-
8.2) zones. A narrower pH range was observed in peat deposits (7.0-7.5). The broadest
pH range was found in littoral sediments (5.8-8.4), where low values reflect the
accumulation of organic acids and CO, that accompany plant decomposition. Alkalinity
ranged from 110 to 310 mg CaCO,/L in the mud sediment and from 150 to 420 mg -
CaCOs/L in the sand zone. Mean values for the mud and sand sediments were quite
similar (194 and 204 mg CaCO,/L respectively). Mean alkalinity of peat sediments was
152 mg CaCO,/L. Littoral sediments generally had lower alkalinities (46-268 mg
CaCO,/L) reflecting, in part, the lower carbonate content of littoral sediments. Mean
values for conductivity (uS/cm) among surface sediments of the mud (536), peat (617),
sand (589) and littoral (516) zones were approximately the same. The minimum value
(250 pS/cm) was recorded in the littoral area, reflecting low ionic strength at the site.

3.3 Dissolved Phosphorus and Nitrogen Forms in Sediment Porewater

Sediment porewater was separated from wet sediment by centrifugation, then
filtered and analyzed for soluble reactive P (SRP) and total dissolved P (TDP). The
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difference between TDP and SRP yielded dissolved organic P (DORP). Soluble reactive
P is the inorganic form of phosphorus that is most available for plant and algal uptake.
[Note: In Figure 14, SRP is shown as "PW-Pi" (porewater inorganic P) and DORP is
shown as "PW-Po" (porewater organic P)].

In the surface sedunent layers (0-10 cm), TDP in the porewater represented O 3. i, L
to O 8% of the total P,in the sediment. Total dissolved P concentrations were generally " :. -

- higher in surface sediments than in deposits from deeper in the profiles. Littoral deposits.
- (0:17 mg/L) contmned less TDP in. the porewater than muds (O 63 mg/L),'t peats (0 52.5.
\;mg/L), and sands (0 63 mg/L) Fees i g

S The mean concentraﬂon of porewater SRP was thhest in the mud sedlmeut “This .~

- conceutxatlon (0.392 mg/L) was s1gn1ﬁcant1y greater (p < 0.05) than averages:medsured - .

'~ in the peat.(0.040 mg/L) and Jittoral (0.125 mg/L) areas, but not significantly different - -

_from the sandy depos1ts (0.241 mg/L) Soluble reactive P accounted for 62% of the

. TDP in the mud and 74% of the TDP: in.the littoral deposits. In the peat arid:sand, the 3

: TDP-was. dommated by DORP. Soluble reactlve P constituted. only 8% and 38% of the

, | TDP in the peats and sands respectlvely

Three forms of dlssolved N were- measured in sed1ment porewater mtrate (N03 R

N), ammoniuth (NH,-N), and dissolved organic (DON). The only significant difference

in mean NH,-N concentrations was. found between the sand (4.42 mg/L) and peat (1.70 - e

mg/L) zones. -Averages for the littoral area (2.71 mg/L) and mud zone (2.47 mg/L)
were not statistically different @ < 0. 05) from means calculated for other zones.

& -V-au).bv :jvi‘d anuu.uuuunm Julh wﬂv wa \U IJ Rlﬂlsl -L-l}, ﬁdﬂuiﬁ (5’ J"? m;m.}, ﬂllu ﬂklurtu

area (7.17 mg/L) were statistically indistinguishable, but all three values were greater
than the mean computed for the mud zone (2.89 mg/L). .

34 Phosphorus and Carbon Content of Sediments

After removing the porewater the following P fractions in the residual sediment
were obtained through a series of sequential extractions: - . -

° Potassmm chlonde extractable P (KCI-PI)Z This is the loosely-bound inorganic
P fraction that is potentially available to algae.

o Sodium hydroxide extractable P (NaOH-Pi and NaOH-Po): NaOH-Pi is the iron-
and aluminum-bound inorganic P, and is also known as non-apatite inorganic P
(NAIP). The NAIP fraction is considered to be potentially available, at least in
part, to.algae. NaOH-Po is composed of some organic P fractions associated

with humic and fulvic acids.

. Hydrochloric acid extractable P (HCI-Pi): This is calcium-bound P, also known
as apatite inorganic P (AIP). This form of phosphorus is tightly bound in the
sediment.
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PHOSPHORUS DISTRIBUTION IN SURFACE SEDIMENTS
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Figure 14.  Relative distribution of P forms as determined by chemical fractionation in
surface sediments of the mud-and sand zones in Lake Okeechobee. PW-Pi =
porewater inorganic P; PW-Po = porewater organic P; KCI1-Pi = inorganic P
extracted with potassium chloride; NaOH-Pi = inorganic P extracted with
sodium hydroxide (Fe- and Al-bound inorganic P; also known as pon-apatite
inorganic P or NAIP); NaOH-Po = organic P extracted with sodium |
hydroxide; HCI-Pi = inorganic P extracted with hydrochloric acid (calcium-
bound P; also known as apatite inorganic P or AIP); Residual-P = Total P
minus other forms. See text for further explanation.
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Total P in the porewater and sediment was also measured. Residual P (the
portion not extracted with any of the above fractions) was calculated by subtracting the
porewater and sediment fractions from the concentration of total P. The residual P
fraction was assumed to represent organic P and any other mineral P fractions not

extracted with NaOH or HCI reagents. - Both residual organic P and calcmm-bound Pare e

relatlvely stable and not readﬂy avaﬂable for plant uptake

Iron and Al-bound P (NaOH—Px) constltuted 18% of total Pin the littoral zone: -
. . sediments,.but was; less than.4%-of total P in-mud, peat. and sand zone sediments. (Flgure
14). Littoral sednnents also.contained 25 % of total P in readily hydrolyzable organic Pi*:

form (NaOH—Po), whereas. this fraction made up-less than 8 % of total P in the miud; peat ;. . L

. and sand zones. ' Calcium-bound P (HCI-Pi) was proportlonally higher in'the 'mud and-
 sand. zones (44:and.53%. of total P, respectively). ‘Total P in the peat-and littoral
_~sediments contained. only 18 and 15% as calcium-bound P. Peat sediments contained. lipy. .
to 75% of total P in organic form, while 36-44 % _of total P was present in organic form

- for other. sediment types:- Similar pool sizes were also observed in surface- sedlments of v -~ v

SN Lake Ap0pka 2 hypereutrophic Iake in central Florida (Olila et al 1993)

IR Surﬁc1a1 peat depos1ts contamed more total organic carbon (TOC; 40. 2%) than e
B sedunents from other zones. Mean TOC concentrations for the mud (12 %) and littoral. -

" .-+ deposits (15 %).were not statistically different. Sands contained very little TOC(1.26 %).
. Mud  zone deposits were richest in total inorganic carbon (TIC), with -a- mean -
.concentration of 2.9%. Peats (0.64%) and sand zone deposits (1.03%) contained less
than muds, but were statistically indistinguishable from each other (p > 0.05). Littoral
ZORC SCiments comlained veiy shial atuduiils Ul il (G.USJuy.  Suiiace mud zone
deposits were rich in carbonates, and contained an average of about 24% carbonate by -
weight (as CaCO;). Stratigraphic analysis of cores from the central mud zone indicates
that carbonate-rich deposits underlie the muds in the center of the lake. - -

3.5 Nutrient Storage in Sediments

From the information on sediment chemistry and areal extent of various sediment
types, the amount of TOC, total Kjeldahl nitrogen (TKN), and TP stored in the lake
bottom can be estimated. About 4.53 x 10° kg of TOC is stored in the uppermost 10 cm
of the sediments, and the TOC pool is divided among the various sediment zones as
follows: mud (32 %), littoral (34 %), peat (19%), sand (15%). Total Kjeldahl nitrogen
storage in surface sediments amounts to 3.81 x 10° kg, and is apportioned among the
four zones in the following way: mud (29%), littoral (34%), sand (22%), and peat
(15%). Total P storage in surficial sediments amounts to 2.87 x 107 kg. Mud and sand
account for 42 and 41 % of the TP storage, respectively, while littoral deposits (14 %) and -
peat (3%) account for much smaller fractions of the total. On a mass basis, the overall
TOC:TKN:TP ratio for the top 10 cm of the sediment bed is 158:12:1.

Over a recent 20-year period (1973-1992), the mean annual TP input to the lake
was 5.18 x 10° kg. Over 80% of this input (4.18 x 10° kg) is retained in the lake (James
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ot Results. show that sediment: accumulation rates have increased during this century. at all -
- 2 mudiZone Sites- by ‘an’ average .of ‘twofold. " ‘Sediment deposition increased-:from 2300.:
+* . .g/m¥yr before the year 1910 to-700 g/m*- yr in the 1980s: - Phosphorus accumulation :
- rates have increased aboit'fourfold sinice the 1900s (from about 250 mg P/m?*yr before::

et al. 1995a). Therefore, the TP storage in the surficial sediments is 55 times greater
than the annual TP input and is currently increasing by an average of 1.5% per year. !

- "Historical sediment and P accretion rates were measured using *'°Pb techniques.
Although difficulties were encountered in interpreting *'°Pb data from some sites, reliable
'datmg of sediments from the mud zone of Lake Okeechobee is possible. - Details of this - -
study are presented by'in Volume V of this study (Engstrom and Brezonik. 1991). ... ' - -

©ot 1910 to about '1000- mg: :P/m?+yr.in’ the 1980s).- Most of:this increase has:occurred -
durmg the last40-50"years.- -Concentrations ofall forms of: sedlmentary P -higher:in
the more recent. sedJments especxally NAI-P and:organic P R TP L

......
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" “hydrodynamics ‘(cortrents and waves) ‘on résuspension of fine sediments.in the limneti
" ‘Zone of Lake Okeéchobee, (i) the effect ‘of wind-driven circulation on-advection -and

4.0 Physical Processes in Sediments

A large fraction of the nutrients entering the lake accumulate in the mud

sediments. ~ The dynamics of these fine sediments (sediment particles less than 30. ..
microns- in diameter) are complex and differ from those of coarse particles., Coarse..
‘sandy particles behave as individual grains. On the other hand, electrical charges on the: -
~surfaces of fine sediment particles can create cohesion of the primary particles.to form
“flocs (ot ‘aggregates) which are larger in size but possess weaker bonding. - o

Thié ‘objeétives” of- this* part of the ‘study were to quantify: - () the effect .of

ixinig of fine sediments; and- (iii). the effect-of sedi iment dynamics on water quality.

+'combination’ of laborafory and' field stidies and mumerical modeling was; utilized to ;. /-,
accomplish these objectives. For details, see reports by Mehta et al. (1991) and Sheng .

L Tetal (199D, Dt

dimensional wind-driven circulation in the lake. They may also settle through the water

column and be redeposited on the bottom. To quantify the three-dimensional sediment

transport, it is necessary to first study the various processes involved which include

advection, horizontal turbulent mi ing, vertical turbulent mixing, settling, deposition, and -

‘erosion/resuspension.

4.1 Causes of | Sediment Resuspension and Vertical Mixing

Analysis of field data of currents, ‘waves, and sediments, plus modeling of the
hydrodynamic and sediment processes, show that sediment resuspension is primarily - -
‘caused by wave-induced bottom stress. As mentioned earlier, wind-driven currents are

usually too weak to produce enough bottom stress for resuspension.

Measured suspended sediment concentration data show a dominant diurnal time

scale related to the daily lake breeze activity. Waves created by the lake breeze generate

significant bottom orbital currents and hence bottom stress. However, analysis of the
high-frequency suspended sediment concentration data showed no dominant time period.
This suggests that the effect of the waves is limited to a very thin boundary layer, which
is underneath the location of the lowest OBS sensor (about 10 to 60 cm) above the
bottom. Although seiche time scales are apparent in the energy spectrum of the mean
currents, there is no seiche time scale in the mean suspended sediment concentration
data. This suggests that seiche oscillation does not create sufficient bottom stress for
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© P After bottom sediments’ are-suspended:into' the bottom boundary layer by wave-.. . .-
" " actions, they may be carried into the upper-water column by turbulent mixing created by. - v .-
"~ " the vertical shear associated with the wind-driven currents. Depending on the:strength -
" ““of turbulent mixing, suspended sediments may reach the.upper water column in a few. ... "~
~‘hours or less. Once in the upper water column, suspended sediment particles can be- .-
* transported by the advection and horizontal turbulent diffusion associated with the three-




é sediment resuspension. Independent estimation of the bottom stress generated by seiche

_ oscillation confirmed this observation. Proper instrumentation was unavailable for
[ deployment within the thin wave boundary layer. Field measurements within the wave
S boundary layer are needed to quantitatively describe the sediment dynamics.

‘42 Vertical Turbulent Mixing ...

... ... .Once the sediments are resuspended from the bottom, they can be carried to the - .
_...upper water column via turbulent entrainment and mixing. Turbulent mixing inthe watér -

' column is generally created. by the vertical shear in the.wind-driven currents. : Although-
. .the.wind waves generate high-frequency «orbital. currents throughout the, water’coliming. 7+ %,
.. there is.usually Liftle vertical shear in the. water column,- except within the thin wave
- boundary layer.. Since the wind-driven currents are generally not very strong; suspended
. sediments may remain in,the wave boundary.Iayer for awhile before being carried torthe™~ <~ *

" upper water column by turbulence. Hence, there is usually a concentrated layer of
S . v .suspended sediments over the bed within which a sharp density gradient may exist. This "
1. ... . . ‘layer is similar to the thermocline in the. water column, -and is- often’ called the
. Tlutocline". Sediments in this layer behave more or less as a fluid, due to the continuoiis ¢

wave action-on the bottom. .:During a lake breeze event, sediments are carried-in the -~~~

Iutocline and then mixed up to the upper water column. ‘Suspended sediment data show "\~ -
 that the peak suspended sediment concentration near the lake surface usually lags ‘the "<
near-bottom peak concentration by 1 to 2 hours. During very strong wind events, <" -
turbulent mixing may increase to shorten the time lag between these peaks. = °

Vertea? urbumient WMo 1T MOS VIECIOUS i (hS sulfive MKed Y (USUALY
between a few centimeters and one meter depending on wind) and the bottom boundary
layer (usually a few centimeters for the wave boundary layer and up to one meter for the
current boundary layer). Vertical mixing is difficult to measure, but can be estimated
using the robust turbulence model contained in the circulation model (Sheng et al. 1992).
Occasionally, during periods with little wind and significant stratification,  flow in the
lake may actually behave more like "laminar" (instead of “turbulent”) flow. Compared
to horizontal mixing, the effect of vertical mixing is much more pronounced due to the
much smaller vertical length scale. The time scale of vertical turbulent mixing varies
from a few minutes to more than two days, depending on the depth and wind condition.

4.3  Erosion/Resuspension Rate of Bottom Sediments

Suspended sediment concentrations measured in the field and numerical modeling
were used to determine the erosion/resuspension rate of fine sediments. The erosion/
resuspension rate was found to be approximately a linear function of the excess bottom
stress (the difference between the bottom stress due to waves and currents and the critical
bottom stress which is 0.5 to 2 dyne/cm?). The erosion constant, which is the
proportionality constant between erosion rate and excess bottom stress, is on the order
of 2 x 107 to 1 x 10 s/cm based on field data and numerical modeling (Sheng et al.,
1992). As shown in Figure 15, the erosion rate determined in the field is different from
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Figure 15. ’Erosid_n rates determined in the field (dashed line) and laboratory experiments
(solid line). ., is the critical shear stress below which no erosion occurs.
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R R Und'ét“the:.' i;;ﬂh‘ence ‘df;.:‘win'd Waves,-_thgs;ﬂuid .mﬁd at the bottoxii canexpenenc
.+ .. oscillating porewater pressure and even some slight horizontal movement MeiandFoda - .o

4.5 “ Settlmg énd ,Depositibn

the erosion rate observed in the laboratory experiments. One possible explanation is that
there was no wave activity in the laboratory experiments, resulting in lower erosion rates
and less erosion/resuspension of sediments.

4.4 Movement }of:the Sediment Bed

- Due to'erosion/resuspension and deposition events, the bed can moveup ordown. .. . ...
Vertical movement of the bed was estimated by using the numerical model of sediment - - ..~ .

* transport. *“ Model simulation. showed that -during a typical diurnal cycle; -vertical ... ..y-o

- movement of the bed is generally less.than 1. cm. However, this estimate needs to:be ...~ .

* validated with field data: » - . ol

- 1981). . Mehta and Jiang (1990) measured the wave-induced acceleration of bottom B

sediments at'a station near the southeastern shore of Lake Okeechobee. However, there .. .- i ..
was no evidence of significant bed movement in the horizontal direction, so..the- .-

‘-horizogt?.l':’mqvjement: of the bed appears to be extremely small.-. - .

. The fine muddy sediments of Lake Okeechobee consist of particles with diameters

“of less than 30 microns (Hwang and Mehta 1989). The sandy sediments consist .
primarily of coarser particles of 100 to 1000 microns, @i.e., 0.1 to 1 mm). . The muddy
sediment particles have densities ranging from 1.05 to 1.3 g/cm®, while the sandy
sediment particles have a density of 2.56 g/cm®. Thus, muddy particles have a much
lower settling velocity (0.01 to 1 mm/s) than the sandy particles (1 to 150 mm/s), and
the time scale for settling varies from several days to only a few seconds depending on
wind conditions and the type of particle. In the central mud zone, fine suspended
sediments may remain in the water column for many hours before settling out to the
bottom. Because of the strong wave-induced bottom stress, open-water areas near the
vegetation do nmot have much fine sediments. on. the bottom. - The critical stress for .
sediment erosion in this zone is several orders of magnitude larger than in the mud zone, -
Settling velocity and critical stress for erosion are difficult to determine in the field, so
they are usually determined in the laboratory. In this study, however, field data and
modeling were used to quantify the critical stress for erosion. :

Suspended sediments usually exist in various sizes. Particles in different size
groups can actually migrate from one group to the other by flocculation and breakup.
At low concentration (depending on the environment) and low turbulence, particles settle
individually. At sufficiently high concentration and turbulence, particles can collide more
frequently and form larger particles (flocs) due electrical forces among the particles. At
the same time, larger particles can be broken up by the shear due to decreased floc
strength. The laboratory experiment of Hwang and Mehta (1989) produced an empirical
relationship between settling velocity and concentration, which partially contains the
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effect of flocculation on settling. Due to difficulty in measuring turbulence, the effect
of turbulence on flocculation was not considered. To quantify the influence of
turbulence, some direct measure of turbulence must be obtained in the field using
recently available turbulence sensors. '

Because particle size distribution plays such an important role in sediment = .
..., transport. and P adsorption/desorption, further study:of flocculation dynamics would be - .
- - useful. Hydrodynamic conditions affect the particle size distribution; so the distributions: *

under: laboratory, and field conditions maybe different depending on the mixing regime

- To explain the flocculation dynamics in the lake, more field data and numerical modeling-
. “are needed to quantify the variability of particle size distribution in situ id provide

o guidance for laboratory experiments that attempt to simulate actual conditions. = -

s . Sediment deposition. is the process by which the sediment particles travel throighs - i

 the various layers near the bottom (current boundary layer, wave boundary layer, viscous

... «-Sublayer, and vegetation layer, ‘etc.) to reach-the bottom (Figure 16). Thus;: deposition

..+, 1 different from gravitational:settling in the water column and depends on the dynamics -

.+ of the various: near-bottom. layers. This study used a deposition model developed by
. Sheng (1984) based on fundamental principles of fluid dynamics. Over the ‘muddy -+

. bottom, during calm days, there is little turbulent mixing near the bottom and deposition - -

could be very slow (on the order of hours to days) for fine particles within a certain = - ' °

- range, thus favoring. the formation of a sharply -defined flocculent: layer with high* -+ ¢

concentration, i.e., the lutocline. During slightly windy days, the flocculent layer or

lutocline may thicken due to more sediment erosion. During very windy days, erosion

' igorose, oot e HHSchNC My beosme VETy Gk sind S alinvst (o e [ake

l | surface. -‘To further understand the lutocline dynamics, measurements must be performed
! - within a few centimeters from the bottom. o e

LA WY UYeImimesen  ewmel $paen frag

4.6 ﬁre&DMensibhal Trahsﬁdrt 6f Suspended Sediments

Both horizontal advection and horizontal turbulent mixing can affect the long-term -
- and large-scale transport of materials in the lake. Due to the relatively weak residual
currents in the lake (currents averaged over long time periods, e.g., one day, usually on
the order of a few cm/s), the time scale of horizontal advection is very long. Dissolved
materials that enter into the lake may take 1-2 weeks to reach the Center Lake Station
(about 20 km). . For sediments, this time scale is expected to be longer, because
sediments may go through a sequence of transport-deposition-resuspension-transport
events before reaching the Center Lake Station. Long-term model simulations confirmed
this expectation. Another important finding is that horizontal advection between the open
water and the vegetation zone is usually weak, since the rather dense vegetation causes
the adjacent open water to flow parallel to it. Thus, there is little exchange of sediment

between the two zones.

_ Treatment of horizontal turbulent mixing in the numerical transport model is -
essentially a parameterization of the effect of small scale motion (scales less than the size
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of the numerical grid) on large scale transport, and also may include the effect of
Langmuir circulation and breaking waves on horizontal mixing. The horizontal turbulent
mixing coefficient scales with a length scale and a velocity scale, and is on the order of
- 1to 100 m?*s. Horizontal turbulent mixing is reduced in the vicinity of the vegetation

zone, since the current and the horizontal scale of motion are usually significantly -
reduced. ' The time scale of horizontal turbulent mixing is usually longer than that of .-
' - horizontal advection. Spatially umform honzontal m1xmg coefﬁments were. generally T
S usedmthe modelmg study AR o R LR N SR TER e

Model sunulatlons were performed over various penods ranging from one week

" to three months (Sheng et al. 1991c, Sheng et al. 1991f), using the continuous data

" collected at-a few fixed stations and the synoptic data collected at many. stations but at-
weekly intervals. Since there are many processes and model constants for parameterizing .
- the processes, a sensitivity analysis was performed (Sheng et al. 1991b). on sediment: -
transport modeling. Results showed that the 3-D model could simulate the sediment -.-. .
transport -during the Spring 1989 survey quite well, provided proper bottom sediment: /.: . :-i::
conditions were specified for the entire lake. Examples of model simulations are shown .
in Figure 17 for the suspended sediment concentration at the Center Lake Station (Station =+

C), and in Figure 18 for near-bottom suspended sediment concentration over the entire-~ . @ - +

lake at an instant of time. The simulations appear to be reasonable. Sensitivity runs

revealed that tributary sediment loading contributes little to the suspended sediment:’
concentration in the central part of the lake. The horizontal advection and vertical -
turbulent mixing by wind-driven currents are primarily responsible for distributing the -

suspended sediments around the lake. Neglecting the advection by wind-driven currents
produced too much vertical mixing of suspended sediments in the water column. These

results also indicated the importance of getting accurate wind measurement for model

simulations. Details of the sediment transport model are given in Sheng and Chen
(1992).

4.7 Laboratory Experiments and Other Field Experiments on Sediment Dynamics

Other laboratory and field research was conducted to determine the physical .

processes related to sediment dynamics. Results of these studies are presented by Hwang
and Mehta (1989) and Mehta and Jiang (1990) in Volume IX.

The total amount of mud in the lake bottom was estimated to be 193 x 10° m?

with the thickness ranging from a few centimeters at the periphery to over 75 cm in the

deep center of the lake. The distribution of bottom sediments suggests that the northern
tributaries have supplied most of the mud and sand. Based on density profiles obtained
in the field, the presence of a fluid mud layer (0-10 cm) in the upper part of the core was
established. This is consistent with the numerical modeling study of Sheng et al. (1992)
which indicates the existence of a fluid mud layer (0-20 cm) at the bottom of the water

column.
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Wind stress (top panel); measured suspended sediment concentration at three
depths (middle panel), and simulated suspended sediment concentration at three
depths (bottom panel) at Station C (Center Lake Station) in Lake Okeechobee

during a one-week period.
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Additional field experiments confirmed that the top 10-20 cm of the mud
sediments are kept in fluidized state due to wave action that may be too weak to cause
resuspension. The thickness of the fluidized mud layer varies with the wave condition
and water depth. The thickness of the mud layer is comparable to that in Lake Apopka
(Sheng: ongoing study of Lake Apopka). Particles from the mud zone generally range

- from 1 to 30 microns in diameter. The particle size distribution varies s1gmﬁcant1y w1th :

o locatlon and tnne, dependmg on sedlment type and water turbulence )

Settlmg velocrty appears to be mdependent of the suspended sedlment RTE TR Y,
.. concentration. at low concentration (about 100 mg/L), but increases: with;: mgherf-
*.* concentrations-up to about 2 g/L, apparently due to the influence of flocculation. - Above A P T

R g/L, the high concentration-of suspended sediments hinders the settling velocity. "The i

" :3-D sediment transport model of -Sheng et -al. (1991a) uses an empirical method-of .~
' parameterizing the effect of flocculation on settling. - ‘The flocculation, process:in-the -
water column is complex, but very important in determining the. surface area.of.. .. ..

- .- suspended sediment-particles available for desorption/adsorption of phosphorus:- Thus; et

it should be studled with a combmatlon of numencal rnodehng and laboratory and ﬁeld::-:.v.f: PSR

expenm ents
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5 1 Phosphate Sorptmn by Sedrments

5.0 Biogeochemical Processes in Sediment and Water Column

The specific objectives of the studies on biogeochemical processes (Volumes IIT
and IV) were to: (i) determine the P retention/release capacity of bottom sediments, (ii) -

establish the role of redox potential and pH on phosphate solubility, (iii) detérmine the..

- rate of organic P mineralization on P release, (iv) evaluate the rates of P exchange - . ;.-
between: the sediment and the -overlying water column, and (v) estabhsh the role of. L
sedlment resuspens1on on P release into the water column, Sa e e

Se The capacny of bottom sedlments 1o retam or release P to the overlymg water:» e
R column is.controlled by:the sediments’ phys1co-chemlcal propertles In:thisstudy, the . -
.~ ability:.of sediments:. to regulate-dissolved. inorganic P.in the overlying.water was:.-=.: t. i

evaluated by a series of batch incubation experiments to determine P adsorption

- coefficients .and ethbnum P.concentrations (EPC) under a range of condmons hkely
. .to.be found in the lake: (see Reddy and: Ohla 1991 for details). e D

The EPC is the concentranon at wh1ch P sorptlon by sedlments is equal to-l"'“
desorption. The EPC values determined from sorption isotherms are used to'determine -
the direction of P release between sediment and the overlying water column. ' The EPC *
values of surface (0-5 cm) mud sediments were in the range of 1-56 ug P/L. Ranges of
EPC for other sediments were: peat (1-70 ug P/L), sand (1-59 ug P/L), and littoral (1-
669 ug P/L). The soluble P concentration of the open lake water is generally <50 ug/L.,
and when e EPC of scdiment is greaier han dic SRE of ihe waler coiuiiii, e
sediments may function as source of P. A wide range in EPC values suggests that the
capacity of sediments to retain P is spatially highly variable.

The phosphate retention capacity of the sediments was in the order of mud >
littoral > peat > sand. The P adsorption coefficient or buffer capacity (ratio of P
sorbed on solid phase to the P in solution) for surface sediments was in the order of
littoral > mud > peat > sand. High adsorption coefficients indicate strong P retention
by sediments and low solution P concentration. _

In mud sediments, significant correlations were observed between the P adsorption
maximum of sediments and related sediment properties such as oxalate and citrate
dithionate bicarbonate (CDB) extractable Fe and Al, and exchangeable Ca and Mg. For
peat and sand sediments, these relationships were not significant. However, in sediments
at major inflows to the lake and littoral zone, the CDB and oxalate extractable Fe and
Al also showed positive relationships with P adsorption maximum. The significant
positive relationships suggests that Fe and Al were controlling the P sorption in mud
sediments. The ratio of CDB to oxalate extractable Fe was about 1:1 suggesting that
most of the Fe is in amorphous form. These relationships suggest that under anaerobic
conditions, presence of ferrous hydroxide (Fe(OH),) results in more sorption sites, and
may regulate P retention. Other possibilities include the formation of vivianite
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(Fe;(PO,), - 8H,0) in the sediment. A significant relationship between exchangeable Ca .
and P sorption capacity also suggests that calcium compounds (such as CaCO,) are
actively involved in P retention in these sediments.

On an areal basxs surface sediments (0-5 cm) of the mud zone have a maximum

" «-be significantly altered by water column depth, biogeochemical activity in, the water - e
column and d1ffus1on of P from the water column to the sedlment surface ERRTEI S

|
|
|
|
|
* P retention capacity of about 105 kg P/ha. The P retention capacity of the sediments can--. - .-
|
l
|

o assxmﬂate large quantities of P under long-term loading conditions. Sediment porewater"

- =P décreased dramatically with time in Ploaded sediments under experimental-conditions
i At ¢oncentrations ‘of 10:mg P/L of sediment, -the'porewater P decreased’ to below 0.1 m;
v P/Lin the mid, - littoral;- and-sand sediments . after only -six months. .;:Even: At

.x. in-the mud, littoral and:sand sediments. The rdte of P-assimilation in peat-sediments was: '
. much’slower, with poréwater-concentrations of 1.5 and 29 mg P/L after one: year in thei' :

Batch mcubatlon expenments have shown that Lake Okeechobee sedlments can S ;

concentrations.of 100.mg P/L sediment, the dissolved P decreased to around 1 mg P/L.

10 and 100 mg P/L sedlment treatments respectlvely Lona ot TR |

The P concentratlon in’ the sed1ment porewater is regulated by sorptmn,':--'“

desorpuon, or dissolution reactions. -The removal or sorption of P from solution by the '

-'solid phase of the sediments is largely regulated by the presence of amorphous oxides of < - e

- 5.2 - Effect of Redox Potential and pH of the Sediments on Phosphorus Solubility -

iron and aluminum.. The mud zZone sediments contain high levels of amorphous: Fe and
Al that play a significant role in P retention. In addition, sorption and precipitation of
inorganic P by CaCO, can be very significant in sediments. In Lake Okeechobee, the ..
mud sediments are highly reactive and have a large capacity to retain P. Because of their
reactive nature, these sediments can potentially function as a sink for water column P.

In shallow lakes, surface layers of the bottom sediments can remain oxidized
(acrobic) as a result of oxygen diffusion through the water column and mixing during
sediment resuspension. The thickness of this oxidized layer is dependent on the oxygen
consumption rate in the sediment. The oxidized (aerobic) and reduced (anaerobic)
conditions of the sediments can be characterized by redox potential (Eh). Sediment Eh
values of >300 mV represent aerobic conditions, while the values in the range of 300
to -250 mV represent anaerobic conditions. In Lake Okeechobee, sediment Eh is
typically high at the sediment-water interface and decreases with depth (Moore and

Reddy 1991).

Water-soluble P levels in mud zone sediment were about an order of magnitude
lower under oxidized conditions than under reduced conditions (Figure 19). Decreases
in water-soluble P concentrations under oxidized conditions were coupled with decreases
in dissolved Fe, indicating that precipitation of ferric phosphate or phosphate adsorption
by Fe oxides was the removal mechanism. Mineral equilibria calculations indicated that

41




et SKP (g PL)

Figure 19.

2.0

IS B 2 G I O I

Phosphorus solubility as a function of pH and redox potential in the mud zone
sediment.
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C s, 3 Mmerahzatlon of Sedment Orgamc Phosphorus

(et s and marine’ waters, littleis: known' ‘of the nature and behavior of these compounds. -

B-Ca,(PO,), or whitlockite governs water-soluble P under reduced conditions. This
hypothesis was substantiated by P fractionation data that showed Fe-bound P increased
under oxidized conditions at the expense of Ca-bound P. Based on these results, iron
controls the behavior of P in Okeechobee sediments under oxidizing conditions, whereas

" " calcium phosphate mineral precipitation governs P solublhty under reducing:conditions. - - -
These studies indicate that the surface sediments in the mud zone when exposed to. : - -

o oxygenated water column; condmons are highly reactive and adsorb P to Fe cornponents(,;, -

,,.;.Ofthe Sedlments o T b

Although orgamc P frequently compnses a major fractlon of the P in both fresh"-'

+"~Lake Okeechobee, organic'P comprises 15-75% of the total P in the sediments (Flglll‘C"*‘--x
- -14). While most of these naturally occurring organic P compounds are associated with- . . -
“"dead partlculate ‘biological° comporents, a significant fraction exists in the “dissolved" i

o ’phase (Messer and Brezonik 1978). Therefore, it seems that mineralization of-organic *,~ ..

P could contribute significantly -to the “overall' P flux from* ‘the Lake Okeechobee - E S
~ sediments. Consequently, this study attempted to identify 1mp01tant dxssolved orgamc,. RO
P compounds and determme their blologxcal avaﬂablhty S

" Using chemical extraction procedures, four ‘pools of organic P were identified:- -+ -

(i) labile organic P associated with'microbial biomass, (ii) moderately labile organic P,
(iii) moderately resistant -organic P (fulvic acid P), and (iv) highly resistant organic P
(humic acid P and residual organic P not extracted with HCl and NaOH). [For details,
see Reddy and Ivanoff 1991 (Vol. II).]

Aecrobic decomposition of organic matter resulted in more P accumulation in
microbial biomass than did anaerobic decomposition. During a 100-day decomposition
study, about 16 and 36% of organic P was released as inorganic P from mud and peat

‘sediments, respectively. Significant correlations of various P pools with total orgamc P
suggest that these pools are interrelated and are an integral part of orgamc matter-
decomposition in sediments. A large proportion of organic P is present in humic and
fulvic acid P fractions, suggesting their slow bioavailability. The amount of inorganic
P released during anmaerobic decomposition may be very small and is limited by the
supply of electron acceptors and the nature of organic matter present. Solubility and
release of low molecular weight organic P compounds was shown to increase with
decrease in Eh. Decomposition of organic matter may have several indirect effects on
P release. For example, accumulation of organic acids and chelation of metals may
solubilize insoluble Ca, Fe, and Al phosphates. Anaerobiosis increases humic and fulvic
acid fractions which may form a protective surface over colloidal Fe/Al-oxides and may

result in reduction in phosphate adsorption.

Among the various organic P pools, bicarbonate-extractable P, which represents
microbial biomass P, is the most dynamic and may be the most significant pool. In
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sediments, the biomass pool of P can also be comprised of benthic organisms other than
bacteria. Because of rapid turnover of the biomass, this pool of P may constitute a
significant portion of P flux from sediment to the water column. In Lake Okeechobee,
~ organic P mineralization can contribute significantly to the overall P flux from sediments,

especially in the mud and peat zones. : Organic P from sand zones may not s1gn1ﬁcant1y
- contribute to the overall inorganic P pool. -Organic P contribution to P flux. from httoxal

R sedlments 18 hlghly variable both spatlally and seasonally

i 5 4 Phosphorus Exchange Between Sed1ment and the Overlymg Water Column’

Phosphorus flux.from Lake Okeechobee sedunents is very sensmve to changes e

.the O, status-of the :overlying water,.with anaeroblc conditions. resulting' in: extremely:
- high: rates: of: P release. (Moore -et al.. 1991) Avemge P flux from: mud zone:sediments.-«
. -was 0.70 mg P/mzoday (0.14 to 1.89 mg P/m*eday), compared to peat (average =.0,91;. ..

%' range = 0.16 to 2.22), sand (average .= 0.29; range = 0.11°t0.0.52);.and littoral - - . .-
L ;_.»;(avemge =-1.09;.range =-0.64.t0 1.54) sedlment zones. - The P flux from the sediments. =+
« ocat maJor mﬂows to the lake also vaned Taylor Creek (average 3. 18 mg P/mZOday,'zr:-i-_ :

: to 3 35), Flsheatmg Creek (average = -0. 44 range = -O 22 to -0 86)

Phosphoms ﬂux from: intact sediment cores was several times higher when the'

“ overlymg water- was anaerobic rather than aerobic (Figure 20). Although there were -

. steep porewater SRP gradients in Okeechobee sediments (varving from 0.1 me P/T. at
ie Sediineny/ waer merface w over 1 mg P/L ax the iower deptis; Figure 21), ¥ flux
- was not regulated by such gradients. The lack of dependence of P flux on SRP gradients
found in this study is indicative of the role redox reactions (involving Fe) play with
. respect to P chemistry in the top few cm of the sediment. The most probable mechanism
of SRP control by Fe in this layer is the formation of an amorphous ferric phosphate -
_mineral phase.- The mechanism controlling SRP concentrations under anaerobic
conditions in Lake Okeechobee sediments appears to be Ca-P precipitation, although it
is possible that P precipitation by Fe(Il) also could be occurring. The experiments on
the redox chemistry of Lake Okeechobee sediments, as well as the P flux studies under.
anaerobic conditions, would indicate that the total P maxima observed near the sediment-
water interface in Okeechobee may be the result of diagenetic processes (P precipitation). .
Redox potential and water soluble P profiles obtained from intact cores and porewater
equilibrators indicate that surface sediments are oxidized and low in soluble P, whereas
subsurface sediments are reduced and higher in water soluble P. Therefore, this study
concludes that short-term flux is mediated by Fe, whereas on a longer time scale (i.e. -
weeks), Ca phosphate burial is the dominant P removal mechanism (Figure 22).

The possible significance of co-precipitation of inorganic P by CaCO, is important
because James et al. (1995b) observed that alkalinity and Ca in the water column
declined over a recent 20-year period, while TP concentrations rose and net P
sedimentation rates decreased. They found a strong negative relationship between Ca and
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Figure 20. Phosphorﬁs flux under aerobic and anaerobic water column conditions.
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| Soluble Reactive P (mg/L)
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Figure 21.  Distribution of dissolved phosphorus in the sediment and water- column at
" selected stations in Lake Okeechobee.
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B surface sed1ments The effect of benthic organisms (bloturbauon) on solute dlffusmn
e coefficients (D,): was’ quantlfied using laboratory batch studies (Van Rees-et al.*19913)
AR -j},Esumates .of D "using “mud ‘and littoral Zone sediments with benthic population
(predommately ohgochaete spec1es) were 1.6 to 15 times: hlgher than those in sediments

.7 without' any berithic organisms. Mud sedxment cores of: varymg surface area-had similar
esnmates of D for: tritium; however; increasing surface area in littoral sediments-resulted

: “4n increasing estimates of D;; reflecting the heterogenelty ‘of benthic population‘densities

TP concentrations and a strong positive relationship between Ca concentration and net
P sedimentation rate. This suggests that the decline in Ca concentrations may have

- directly affected the net P sedimentation rate, and thus maintained TP concentrations at
~a higher level. The cause of the declining trend in Ca concentrations is currently
| ‘.’n,known« _ T

Phosphon.s ﬂLx from sediments also can be u.ﬂuen.,ed by b:cturba..{on in *“e SR

and activity. In-situ estimates of D,, however, are still needed in order: to validate the - - -

- . 'laboratory estimates. . These results’ suggest that the diffusive P flux measured: “using v
" intact sediment columns under laboratory conditions may underestimate ‘overall P flux -
‘by‘as much as 15 t1mes Future research should focus on:the role of benthlc actmty on. e

- Prelease. LA . e -

Laboratory .studles usmg radioactive P ':‘G’P) sho\;ved that‘ the uoiahe of *p. by

- sediments from the major inflows and areas representative of major sediment types was = * -
- very rapid in the first two days for all cores after 14 days (Van Rees et al., 1991b). - -

k Untake was still occurring ofter 14 daws in cedﬂmm%f‘ from Ficheatine Crash ""vﬂ 17

(peat) whereas the other sediments had approached some “steady state” condition. These
results suggest the potential for aerobic sediments to act as a sink, but do not elucidate
the role of the sediments as a potential source of P to the overlying lake water.

Radioactive P applied to mud sediments showed that after 56 days the majonty
of the **P was Ca-bound, further supporting the importance of Ca in mud sediments in
controlling P solubility over a long period of time. However, on a short-term basis,
larger recovery of *P in NaOH extractions suggests the importance of Fe in regulating

.P retention. Results also show that up to 76% of the inorganic P present in the sorbed

phase is rapidly exchanged with P in the liquid phase.

There are important management implications in the fact that internal P loads (i.e.
sediment P flux) are roughly equivalent to external P loads (~ 1 mg P/m?eday). These
internal loads could increase dramatically if the surface oxidized zone in the sediments
becomes reduced (anoxic). This could occur if external loading of organic matter
increased dramatlcally Flux studies also showed high P release from submerged
aquatics occurred in the dark. Therefore, if the littoral zone were flooded quickly to a -
depth which resulted in plant mortality, large amounts of P release could occur.
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5.5 Effect of Sediment Resuspension on Phosphorus Release

Dissolved P in the interstitial water of bottom sediments can be diffused/advected
~ into the water column by molecular diffusion and bioturbation. On the other hand,
particulate P can enter the water column by bottom sediment resuspension and
‘bioturbation. The aerobic conditions that exist in the water column can have a sxgruﬁcant -

: ‘:;ieffect on soluble P release dunng sedlment resuspensmn 8 S SR

Potentxal soluble P release rates under ’ ‘roblc condltlons were hrgher for sand and- s

o l}’f‘_peat sediments ‘than for mud and littoral-sediments. ' Although the"sand -aid. peat i
v sedifents ‘may - show thh ‘fates of P’ release-,-_--thexr total P release. capamty 18: generally e

+* Jow due 10 their inability* to- resuspend -into ‘the-overlying - water column. . ‘Laboratory
_Hfstudxes showed the' ‘resuspetision -of the to 5:10cm: of ‘bottor“sediments: froii: the . mu
“ O Z6ie initd the overlying 30°cm of the’ water columi’ resulted in‘an’ appreciable‘increase

* -in soluble P. - This: release: was' essentially -due to. high total:suspended ' solids (TSS) "

-+ concentrations in the water ¢column. ‘Recently;’this- phenomenon has also been:observed. -

+ 4 the'field at station £002::. The P releasedue to- resuspension ‘was’ ‘about ‘90 times.the

" diffusive flux of Pi However these high TSS concentrations are not usually fourid'in the/ ..

lake. ‘At low TSS:concentrations (<2 g/L) and low dissolved oxygen (DO). levels (<1-
- mg/L)in the water column, the resuspension flux was about 6-18 times the diffusive flux ..

measured for the same sedimients. Under oxygenated water column conditions and atIow: = -/ ..
'TSS concentrations’ (<2 g/L) the suspended sediment particles decreéased soluble. P” S

~ . concéntration in the water column as a result of adsorption and precrpltatron

The results presented in this study raise questions as to the significance of wind-" - -

induced sediment resuspension in soluble P release into the water column. ~Results:
suggest that P release during sediment resuspension is short-term and occurs under low
DO water column conditions. In Lake Okeechobee, it is likely that low DO and high
" "TSS concentrations can occur in the water column during the night time, thus suggesting

- soluble P release. Lack of correlation between TSS and soluble P, based on the field
data, suggest that the P reactions are governed by complex abiotic and biotic processes, -
and the kinetics of these processes are based on much shorter time scales than those used -

in this study

Suspended solids and surface sediments show a high degree of variability with
respect to P release capacity. The net increase in soluble P concentration of the water
column was calculated for two conditions: (i) ambient water column conditions with TSS
concentrations in the range of 21 to 74 mg/L, and (ii) maximum TSS concentration of
200 mg/L which can potentially occur during storm events (Reddy and Olila 1993).
Water column depth was assumed to be 3 m and well mixed with no stratification. - -
Among the sites examined, the suspended solids obtained from station LOO2 had a greater
proportion of total P in desorbable form (up to 9% of total P). At this station, if all
desorbable P is released, the SRP of the water column will be increased by about 15
pe/L. The net increase at other stations was in the range of 1.5 to 3.5 ug P/L. The
SRP increase was estimated to be higher if the TSS concentration reaches 200 mg/L.

49




o .appear to.

The TSS concentration at LO02 and Taylor Creek inflow indicated an increase of 47 and
33 ug P/L, respectively. Even at high TSS concentration of 200 mg/L, the increase in
‘SRP levels at some stations was appreciably lower (5.8 to 7.6 ug/L) than at other
stations. -It should be noted that the SRP released represents maximum values and under
~ambient conditions- suspended solids seldom exceed 100 mg/L, thus the SRP release may .

. be s1gmﬁcant1y lower. The suspended solids and surface sediments showed high affinity = - .o
..+ .to P retention, thus they may actually remove P from the water. column. during .- -
- resuspension, events (for details see Reddy and Olila 1993). The kinetics .of P release'f‘

be.yery rapld and:occur.at very low P concentrations, often below: analytlcal -
detection, To further. understand the. mechanism of P retention ‘and rel"' ‘
. ,tracers such as *P. must be used to_fo]low the_‘kmetlcs under m-sxtu ‘conditions. -

complexmg of P w1th fernc and calc1unt ;
-compounds, and biotic processes. include.algal.and m1crob1a1 assimilation (Flgure 22)
.In order to estabhsh the role of suspended particles on P, release or retention, it is critical .

B that these suspended - sedlments are characterized for various P.forms and for associated . :‘-.-,I

-".p‘hysmo-chemxcal propertles The kmetlcs of short-term P release between suspendedj

B v,,»release or retentxon

. Resuspenslon of P occurs as a result of resuspensmn of sediments and the L
subseauent release of P from the sediments (Figure 23). Rased on field data of TSS and
F o e walei COMiMn ane nuinerical modeiing, Sbeng (1993) esumatea that the
resuspension of fine sediments i is 2 linear function of the excess bottom stress (which is
the difference between bottom stress and the critical stress below which no resuspension
takes place), with the proportionality constant being the erosion constant. - Using the -
correlation between SRP and TSS presented in the previous sub-section, Sheng (1993)
found that the resuspension flux of SRP is on the order of 92.7 mg/m?-day.  He also
used the "equilibrium partitioning" assumptxon and laboratory-determined adsorptlon
constant to determine the resuspension rate to be between 6.74 and 17.2 mg/m?- day.
In both estimations, Sheng assumed the bottom stress to be on the order of 1 dyne/cm X
and a critical stress of 0.3 dyne/cm2

5.6 Phosphorus Retention by Sediments Near Major Inflows to Lake Okeechobee

v Over 50% of the P inputs to Lake Okeechobee are contributed by five inflows:
the Kissimmee River, Taylor Creek/Nubbin Slough, Fisheating Creek, and pump stations
S-2 and S-3-in the Everglades Agricultural Area. The phosphorus retention capacity of
sediments obtained near these inflows was highly variable. Phosphorus retention
increased with P loading to the water column. The sediment cores near the Taylor
Creck/Nubbin Slough inflow had high P.retention capacity, with 80% of the P load
(loading rate = 5.4 mg/m?- day) assimilated (for details see Reddy and Fisher 1991).
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partlcles and the water. column needs further mvestlgatlon ‘Field data are needed for«djel .o
i  variations in. soluble P, DO, pH and total. suspended solids at ‘the sedlment-Water,
... interface to estabhsh and conﬁnn the s1gmﬁcance of resuspenston effects ‘on soluble P R




Sediment |

; :B‘eforcv‘ S .+ During o o Afccr
Sediment = Sediment : Sediment. - .
Resuspension -~ Resuspension x Resuspension .

Schematic showing the phosphorus exchange processes during sediment
resuspension events.

Figure 23. -
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I concentration would increase, probably higher than. the- estimated EPC,;. Duringthi

. may not significantly increase water column P above the EPC,.. In some cases, the dilute :
- inflow may actually decrease the dissolved P concentration of the water column::Under

In laboratory experiments, Fisheating Creek, Taylor Creek, and South Bay -
sediments functioned as net sources of P to the overlying water column at low P loading
(loading = <0.4 mg P/m?-day). Kissimmee River sediments functioned as a P source i
at loadings of <0.7 mg P/m?-day. The pred1cted equilibrium P concentrations (EPC,) - |
(EPC,, is defined as the concentration of P in the water column for which neither release. ++ . = . l
nor retention of P occurs by the sediment) in the water column were 38, 100, 104;and -« -~ -~ |
230 pg/L. for South Bay, Fisheating Creek, Taylor Creek, and Kissimmee River inflow - . .. & t
sediments, respectively. For' example if the water column P concentration is. thher than . :

..~ EPCg; the sediments ‘will'function: ‘as nét- -sink: * These results also suggest thatif: th
- 'external loads of P are. reduced the sedlments w1ll functlon asa source of P, i

U Phosphorus release from the sedlments can be seasonally vanable Durmg SRS S
= periods” of - high~ P+lodding- froni Taylor “Créek/Nubbin Slough, the. water:column P

period, sediments.probably function as a net sink for P. However, durmg the periods ... .-
of heavy tainfall, the dissolved P concentrdtion of the lake inflows is diluted, and:this.- -

- these condmons sedunents may, functlon as a source of P to the water column SR MRRE IV A SN
57 | Summary_ of Bmgeochem;cal Processes |

- These results show that biogeochemical processes related to P cycling in Lake .. = -
Qkeechobee are dvnamic and varv with both time and location. Sediments can function
4s SMIK Or Source of P o e wailer coiumn, depending on the pnysical, chemical and
biological conditions in the lake. Of the major four sediment groups identified in the
lake, mud and littoral sediments are probably more important than sand and peat
sediments with regard to P exchange with the overlymg water column.

Although these results help to understand the blogeochemlcal processes in the
‘bottom sediments and their relative importance to the overlying water quality, many of
the process rates were measured under laboratory conditions. The absolute rates may be -
different under field conditions where they are influenced by various environmental
factors. Many of the important processes occurring in the lake may be better understood
by their evaluation at the sediment-water mterface (possibly in situ) at a much-reduced

time scale.
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6.0 Biogeochemieal Processes in the Littoral Zone of the Lake

The effects of macrophytes on nutrient cycling in lakes are not understood as well
- as nutrient cycling through pelagic organisms and profundal sediments (Granéli and
"+ Solander 1988). Interactions among aquatic plants, sediment, and water may result in

- “"‘the impact they m1ght have on nutrient cyc]mg in ‘the littoral zone and pelagic: waters. ;.

++In the nearshoré"dreas with macrophytes, two broad plant commurities can be identified
‘-3 littoral Tegion” mostly consisting-of submeérged aquatic vegetation (SAV)-and:a mars
“zone dominated by emergent vegetation. The SAV' community was examined closely: for:
- ts: potentlal t07¢ ntribute P tothe’ ‘pelagic - waters of Lake Okeechobee, <A’ commo
- scenario- is- that“of ‘lake’ drawdown, which exposes the SAV- commumty to des1ccat10n
f""decomposmonf- 'd subsequent release ‘of P: durmg re-ﬂoodmg ot

The httoral region has a dlstmct vegetatxon dlstnbutlon along most of the weste:

S shore]me ‘Bulrush (Scirpus calzfomzcus) is the ‘emergént species which is.exposed to-the
“- high energy waves of the open water. “There are’occasional patches of Illinois pondweed

" maidencane (Panicum hemitomon). The open water areas contain dense stands of SAV;,
- -predominated by eelgrass (Vallisneria americana); hydrilla (Hydrilla verticillata) and
pondweed  are “sub-dominants. - Inland from the open water are dense stands of
impenetrable cattail or, in the southwest, coastal plain willow (Salix caroliniana). The -
P distances between the emerging bulrush and the beginning of the cattail and willow zones:
| ’ range from 120 to 340 m. This part of the littoral zone is termed the "fringing" littoral
zone in this report. Two portions of this fringing littoral zone were studied: a

along Observation Shoal. For detalls, see Volume VI of the final report (Dierberg -
1991).

Beginning with the cattail zone and proceeding (westerly) inward to the shore are’
' large areas of marsh consisting of cattail, torpedo grass (Panicum repens), water lily . -

J (Nymphaea odorata), spike rush (Eleocharis cellulosa), and beak rush (Rhynchospora

: tracyi). The marsh is not included as part of the littoral zone in this report. It is treated

as being hydrologically and materially isolated from the adjoining littoral zone. :

There are other littoral areas in the lake besides the "fringing" littoral zone. These
larger areas, which are in the vicinity of Fisheating Bay, Ritta Island, Kreamer Island,
Torry Island, and King’s Bar, also have dense stands of SAV.

Emergent macrophytes were not studied because: (i) they do not comprise the
dominant plant community in the littoral areas adjacent to the open water; (ii) they have
low nutrient content and have supporting tissue which is resistant to microbial attack,
while submerged plants do not contain much cellulose and are more easily mineralized
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- an increase or a“decrease of the P concentration-in lake water. - Because: aquatic
- macrophytes occupy about a quarter of the lake’s surface, it is important-to.understand - - <. . -

o (Patamogeton zllmoen.szs) lakeward fromi the bilrush. ‘Inland (westerly) from.the bulrush: ;..o
zone there is a narrow open water area ‘with patches of cattail (Typha augustifolia) and. - - = = -

northwestern section from Buckhead Ridge to Indian Prairie Canal, and a western section .




upon death (Twilley et al. 1986); (iii) they do not "turn over” as rapidly as the SAV and

can withstand drawdown effects more than SAV; and (iv) from 25 to 50% of the above

ground peak standing stock of P in perennial emergent macrophytes is returned to the

thizomes in late summer (Prentki et al. 1978; Davis and van der Valk 1983; Gopal and

Sharma 1984; Morris and Lojtha 1986) In lieu of emergents, the SAV community was - .

,exammed closely for _its potential to contribute P to the pelagic waters of Lake o
.. Okeechobee through decomposmon and seasonal P uptake and release. Bloassavs also - i

o were conducted to ‘test_the avaﬂablhty of, released P for algal growth KRt

B Intenswe water samphng _was conducted to determme spatlal gradlents and;;-»':

temporal variations along the littoral.zos undary ‘Water quality samples-were'taken
-along.24 tmnsects in the two. sectlons of littoral zone identified above durmg Septembe
~ 29-October 29, 1988 and May 20-June 25, 1989. These transects, each with three..
s .samphng sites,. ran perpendlcular to the edge of the httoral zone, with two statlons m the‘-"%
i '-httoral zone and one.in the_ open water. . el SERSN

L _Slgmﬁcant aqueous P concentratlon gmdlents emsted between the open water and
o the tWo. httoral zone stations, The magnitude and dlrectlon of these gmdlents changed : L
, w1th the area_observed and the period of samphng I-Ilgher concentrations of SRP‘and: © "'/ " #ih. .

- TP were found at the httoral zone stations than at the open water stations, except for the -

" northwest littoral zone during 1989, when the reverse was true. leferences inP
concentrations between the two littoral zone stations were insignificant, indicating that
sempling movs s ons Hilcial 2oue sil aibig tic DENSEEs Was feaunGant. Also, mgn--
frequency samphng showed that these gradients changed daily, mdleatmg that p
concentrations in the fringing littoral zone depend on short-term changes in wind and

- seiche conditions. However, because steep P concentration gradients between the open:
water and littoral zone existed even on windy days, hydraulic exchange between the two
zones is probably minor except during episodic events. Most occurrences of higher total
P concentrations in the littoral zone were probably due to resuspended particulate matter,
which settled. back to the bottom when wind velocities diminished and was-not -

}transported out of the httoral zone.
6.2 Phosphorus Storage/Release by Submersed Aquatic Vegetation

Eelgrass dominated the SAV commumty in the fnngmg littoral zoe, comprising
81% of the total biomass (see Volume VI). It was less dominant in the SAV of
Fisheating Bay. Hydrilla, pondweed, and Nitella also made up significant portions of the
SAV community. Hydrilla exhibited the greatest change in tissue P concentrations (5-
fold range over the annual cycle) and had the highest seasonal uptake rates (667 mg P/m?
between January 21 and May 6, 1989). It was also the species that was most sensmve

to changes i in lake stage.

54




In laboratory- tests, submersed aquatic vegetation in the littoral zone of Lake
.Okeechobee decomposed and released soluble P at rapid rates when the plant material
was dried and then reflooded with lakewater. A simple exponential decay model

-~ accurately’ descnbed the decomposmon and P loss with about 50% lmtlal P released in

, 7t028days

PR From 23-50% of the- nssue P in dned eelgrass hydrilla, and pondweed WAS

e released within five hours of refloodmg ‘The released P was b1olog1cally available for. -
‘the. growth ‘of ‘an algal assay orgamsm (Selenastrum capncomutum), ‘indicating :that -
potential exists for'algal growth* stimiilation. * Yield coefficients, defined as the mass:of -
X algae (dry Wt)i roduced per mass of P taken up, averaged 599 R

model;’ Contact of the decomposmg SAV wi ediment; such as what occurs under field::

-+ conditions, resulted in one-third to one-half less P release than in the absence of sediment... ... .
+due to: P immobilization by the sedinient.” ‘In’addition to attenuation by-sediment; P

released by decomposing SAV would be further subject to recycling by the: periphyton:

- community within the littoral zone and to co-precipitation with calcite or precipitation as. -/ 1.

ST apatite”on the Surfaces of the-SAV.  The exchange’ of water between the. littoral'and. .. ‘. o °

L pelagic zones, is. probably low" (except for episodic events), which would.favor P. - . - .-
" recycling within the littoral zone whﬂe makmg the txansport of mgmﬁcant quantmes of .-

Pto the open water unhkely s = o e 1

6.3 Phosphorus Export from the Littoral Zone to the Open Water

The probable low hydrologlc exchange processes notwithstanding, the potential
contribution of P from the littoral zone to the pelagic zone was calculated based on field-
and lab-desiccated release experiments, in situ decomposition studies, and changes in
SAYV standing crops. Given a completely-mixed pelagic zone, a lake stage of 12.2 ft -
NGVD, and SAV coverage of 7,228 hectares, release and transport of P from SAYV in

" the littoral zone could increase the pelagic TP concentration by a maximum of 11 ug
P/L. This assumes no immobilization or recycling of the P within the littoral zone and
‘complete transport from the littoral zone to the pelagic zone. ~When  sediment -
immobilization is taken into account, then as little as a 1 ug P/L increase in pelagic TP -
concentration could be expected. Thus, the contribution of P to the limnetic zone from
SAV senescence and decay would be negligible (Dierberg 1991). Numeric modeling of
the circulation and transport of P in the vicinity littoral zone/open water boundary (Sheng
et al. 1992) also showed that there was negligible transport of P from littoral zone to the
open water, at least during low stage. As explained in Section 8.2, there is greater -
opportunity for littoral zone transport at hlgher lake stages, although no data exist to
show that this actually occurs. _

In conclusion, there is not enough SAV biomass within the littoral zone to
contribute significant quantities of P to the pelagic zone either from senescence and decay
or from massive herbicide application, freezing, or lake drawdown followed by
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*' the mechanism for this relationship is still unresolved and may bé d due to’ offshore
.mﬂuences as well as httoral zone processes (see Sectlons 8 2 and 9 2) R N

reflooding, even under the most liberal assumptmns (Dierberg 1992). - Therefore, the
mobilization and transport of P from this source is an unlikely cause of the lake-wxde rise
in TP concentrations. However, this apparently insignificant contribution to the lake-
wide phosphorus pool does not preclude the importance of localized effects. It is known

~ that chlorophyll a concentrations are typically higher in areas closer to shore than at mid-

lake sites. These nearshore chlorophyll concentrations are correlated with: lake stage but
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‘7.1 Water-Column Phosphorus

7.0 Modeling of Phosphorus Dynamics

As shown in the schematic representation of Lake Okeechobee’s P cycle

(Figure 2), most of the P processes. (mixing, resuspension, deposition, settling, and - = - .
diffusion) are.-affected by the hydrodynamic and sediment dynamics. - Even ‘the.i . - -
transformation process is affected by the hydrodynamics and sediment dynamics to some: -~ -
. extent.. . Thus, field data were.collected .to quantify. the effects of hydrodynamics and -
e sedunent dynanucs on P: dyna:mcs These data also facilitated the development and-.:
- calibration" of -a.-P- model. for Lake Okeechobee. The following sectlons present az:"’f' iR
summary of (i) the water. column P, and: (11) the P modehng A s

both PP and TP correlated very well with the TSS concentration. High concentxations
of TP and PP are generally found in areas with high TSS, where the muddy bottom is
very thick. The correlation between SRP and TSS is weaker because of the dynamics
of P exchange between particulate matter and water. Although TP and PP increases
during a resuspension event, SRP may not increase immediately because the redox
potential and ion concentration may not favor the release of P from sediments/ aggregates
into the water (see section 5.5 for more detailed explanatmn)

It is apparent that diurnal and weekly vanatl_ons in P concentrations are primarily

‘due to wind variations. The influences of the rivers and canals are not apparent.

However, one should not conclude that rivers/canals do not contribute to the increased

. P concentration in the lake. Nor should one conclude that the lake "pollutes itself"

regardless of how much P enters into the lake. As mentioned before, the transport of
P from rivers/canals is a very slow process, involving sequences of transport-deposition- - -
transfonnauon-resuspensmn-transport events that may last for several weeks before the

unit of P is deposited in the center of the lake.
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Cre Durmg each of the 1988 and 1989 synoptlc surveys conducted water samples:f;r-,:_;;.-,‘ TIRTRECLE
collected from 2. depths.at 25 stations in the lake were analyzed for SRP; total P,-and- .. .. ..
- total suspended solids .(TSS) (Sheng et al. 1989; Sheng 1993; Sheng ét.al. 1991b); i
= Significant correlation between TP and TSS,-with r=0.77;.is shown in Figure 24. Afi " -
- equallysignificant, correlation was found ‘between PP (particulate P) and TSS; while:": '~
- . ’weaker correlation (with r=0.40) existed between SRP and TSS. In addition; both TP~ > i .=
.+ and TSS responded to wind speed (Figure 25), suggesting that P concentration'in Lake: . .= . .
- Okeechobee is significantly influenced by ‘the hydrodynamics and sediment’ dynamics - -
- which are forced by the wind. - Since more than 90% of the total P is in particulate form,
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Figure 24.  Correlation between TP and TSS measured in the 1989 synoptic survey of
Lake Okeechobee.
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Figure 25.  Wind speed, TP, and TSS measured at a mid-lake site (Station 19-B) during
the 1988 synoptic survey (from Sheng et al, 1991e).
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7.2  Phosphorus Modeling
7.2.1 Three-Dimensional Model
A three-dimensional model of P transport has been developed by Dickinson et al.

--(1992) by incorporating the P transformation into the sediment transport model developed - -
by Sheng et al. (1991a). The model, LOP3D, uses the same grid structure:and finite-

- difference formulation as the hydrodynamic and sediment transport models. : The model - :

. includes the following: water column P components: SRP, dissolved organic.P:(DOP),
green algae (GRN), blue-green algae (BLU), zooplankton (ZOO), particulate inorganic =

P (PIP), and partxculate organic P (ORG). Water column P has time scales-comparable SR

hydrodynanucs and sediment dynamics on P dynamlcs In addition, P'dynamics: of the o

o slow process of dlffusmn and mlxmg m the sedlment

to. the . hydrodynamic..and.. sediment..scales, . due .to the significant . influence “of. ..

bottom sediments ‘are modeled. -The dlagenesw in the sediments, however; has-muck . -
- . longer time scales compared to time scales in the water column P, due to the relatlvely_ et

<. . The 3—D model of P transport was riin for three consecutlve months to s1mu1ate IR S
S the Spnng 1989 scenario. Results from:the 3-D wind-drivén circulation. model and the' - = .- -

sediment transport model were-used to drive the P model. - Numerous model constants
were determined by using best available information and the experimental data from the. -
studies conducted by Reddy and associates (Section 5). ‘Resuits of the three-month -
simulation of P transport in Lake Okeechobee are summarized in Sheng et al. (1991c).

Despite the complexitv. the modal has heen fonnd tn give nesful results with relatively

irctie computer time. Tne model has been used to evaluate the impact of reduced

tributary loading on the P distribution in the lake. Unfortunately, due to the short

duration of model simulation, no significant difference in water column P was detected -
in the majority of the lake, except in the vicinity of the Kissimmee River. With some
additional effort to streamline the computer code, it is feasible to use the model for long-
term (e.g., 1-3 years) simulations. As mentioned before, running the P model with the
same time step and spatial grid as the hydrodynamic and sediment model eliminates the
need for ad hoc assumptions, which are often needed in box models. Thus, the 3-D -
- model is well-smted for investigating the detailed P dynamics in various zones of the.

lake.
7.2.2 Box Model

In addition to the 3-D model, Dickinson et al. (1992) also developed a box model
(LOPOD) to describe P dynamics in the lake. The model contains five large boxes:
north lake, mud zone, sand zone, South Bay, and littoral (macrophyte) zone. This model
is very efficient and has been used for a nine year simulation. However, because of the
crudeness in spatial and temporal resolution, this model is not suitable for quantitative
and detailed simulations. Thus, results of this box model should be interpreted with
caution and used as a qualitative guide for planning the more detailed 3-D simulations.




Nevertheless, based on a nine-year simulation using the box model, Dickinson et al.’
(1992) obtained the following results:

Particulate inorganic P (PIP) erosron -220 mg/m?*-yr (from sediment to water)
-SRP diffusion- +i *'-59 mg/m?-yr (from sediment to water)
' Algal settling - © . esi 7 206'mg/m?-yr (from water to sediment)-
PIP deposition o it o 490°mg/m? - yr (from water to ‘sediment).

Net TP exchange - st 418 mg/m yr (from water to sedrment) IR

RN Thus ‘over the long-term the sedunent acts as-a. smk not a-source"-of P.to:the’.. -
SN water column in the lake. “The box: modél (LOPOD) tesults-'gave diagenetic fluxes inithe .
‘same-Tange-as those: reported by Moore! et-al (1991) <Internal-loading:processes are’ -
‘dominant on & ‘daily ‘or: weekly time 'scale; whereas éxternal loadings ‘are dominant-wheéi: "
" the’ time' scale'is thonths to’ years. Erosion/deposition is'the°dominant factor for ‘shott: 5.
- term’response, ‘while wmd m1x1ng 1s cntlcal to understandmg the short and long-term P"‘-', S R

A dynam1cs of the lake ST e B0 L ’

P The water column P data (sectlon 7. 1) also showed that there is 51gn1ﬁcant spatxal [N
© .- variatiof in the P’ ‘concentrations:- The spatial scale of variation is rather fine compared: " . '
" tothe size of "boxes" used-in a typtcal "box model" for describing the water ‘quality-and. i
3 ecology of Lake ‘Okeechobee. If a"box model is used to model the P dynariics:of Lake =~ .. ¢ vt
" Okeechobee, it Would require-measured P concentrations averaged over the large:"boxes" =~ "1 <
in the lake. In order to obtain meaningful "averaged" P concentrations for model
calibration, an exceedingly large number of samples may be required. Thus,although
a box model may be easier to develop and much faster to run, it actually requires more
data to calibrate than does a three-dimensional model. A three-dimensional model can
actually use all the data collected at discrete stations without having to perform spatial
averagmg, SO long as the gnd size is not too large '
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8.0 Summary of Modeling Results

In this section, the major findings are summarized in terms of the following -
- questions: (i) What is the annual loading of P from bottom sediments to water column?- . -
(ii) Is there a significant P flux between the vegetation zone and the open water?- (iii)- = .- .. -
.How does lake :stage affect P dynarmcs" and (iv) What is the mﬂuence of reducednss? DORCERRA
vmbut&rv P lead_nm on the P d.!.sfﬁb"hnn in.the lake? i

8 1 Annual Loadmg of Phosphorus from Bottom Sedjments to Water Column

e Although the benthlc P ﬂux has bwn estlmated in Sectlon 5 prov1d1ng an
~{.,accurate determination of the.total annual Joading of P from the bottom sediments:to. the -
water. column-is‘more-challenging: and requires: a. .comprehensive understanding-of-the:
~;phosphorus-dynamics and-the- factors: that: influence it (e.g.; redox potential; hydroxide:
+. - concentration; pH, microbial biomass, chlorophyll-a-concentration, etc.)., This study -has.-- -.-.. ..~ -
, used state-of-the-art techniques to attempt to understand and quantify these factors‘and .-« .l
. processes as completely as possible. It has shown that total and particulate: phosphorus- .- ', -
“ivi fr-concentrations. do- respond:to the hydrodynamics and-sediment dynaxmcs “but has yetto: - i oy
. . :establish- a -cause-effect relationship : that.-would - allow a precise. -estimate .of ‘internal - ;.. ..
+. . loading. . Exact estimates would require- ‘moredetailed study involving monitoring at - . . ... .
L extremely high frequency and resolution; In fact, a complete explanation of some . - ..
-processes . would -'demand- field - instrumentation - that does ' not currently exist.
. Nevertheless, based on the best data obtained from: the field and laboratory experiments:

dascrihed ahaove the f@ﬂn‘z ing discneainn pregente an annravimate ectimate of internal

- P-loading that shouid be useful for management application.

: As an example, .a modest wmd event,-mxgh_t.conmst of a 3-hour. resuspension
period during which an average bottom stress of 5 dyne/cm? (requiring a wind speed of
10 m/s, i.e. 20 mph) is exerted on the muddy bottom area (approximately 20 km x 15 -
km). During this time, a total of 9.36 x 10'° g of fine sediments will be suspended into -
the water column. If these sediments are uniformly distributed throughout the water
column over the entire muddy bottom, the suspended sediment concentration will increase
by about 100 mg/L. This should lead in turn to an increase in TP concentrations by -
about 180 ug P/L, according to the correlation between TP and TSS. The total amount
of TP transferred from the bottom sediments to the water column would be about 1.2 x
10® g (or 120 metric tons). In comparison to nutrient budget data presented by James
et al. (1995a), this amount is 33% of the mean content of TP in the water column (367
metric tons) and 23% of the mean annual external TP input (518 metric tons).

Most of the resuspended particulate P will settle back to the bottom and will not
be available for phytoplankton uptake. The amount of time that the particulate P stays
in the water column depends largely on the size of the sediment particles. The coarse
sandy particles may stay in the water column for less than half an hour, while the fine
micron-size particles can stay in the water column for several days. Moreover, during
the resuspension event, the DO concentration may be sufficiently high to prevent the
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v to occur:e.-:'I‘lms‘,'-f:>-1"es'uspensidn»-:of' these t‘sedimems;«into the water column will not:lead to: -
- release of SRP-into the water column. - During:a major-event with wind speed exceeding

desorption of P from the sediment particles. With the increased suspended sediment -
concentration, oxygen consumption may cause the DO level to decrease and allow the
release of dissolved P. Part of the soluble P in the water column may diffuse back to
the bottom sediments. Thus, the amount of SRP released into the water column during -
..~ a typical wind event is expected to be only a small fraction (e.g.'1-10%) of the estimated .

- 7120 tons of TP. .Much of the TP settles back to the bottom:within a few hours after the . - . - -
- :eventy.and there may be.a small increase in SRP concentration:on the order of-a few ug.:: -

: ~P/L (Reddy and Olila 1993). This -scenario agrees with long-term water. quality ..

“igsT oo monitoring -datay which 'show- seasonal peaks 1n TP’ and SRP durmg the more wmdy". el s
- »‘.months (Fedenco etal 1981) o , 3 Ly ey

a i The s annual loadmg of P. from sed1ments to water:; column depends o)1 the
'magmtude ‘of the:diurnal-events. - During a-small event with: rather low wind:speed: of
+«]ess than:45:m/s"*(about-10-mph), resuspensmn of sediments-is limitedto thevery:top
- millimeter of the:sediment-column, i.e.; the aerobic layer where desorption-is-unlikely

..+ 15-20 m/s.(34-45 mph); sediments will be brought up from the deeper anaerobic layer;
.+ 'where desorption. is-favored. - Thus,.the amount of SRP brought into.the water:column:..
. during one year are determined by the:number-of major wind events. Assuming ‘there ..

are five such major-events in one year, the resuspension flux of SRP should be-about 5 .-

- to 60-metric tons.  The:mean SRP content in the water column is 100 metrictons (James- <~ . s

et al. 1995a, 1995b), so this flux represents 5 to 60 percent of the mean SRP content. ' -
The P loading from the sediments may vary significantly from year to year. Duringa .
calmer year, there may be very little resuspension flux. During a very energetic year,
TP and SRP concentrations may become s1gn1ﬁcant1y elevated and remain high for
months. _

8.2 Phosphorus Flux Between Vegetatlon Zone and Open Water, and the Effect'. .
of Lake Stage o

Mode] simulations (Sheng and Lee 1991a) for the one month period in 1989 when -
extensive field data were taken show that the net P flux between the littoral and pelagic
zones was about one metric ton, which is small compared to the 14 tons contributed from .
external sources during the same period. These results should be valid for most of 1989,
because there was usually little cross-boundary current between the vegetation zone and
the open water. Moreover, the horizontal turbulent mixing was usually small in the
vicinity of the vegetation (Sheng and Lee 1991b). Nevertheless, the lake stage was low
(below 13 ft NGVD) for most of 1989, and extrapolation of the results to other years
may not be without error.

~The P flux between vegetation and open water is expected to depend on the lake

- stage. At low lake stage (e.g., 1989), much of the marsh is dry and the littoral zone
may have less than 50 cm of water depth. During these periods, water generally
circulates only in the open water zone, and there is no significant P transport from the

63




littoral zone to the open water. When lake stage rises, emergent vegetation becomes
submerged and there is more circulation in the region of the fringing littoral zone.
Unfortunately, no field data. were collected at high lake stages, but it is expected that
circulation can intrude into the emergent vegetation at high lake levels to cause some -
resuspensxon and transport of P to the: open water nearby. S

The extent of c1rculat10n and the mazmtude of P transoort at higher stages is mn_z SR
open to conjecture. From their own.model simulations, Rlchardson and Hamouda (1994): .. .-
i, -~ contended that water movement- due:to_seiches-dampens out exponentially. with distance::
. .into the vegetation. =Therefore, they believe. that nutrient transport due to'seiches. is
.= . probably.negligible because such a narrow band of the littoral zone is affected. On the

. --- other hand, Phlips et al.- (1994a,.1994b) proposed that seasonal patterns in phytoplankton
chlorophyll a-concentrations: near:the littoral zone are at least partly based.on'a: seasonal;
shift.in.N and.P. distributions: between-the SAV, and- ‘phytoplankton communities:- -Th
;oo Went on, to. suggest that areas offshore from the littoral fringe exhibit high chlorophyll. .
<.+ levels in the fall and winter.because of internal loading. from senescing 'vegetation: Ini.:

-+ support of this.idea; .chlorophyll a concentrations near. the littoral zone were-observed:
. increase followmg a die-off of submerged-vegetation. .. This- die-off, which resulted-
_.regional anoxia; occurred in the.fall of 1991 (after .the field- work for the Phosphorus-,,, VISR
... - .Dynamics Study had concluded) following an increase in lake stage during the summer... =~ . - :
.. - They-postulated that the nutrients released from decomposing plants could have provided: <« -« = =~ .’

e -_the large nutrient pool needed for the consequent fall and winter bloom of phytoplankton pe

Alternumnvely° P from the limpetic zone mav be more ea.sulv circulated to the-
NEATSHONG arcds at DUBNEr Sages and Sainuiate bIioOm Jormauon. Miaceina (1993)
hypothesizes that high lake stages may allow more circulation of nutrient rich water from
the mud zone to areas closer to shore. At this time, it appears that the Phosphorus
Dynamics Study has shed much light on this difficult problem, but the work was not
-conducted over a long enough period to provide a definitive answer. Because algal
bloom frequencies are highest on the west side of the lake (see Section 9.1), which is the’
region farthest from the most nutrient-rich inflows, continued research is needed to
quantify the magnitude of httoral-pelaglc transport of P under different conditions and -
determine the reason for algal blooms in the nearshore regions. , :

Inthe pelagrc zone, normal variations in lake level do not appear to 51gmﬁcant1y
affect the magnitude of phosphorus resuspension from the flocculent mud sediment
(Sheng et al. 1991c). Wave-induced motion can reach the bottom at even the highest
lake stages. At lower stage, waves are damped and weakened, but they can reach the -
shallower bottom more effectively, so the amount of sediment resuspension remains
comparable to the higher lake stage case.

8.3 The Effect of Reduced Tributary Loadings on TP and SRP in the Lake

A nine-year simulation using the LOPOD box model indicates that reducing
tributary loads of SRP and TP by 40%, 50%, and 70% will cause corresponding
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reductions in lake SRP concentrations 0of 26%, 33%, and 46 % and reductions in lake TP
concentrations by 19%, 23%, and 33%. The model also shows that the internal loadings
of SRP via diffusion and resuspension are insensitive to changes in the external loadings.
Using, this model, the predicted lake response is not as great as that expected from the
Vollenweider model discussed in the introduction of this report. When tributary P loads

are reduced by 70%, the LOPOD model predicts that lake TP will decline to 62.9 ug/L..
;.. However,. this. prediction ‘is.unlikely to be precise, and -the important :point is  that.

e »r,Slgmﬁcant m—lake ‘TP reductions can be expected with large reductions in tributary loads.

e, A TERUTTE A0, lower lake TP concentratlons -of .around 50:ug P/L is possible;:but the: lake::w._;
.- may take up:to ten:years:to.respond:to:the: reduced external loadings. In other words, .-
.- - after the target loading rate is achieved, theré may be a delay of several years before the: -
..~ . mean; lake TP concentration,begins - to :drop.significantly: below its current level of:
napproxunately 90.ug: P/L.. These: predlctlons are -similar; to. those_given by.: Blerman and
James (1995) and Federico et:al..(1981):Using- a. prehmmary version .of:their: WASP
... model-application, Bierman. and James. predtcted that a 40% step reduction. in. external
P Ioadmg could result in a: 25% reductlon in-lake, TP concentratlon after ﬁve years

e Results of a three-month s1mu1at10n usmg the 3 D model shows that a reductlon:;-{
s rain external loadmg only causes-localized reductions-in lake TP and.SRP concentrations;. =~ -~ .-

- - -‘This suggests that longer sunulatlons are needed to see more 51gmﬁcant changes.: Long— Y
b e term smulatlons require further reﬁnement of the numerical- models (Sheng et al. 1991b). .~ - ...
bw. v - -Since the completion ‘of this - study, -work : has- contmued on these models,. and the: .. : .-+
| computer codes have been streamlined to take advantage of newly available computer =
| architecture. ‘Faster calculations will permit long-term model simulations.. With some
additional effort, the present models could be improved so that simulations of:one to
three years are possible. :

More extensive data collection could improve the models’ accuracy and precision. -

‘The estimates from -both the LOPOD and 3-D model simulations contain significant
uncertainties. With the existing field and laboratory data, sufficient calibration and.
validation of these models were not possible. Although the uncertainty of the sediment -
transport model was studied, the uncertainty analysis was too complicated to apply to the

P model. The uncertainty of the P.model is expected to be much higher than that for the
sediment model. Sensitivity analysis suggests that more field and laboratory data are
needed before the models can be considered as precise tools for predicting the impact of
various management options (Sheng et al. 1991a). Nevertheless, the existing estimates -
can be used with caution as guldance for management actlon :

In developmg robust numertcal models 1mt1a1 emphasis was placed on capturing
the essence of the physical processes. During a second phase of the study, investigators
collected nutrient data in addition to the other field data at high frequency over a 3-day
period immediately following a storm in 1993. Nutrient concentrations varied
significantly with time even though the sediment concentration did not change much.
The models simulated the data accurately when the effects of DO and pH on sorption
kinetics were considered (Sheng et al. 1993).
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9.0 Summary and Application to. Lake Management

Decisions regarding watershed management and lake protection are often difficult
and controversial, and require a strong basis of technical support. In cases such as Lake
Okeechobee, where these decisions may have significant costs and economic impacts, a
scientific. foundation for decision-making . is critical. Even so, the best available

. information may not satisfactorily -answer all. questions about the potential effectiveness - -

RS of management actions. . Further research can reduce the uncertainty .involved in'the - ‘.

“ E e decrston—makmg process by mcreasmg knowledge of how the system fuuctlons and ;
1mprovmg forecastmg ablhty § SRt T R e e

.;-The recommendatlon to reduce nutrient loadmg to. I.ake Okwchobee was. based‘ SRR

on:routine monitoring:of the lake and: empirical relationships derived. from:othier lakés:

However, the .challenging: technical. issues: posed-by. this complex- ecosystem -required

T e . ....more. intensive data collection and research. The Phosphorus Dynamics - Study-and the -- Lo

S s Lakes Okwchobee Ecosystem .Study were two- maJor projects that were.undertaken to - < =

e fulﬁll this need. - These studies have resulted in major progress toward-understanding

i environmental trends and: processes-in theJake. - The foundation now exists' for: building

“ .o detailed - models : that describe - eutrophication. . processes ~and improve:: “predictive’ -
- .- -capabilities: The followmg sections. discuss ways in which the Phosphorus Dynarmcs““

o Study can: bc apphed to lake management and future research % { I e e

9.1 Current Lake Status and Hlstonc Trends

- A evamatmg e Gewimental efrects or pouuuon and the possrble benefits of - .-
unproved management, anthmpogemc impacts must be distinguished from the natural
variability of the system. This requires a thorough awareness of the lake’s current status
-~ - and historic trends. This study contributes a great amount of information on present
| - conditions and trends related to P dynamics. Because various factors exert their
_influences over very different time scales, the research encompassed both shori-term
intensive momtonng and examination of Iong-term trends. : 3

L S - With regard to current status, an abundanceof hydrologic and benthic data have - -
e - been gathered at a time when nutrient runoff appears to have peaked. These data will -

: : serve as a valuable reference for any future assessments of the benefits resultmg from
nutnent load reduction efforts.

Of more immediate interest is the description of processes affecting P over short
periods of time. - Until recently, only longer-term water quality trends could be
examined, as the SFWMD’s data (collected at 2-4 week intervals) did not permit -
| investigation of short-term phenomena. High-frequency data gathered by automated
% - methods showed that water quality is significantly influenced by short-term events such

as wind-induced sediment resuspension and the diurnal cycle of thermal stratification and
convective mixing. These results indicate that intensive data collections are necessary
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to understand how algal blooms form in the lake and why they occur in certain areas. -
Further automated monitoring has continued as a consequence of this research.

~ The lake’s trophlc history, including the penod prior to basin development was -
mvestlgated by examining the stratigraphic record in the sediments. Paleohmnolog1cal PRSI
) 'mvesugatlons ‘have established that the lake has been responsive to'changes in-its - -
S _‘;watershed during the last century Radrorsotoptc analysis of sediment: cores shows that i
L sedrment andp "'sphorus accumulahon rates have mcreased durmg thss century Thes ;

asin, suggest that agncultural runoff has had a lastmg effect on these sedunents ThlS-@
- St sedlment enn‘ ‘hment comcxdes “w1th a slnft m dJatoms toward spec1es that are. tolerant of :

- “have a dominant influence on'the spatial variability' of various ecosystem components T
“-* In the Lake Okeechobee’ Ecosystem Study, Phhps et al. (1993, l994b) used dlscnmmant
‘ ‘fanction” analysrs to partltlon the open ‘waters of the lake ‘into four ' ecologmal zones" .
. e"'d"on hght avallabxlxty and water ‘column’ concentratlons of TN, TP, and «chlorophyll 7 ==l
R They found that these zones coincide’ roughly with the lake’s morphology and the:7- i
e distribution’ of sediment types Spanal differences in’ ‘phytoplankton growth-limitation, .. .. .~
- “also correspond to these zones. ‘Nutrient. enrichment bioassays show that algal growth - - -~ =
“-is limited by nitrogen, except in the- mud zone where light availability is probably the -
limiting factor (Aldridge et al. 1994). Nitrogen fixation rates (Phlips and Ihnat 1994), -
‘phytoplankton biovolume (Cichra et al. 1994), algal bloom frequencies (Havens et al.
1994), benthic invertebrate populations (Warren et al. 1994), and fish populations (Bull -
et al. 1994) also exhibit. zonal patterns coincident with the sediment type distribution.
Especially significant is the fact that algal blooms are most prevalent in the regions that
are geographically distant from the phosphorus-rich inflow to the north. These areas to
the west and south are less affected by sediment resuspension, and biologically available
" forms of P are apparently in excess of phytoplankton demands, resulting in the
predominance of N-limitation (Aldridge et al. 1994, Havens 1994) and the growth of
nitrogen-fixing cyanobacteria (Cichra et al. 1994, Phlips and Ihnat 1994). In sum, these
findings suggest that spatial variability in the lake is affected more by sediment type than

by proxumty to surface inflows.

The study of P accumulation in the sediments indicates that sediment enrichment
continued to increase, particularly since about 1940, along with the intensification of -
agricultural activity. Given the strong interaction of these sediments with the water
column, continued enrichment could explain several signs of accelerating eutrophication
over the last two decades: increasing TP concentration in the water column since the
1970s (James et al. 1995b), declining net sedimentation rate for P (James et al. 1995a),
declining TN: TP ratio (Smith et al. 1995), more frequent algal blooms (Havens et al.
1995), increases in rotifers and copepods among the zooplankton (Crisman et al. 1994),
and increase in oligochaete dominance among benthic invertebrates (Warren et al. 1994).
These eutrophication trends are probably controlled more directly by the increasingly rich
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reservoir of P in the sediments rather than by the P inputs themselves. Thus, although
the short-term impacts of internal cycling processes are most apparent, the long-term
effects of sediment enrichment on water quality and productmty also can be inferred
from the evidence gathered from th1s research .

9, 2 Hydrodynamxc and Blogeochemlcal Procosses

The apparent relatlonsmp between sedlment ennchment and the eutrophlcatlon off' e E
= *Lake Okeechobes: implies that the lake’s:potential recovery depends greatly:on thé present: * e
e eond;tlo_n -of its' sediments. If Lake:Okeechobee’s sediments were. enrithed ‘with:
... - phosphorus:to the degree observed in Lake:Apopka and other hypereutrophic'lakes, then
- recovery ‘of Lake Okeechobee would be extremely long.. However, the laboratory:tests:
; -discussed in Section-5 indicate that the mud sediment is*still effective in assimilating
w4 dissolved-inorganic+P; This- conclusion-is ‘supported by-mass balance- ana1y51s showmg~
that over: 80% of the P mput 1s trapped in: the lake (James et al, 1995a) R U

(e T Even though the sedlments are stlll a stmng net smk for phosphorus they also can:

SR contnbute dissolved P to the water column under certain conditions. Flux of SRP fro
- the sediments can inicrease greatly when’ the overlying: water becomes anaerobic or’the’

~ anoxic subsurface sediments-are exposed by wave erosion. ‘Wind-driven resuspensmu Py

. can cause large increases in the:water column total P concentrations, and major-events :

- also can elevate concentrations of SRP.  In a typical year, the annual flux: of SRP from CeE
the. sedlments is about equal to the extemal SRP input. T

in companson to loadmg irom the sedhments phosphoms transport from the
Iitto*al zone appears to be negligible, at least at the low lake levels encountered in this
study. However, this issue is still controversial and deserves priority for further:
investigation. Future research should focus on the nearshore areas between the vegetated”
zones and the central mud zone, and should attempt to quantify the relative importance -
of lateral P transport from the littoral and mud zones and competition between benthic
and planktonic primary producers. This research is important because the nearshore
areas receive the most recreational use and have the highest frequency of algal blooms
(Havens et al. 1994, 1995). Also, they are more sensitive to nutrient limitation than the
light-limited mud zone, and might exhibit greater sensitivity to changes in nutrient
loading (Aldridge et al. 1994).

RIS At higher lake stages, it is possible that lateral transport of P could increase. The
| , . results of this study provide support for Maceina’s (1993) hypothesis that phosphorus-rich -

! muddy sediments from the center of Lake Okeechobee are more evenly distributed
‘ through the lake at high lake stage, thereby providing the nutrients needed for the algal
blooms along the western edge of the lake. Therefore, a higher average lake stage may
predispose this area toward more frequent algal blooms. However, more work must be
done to verify Maceina’s proposal that lake stage is the principal controlling factor for
phytoplankton standing crop.
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‘ 9.3  Predicted Success of the Lake Okeechobee Management Program

In conclusion, the followmg questions put forth by lake managers must be =
addressed: 'Will the lake respond to phosphorus load reductions? If so, how long wil = -
it take? - Should more be done now to speed up the lake’s recovery? S

Before respondmg to these questlons it should be stated that the work cited in tlus-- U TR S
...~ -report: shows. that -the lake. exh1b1ts ‘the cumulative effect of higher nutrient: mputs PR
-+, associated ‘with-basin-- -development:. These- studies -substantiate previous investigatios -
- (Federico et'al.:1981; Janus-et, al. 1990) that recommended P load reductions and affitm -
- -the current management-strategy of controlling P runoff at its source. If these inputs:had -
.-~ . ..been allowed:to continue- unchecked the lakes 't:nophrc state would have proceeded to a:
R hypereutrophlc condltlon : R

I However .even. though the lake has. moved toward the threshold of-a- - oo
= *hypereutrophlc -condition, thrs study does not support the v1ew that - the lake 1s mi G

3 T PP TN
e * z ot 1%
e

oy -Okeechobee’s sedunents still: have a strong capac1ty to ass1m1late incoming phosphoru
- - Furthermore,. the mass -balance model -developed for- this study -indicates; that:Take :: =+ . i
-+ ~Okegchobee will eventua]ly recover if P loads are successfully reduced, although internal - - ;- -
o2 »- = Joading-will'delay the lake’s recovery by as much as 10 years. Recent data:show that . .-
.. .o .& - many of the P reduction efforts have been successful -(Flaig and Havens:1995) and P -
- - inputs are moving close to the target (Jones and James 1993). Whether or not the
loading target is achieved soon (possibly through the enforcement of additional P control
measures) or is not reached for several years, it can be assumed that the lake is now
responding to its current level of nutrient input. Therefore, considering the present
health of the lake ecosystem, the current condition of its sediments, and the changing
trends in P loads and lake TP concentrations over the last few years, expensive in-lake
restoration techniques are not justified as a general eutrophication control strategy at this
time. o _ L
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. - - -'major step toward understanding the dynamics of lake productivity, and the models. -
- presented here are important tools for ongoing research. However, the ability to make -
+.‘exact predictions based on this new information has been difficult due to the study § short: &
* - - time frame. Further data collectlon and model enhancement are necessaxy to: 1mprov :

L ‘,cens1derably, more.information on' several biogeochemical processes could complete ous

term processes. controlling ‘long-term P retention and release in the sediment and water”:
- ~column. -Some:suggested topics: for further research are: (i) relative contributions-of- -

e . “exchange reactions. between :suspended ‘sediments:and the water column;: and -effects o

g ¢ of 'the physico-chemical -characteristics"of suspended sediments, in relation.to. their ‘P. :
- retention/release capacity, ‘(iv) identification of the labile and non-labile pools of P in thie -
. suspended sediments and’determination. of: their bioavailability; (v) chatacterization:of -~ = .

10  Research Recommendations and Ongoing Work -

As a scientific study of the internal processes affecting P dynamics in the lake,
- this project has been highly successful. The quantification of phosphorus fluxes is a -

‘:forecastmg prec:1s1on AR

| j';"Although ‘knowledge: of ithe P blogeochemxstry in’ the lake ‘has incréased

.. understanding of the role of bottom sediments. *Additional studies should focus:on short:

| .sediment resuspension-and diffusion to"overall P flux from sediments, (ii) phosphorus

- water-column conditions such:as pH and DO ‘on P releas¢ or retention, (iii) quantification <

the oxygen and redox ‘status at the sediment-water intérface in relation to P flux; (vi) = .o i
determination of the role of sediment reduction processes (e.g., nitrate reduction, sulfate

reduction and: methanogenesic} on organic matter desomoncition and P fpw fAad 0

- determination of the effects of fluctuating water levels and sediment drying in the littoral

zone o P release or retention, (viii) relationship of P dynamics to carbon and nitrogen

dynamics in the sediment and water column and (ix) development of an mtemal nutnent :

budget for the lake '

Future studles should also stnve to link the physxcal/chemmal data obtained from
this study with biological processes. More ecologically-oriented research might
investigate: (i) fluxes of dissolved organic and inorganic P between sediments, benthic
microflora, littoral zone vegetation, phytoplankton, and bacterioplankton, and (ii) the role
of benthic flora in stabilizing sediments, reducing resuspension of sediments, and thereby
reducing flux of P from sediments to water column, (iii) the role of benthic activity
(bioturbation) in P exchanges between the sediments and water column, and (iv) re]atmg '
findings from Lake Okeechobee to condmons in other eutrophic Florida lakes.

With regard to data co]lectlon, this study placed heavy emphasis on laboratory
data in measuring parameters related to P dynamics. Consequently, a few links in the
P cycle still have not been elucidated. If further research is undertaken to fill the
information gaps, the relevant data should be collected within the lake itself. This work
would require frequent sampling of all important parameters (wind, hydrodynamics,
sediment, oxygen, pH, ion concentration, chlorophyll a, phosphorus, nitrogen, microbial
biomass, etc.) during episodic events. State-of-the-art high frequency sampling devices
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(such as sensors capable of measuring the detailed vertical structure of currents,
temperature, and dissolved oxygen) should be utilized or developed for measuring as
many parameters .as possible. Of course, laboratory experiments still will be needed to
= help quantify the kinetic constants of the transformation processes. One particular study -
SRR ‘that would benefit from field data collectlon isan mvestxgatxon of ﬂocculatmn dynaxmcs

. -as dlscussed in Section 4. 5 S :

SIS As modelmg of: the lake progresses, :more. preclse forecasts of trends in spec1ﬁc FERECRNE
.= areas-of the lake can be made. “Special attention should be'given to the nearshore:areas . . -
« .7 that'aré most sensitive to nutrient limitation.. Because this.study was conducted: when .-
. 7, lake'levels were low,: further research is:warranted-to quantify the littoral-pelagic flux:-:.
:of PirThese investigations:should :seek to-quantify the circulation:and sediment:and:P:
-“dynamics within thé littoral:zone;-and then” quantify. the-P. flux. between: the:two. zone
- during different lake stages:: This work would require extensive collection of field data-
-+ - (water.level, wind, wave,. currents, -sediments, -P, etc.) w1th1n the httoral and- nearby.; -
pelaglc zones and the enhancement of numencal models Lol

_ = Some of thlS fo]low-up research has been done a]ready Rhodamme dye has been
et used to trace water-movement.inside the edge of the littoral zone. : Dye movement:was::
- observed up.to.100 m inside the emergent marsh vegetation; this distance varied widely:
- among -the ‘areas“examined:  In.another -ongoing project, five stations -have:been..
. -established-along ‘a-2000:m"transect from the littoral fringe toward the northwest levee. -
" Stage, temperature, and conductivity have been measured at these sites every 15 minutes -
- with automated eqmpment to detect water movements over time. Lo

: The 3-D numencal ‘models should be refined and hnked with the WASP water
quality model which is being applied to the lake by SFWMD research staff. The WASP
model is intended to be the main model for predicting future trophic conditions under . -

- various management scenarios. The SFWMD has chosen to use a modified version of
. the WASP model that explicitly includes the impact of hydrodynamics and sediment -
resuspension on light attenuation and phosphorus concentrations. With some additional .
calibration and validation, enhanced versions of the numerical models could be used in-
‘conjunction with this WASP model to perform high-resolution, quantitative simulations
of phosphorus and plankton dynamics. To be fully applicable to this modeling effort,.
the hydrodynamic model would need to demonstrate the ability to maintain a mass
balance, to be calibrated to sufficient site-specific data, and to have its high resolution
output translated to input appropriate to the needs of WASP. These simulations could
provide much more insight and predictive capability than those from simple box models.-
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