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Executive Summary

Wakulla Sprin@ water qualityand its optical propertiesre the dcus of this stug

Wakulla Springs the deepestndlargestsinglevent spring inFlorida and perhaps the

world. As a result of its colossal siamd complex hydrogeologynysteries are numerous

and answers are somewhat illusigida r k 6 \retd thecauises of thdecline of the

Wakulla Springand Rivematural ecosystendDa r k 6 haseartualy eliminatedthe

pak 6s most popul ar attr.dar k6 niscandpecstekes bott om bo
submerged aquatic vegetation andlitedogical produdivity of the Wakullaspring and

river ecsystem The Wakulla Springs Alliance (WSAndertook this project in an effort

to determire the causes andourcef themore prolongeddark water" conditions

experiencect Wakulla Sring.

Approach

Glass bottom boat tour datsfer a proxy for the frequency of dark water conditions in

the spring because tours are only conducted when visibility is at least 75 feet. Those data
demonstrate that dark water episodes at Wakulla Spring have been incosasthg

last 30 years with tour frequencies (percentage of days per yeaateprevided)

dropping from 42% between 1987 and 1996 to 5% between 2007 ahdrafléss than

1% of the year from 201 2016.

Tannins, the predominant type of colored dissdlerganic matter (CDOM) in

freshwater springs, have long been recognized as the principal cause of dark water

conditions in Wakulla SpringJnder¢ assi ¢ fAdar k ,thewdteeappparsc ondi t i ons
reddishbrown from thetanninswhich absorb light predomamtly at the short blue and

green wavelengths whiteansmittingthe longerwavelength yellows and reddigh

tannin levels have historicalfpllowed periods of prolonged rainfall and resulting

dischargs ofthree sinking streams north of the spr{Bépck, Fisher, and Jump Creeks)

into the Upper Floridan Aquifer. Apbter those
returning toa pale bluecolor with the spring bottom completely visible



In recent decadethe spring haseverted ta greenish appareatlor after the tannins
subsideThat observation led us to hypothesize that chlorophylls may be contributing to
the dark water conditions of the spring. Hydrogeologic research also has demonstrated
that begnning in the mid2000s dischargsinto the aqiufer from a fourth sinking stream,
Lost Creek, which typically flow south to the Spring Creek spring complex on the shores
of the Gulf of Mexico, sometimes flow north to Wakulla Spring bringing additional

tamin loadings.

We therefore designed this stutdytrack measures of tannins and chlorophylls over time
and assess their trends against each other as well as rainfall and the flows of the sinking
streams. Walsotracked levels of turbidity in the spring,composite measure of light
absorbance and refftance by particulate matter and dissolved color.

We analyzediaily and weeklysamples collectedetween 8/25/15 and 9/29/ffém the
Wakulla Spring boat doc&nd the spring bofor tanning measured asue color and
chlorophylls measured as corredtehlorophyll a anghhaeophytin, @egraded form of
chlorophyll. We also analyzed daily grab samples for specific conductance and nitrates.
We conducted weeklgpectral radiometric (spec ratieasurements itne field at the

spring boil oftransmittance ogbphotosynthetically active radiation (PAR)ht and its
absorbance at each wavelength of the visible light spe¢Q@i700 ranometery This
enabled us to calculate th& PAR depth limit, i.e. the depth at whialb light is

available forplant growth We also measured Secchi diskibibty, a proxy for PAR

depth limit.

In addition, ve conductedight/dark evensampling on eight occasiarfsur filighto

events duringeriads when Wakulla Springisibility was relativelyhighandfourfi d a r k 0
events whewisibility was low andhe apparent water colarasreddishbrown From

those measurements we construcied pt i cal f i nge bqglandtheg so of
major karst featte sources of inflowi.e.the sinking lakes and sinkBradford Brook

Chain of Lakes,Lake lamoniaLake JacksonJpper Lake Lafayettd ake Miccosukege

Lake MunsonandCheryl Sink and the sinking strean(Black CreekFisher Creek

Jump CreekLost Creekand Mill Creel. For these events we analyzed samples for true
color, correatd chlorophyll a, anghaeophytirfrom the Wakulla Spring boil and each of
the karst sources. We also conducted light absorbance scans of filtered water from the
kard sources and PAR transmittance analyses at the spring\lmodalculated loadings

of tamins correctedcchlorophyll a, angphaeophytirto the ground water from the sinking
streams and lakes to assess the likely relative importance of these differees sotihe

dark water conditions at the spring.

Hydrology of the Wakulla Spring System

Wakulla Spring is a complex dynamhgdrogeologicsystemBased on the work of Davis
and Verdi (2014) and Dyer (2015), it is likely that the driving forces behinfiiave
regime ofthe pringinclude (a)base flow from the Upper Floridan Aquifer within its
very large springshed estimated at 1,600 to 2,900 square milpse¢ipitation wihin

the near springshed area) flow from the intermittent streams that liettee north,

t

he



accounted for here by the discharges of Fisher and Black Creekkentrepective
sinks, and (fiperiodic discharges of Lost Creek into its sink when Spring Creek is not
flowing and those discharges flow north to Wakulla Spring.

The flowregime of the Spring Creefpringscomplexis likely driven by (a) rainfall

within its nea springshed, and (b) discharges by Lost Creek into its sink under those
conditions when its discharges flow soufhe flow dynamics we observed at Spring
Creekwere consistent with the description presented by Davis and Verdi (Z0A4y
explain the peodic cessation and sometimes negative discharge of the Spring Creek
springs as the result of prolonged periods of little or no rainfall. Under these
circumstanceshe hydraulic head differential between the Spring Creek water table and
sea level is toattle to maintain flow from the Spring Creek springs.

We used scharge data from the US@8uges at Lost Creek, Fisher Creek, Black
Creek, WakullaRiver at Shadeville Road bridgand Spring CreelBecause of
prolonged gaps and inaccuracies inW&GSSpring Creek discharge datee
constructed a polynomial model to use salinity/specificlootance as a proxy.

1 Spring Creek had highly variable flpwometimes ceasing altogethiés average

daily flow during the study p&rd was 44&ubic feet per s®nd €fs).

Wakulla Springaveraged almost twice as mudw, 875 ck.

Thetwo sinking stream$o the northflowed intermittently with modest average

daily flows: Black Creek (18 cfgndFisher Creek (43 cfs).ost Creekat 158

cfs, is the dominant sking streamflowing almost all of the time except after

very prolonged periodsf dittle or no rainfall.

1 The sinking lakes flow cotantly into the aquifer within the Wakullgpringshed
at rates defied by seepage and sinkhole characteristics uniquehonegterbody
(McGlynn and Deyle, 2016).

1
1

Discharges by the three sinking streares directly associated with rainfall within their
watershedsWe usedainfall datafrom the NOAA gauge atallahassee International
Airport because of gaps in data from iWakulla Spring gauge maintained by the
Northwest Florida Water Management Didtric

Photosynthetically Active Radiatidi?AR)

Plants need almost the full spectrum of visible light to photosynthesize. Toalso
photosynthetically active radiationAR) encompassdbe spectral range of solar
radiation from 400 to 708anometergnm) which is the same as the light range visible to
humans.

We defined the 0% PAR depth limit, calculated from an extinction coefficient using the
spec rad data, as the dept which PAR falls to 0% transmittance. This quantifies the
depth awhich all photosynthetic productivity ceases. During the period of study, the
PAR depth limitat the spring boihveraged 12 fegtangng from as little al feet to as
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deep as 3Bfeet. Thus, at times, tHght necessary for aquatic plant growtithin the
spring bowl, with depths as great as®Dfeet,virtually disappears.

The compensation point for a plant is the depth at which it receives just enough PAR to
produce by photosyhesis the amount of sugar needed to offset the amount consumed by
regiration. This is 10% PAR fahe two dominant submerged aquatic grass species in

the spring bowl and Upper Wakulla Rivé&merican eelgrass/allisneria americana

and springtapeSagitaria kurziang. The average depth of the 10% PAR compensation
point during the period of study is about 10 femiggesting that survival of the native
aguatic grasses may be limited at greater depths

Turbidity

Turbidity is an aggregate measure thélerts the presence of algae cells measured as
corrected chlorophyll and phaeophytin as welk tannins measured as true color, in
addition to other CDOM and suspended particuldtes typicallyvery low in spring
outflow in Florida and is not likelo bea very significant factor in freshwater spring
light regimes

Turbidity data recorded at the Northwest
the boat dock during tretudyperiodrevealedaverage levels lower than the letegm
(19702008) aerage for the spring boitlespite the fact that limitexsynchronous data

from the boat dock and boil indicate that levels are 23 to 32% higher at theTtheck

study period average at the boat dock also was lower than thtelongverage mean of

10 other Floridaspringsfor the period 1992008 but comparabke the average mean of

six otherspringsanalyzed betweeP004and2007. While both theanninsand other

CDOM as well as the algae cells that contain the chlorophyll and phaeophytin detected in
the water contribute to turbidity, we found only a weakistigal correlation between

turbidity at the boat dock and our measure of pheophytin and no significant correlation to
corrected chlorophyll a or true color. On the other hand, turbidity levelscoarated

with the combined flows of Black and Fishere€ks suggesting that some other turbidity
constituents are entering the spring.

Tannins

Our analyses dfue color insamples from the spring boil and the boat dock indicate that
Wakulla Spring isnore tannic than many other major springs in Florida. It also appears
thattannin levels at the spring have increased over the long term since~b86é6ue

color peaks occugd at Wakulla Spring during the study period, each shortly after peaks
in theflows of thethreesinking streamsThree of the peaks were associated with times
when Spring Creek flow had ceaséuthese cases, tannins fraumst Creek presumably
contributel to the observed peaks at the spriRggression analyses yielded a signiiica
correlation between true color levels at Wakulla Spring and the combined flows of Black
and Fisher Creeks, but not with thecasionaflows of Lost Creek when Spring Creek

was not flowing.The latter is not surprising because of its intermittent nature
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Chlorophvll

Our water quality analyses of samples from the spring boil and the boat dock confirm the
presence of chlorophyll a in the sprimgcluding its degraded form, p&éaphytin.Few
historical data are available for corrected chlorophyll a leatetlse Wakulla Spring boil.
Those we could identify suggest that chlorophyll a may not have increased in the spring
since 2006, the earliest year for which data are availalbhekier, chlorophyll a levels
measured at Wakulla Spring are considerably higen those measured at a number of
other major springs in Floridaetween 1988 and 200distorical phaeophytin data for

the Wakulla Spring boil also are limited. Those few availdakasimilarly indicate no
significant increase in phaeophytin levetshtee spring boil since 2006 and possibly a
decrease. Our average is comparable, howeavénpse measured at 11 other sprimgs
Florida

Total chlorophyll (corrected chlorophyll a + phaeophytin) levels do not vary directly with
either rainfall or sinkig stream inflows into the aquifer. This is not surprising, as we
suspect that the principsource of chlorophylls measured at the spring boil is the base
flow of the aquifer fed by discharges from the sinkholes of one or more of the karst lakes
in Leon @unty that experience frequent algae blooms: Lakes lamonia, Jackson,
Lafayette, and/or Murms.

Apparent Causes of Dark Water Conditions at Wakulla Spring

Graphic analysis of turbidity and 0% PAR depth limit trends reveal an inverse
relationship that istatistically significant at the 95% levigr a simple linear regression
model A similar gatistically significant inverse relationship occurs between true color

and 0% PAR depth limit over the study period prior to June 30, 2015, but the relationship
shifts thereafter and is no longer significa@brrected chlorophyll a and phaeophytin

exhibit inconsistent dynamic relationships with 0% PAR depth limit that are not
statistically significant.

A multiple regression model to assess the combined lineatetieturbidity, true color,
chlorophyll a, and phaeophytin on PAR depth limit offersnapsified approximation of
the complex and dynamic combined effects of these four factors treating them as
independent variablegVhile the model is significant atétB5% levelresults suggest
that light absorbance is not a simple linear function of dlilfpand the concentrations of
tanninsandbr chlorophyllsand that more sophisticated statistical analysis may be
appropriatewith a larger data set.

Ourlight/dak event spec radnalyses show thauringii | i ght event so when Vi s
depth is greatesind the water has an apparent green cbtith the shortest wavelengths

(< 480 nm) and the longer wavelengths (>570 nm) were being absorbed, with a distinct

absorlance dip at 664 nm that is characteristic of chlorophyll a, and with greatest
transmittancén the middle (about4886 70 nm, i .e. greens and vyell o\
fingerprintso are i ndic athdr@DOMadweltabe pr esence
chloroplyll a and phaeophytin which have absorption peaks at abowt3.6m and

12



660-675 nm.Theyare similar to those for the karst lakes with low tannin levels and
substantial algae populations.

The entire spectrum is shifted to the right by the tannicconditi i n t he fAdar ko eve
with the peak intensity moving from about 520 nm in the light evenabout 620 nm in

the dark events. In some dark events there is some overlap into the greesS((500d),

because of the presence of chlorophyll as wetthasins andother CDOM.

True color and chlorophyll level data for the light/dark events revighker levels of true
color during the four dark events than three of the four light easnigell asigher total
chlorophyll a (corrected chlorophyll a + phaeoghylevels during the dark events than
any of the light events. Corrected chlorophyll sswlatected in three of the four dark
events During two of those eventid was 8 to 13 times greater than levels measured
during thetwo light eventswvhen it wasdetected Phaeophytin also was detected during
three of the four dark events at levels 2 tar¥es greater than levels recorded during the
two light events when it was preseBach of the light events had some low level of one
or more of the three color smes: tannins, corrected chlorophyll a, or phaeophytin.

Absorbance scand filtered wate samples for the visible spectrum (4000 nm)

revealed greatest total light absorbance within the tannic waterbodies during both light
and dark events: Cascade Lakal the sinking streamd®lack, Fisher, Jump, Lost, and

Mill Creeks.The lowest absorbae readings were recorded for Wakulla Spring and Sally
Ward Spring. The lakes vary considerably with the more eutrophic lakes (Miccosukee,
lamonia, and Munson) havirtggher mean total absorbance (the area under the
absorbance curve) than the less enrichatiems (Jackson and Lafayette).

Measures of true color in the major sinking streams and karst lakes of trespriegshed
takenwithin a week or less dhose athe spring boiteveal that theinking streams
contribute thegreatest tannin loadings tiee Upper Florida Aquifer during all four dark
events and two of the light events. Lake loadings were greater sources during the other
two light eventsBoth compoents of total chlorophyll a loadspirected blorophyll a

and phaeophytirgre predminartly from the karst lakes in all events, but the creeks are
discharging some total chlorophyll a to the aquifer during most of the events.

Spring Creelspringflows were negativaduringthree of the four dark events when
tannins probably flowed into WakallSpring directly from Lost Creek. However, tannin
levelswere greatest durindark evenE8 when Spring Creek flowsere nearly as great
as theywere during light eent E7 when the PAR depth limit was greatest.

Phases Il and Il of this projebave beemlesigned to demonstrateatichlorophylla and
phaeophytirfound in the spring boil originate frothe sinking lakesThese subsequent
studiesanalyz samplescollededfrom thecaverns andonduits that flow ira the spring,
conduct dye tests of Lakes Jackson, Upper Lake Lafayette, and Lake lamonia, and
attempt tdink the chlorophyll a and phaeophytin in the lakes and the spring using algal
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taxonomy and analysis ehvironmental DNA sequenced frazyanobacteria (blugreen
algae) and eukaryotic algae.

Summary of Findingand Conclusions

T

Both tanninsmeasured as true coland other color dissolved material (CDOM)

as well aschlorophyll 8 measured as correctech | or ophyl | a and

degradation product phaeophytin, contribute to reduced visibility in the spring
boil much of the time.

Chlorophyll a contribiest o dar k water conditions
watero conditi ons whaetlgreddishorown cokor td theen d
water and during Agr e ethewdtaragpears greeaisho
brown andvisibility is greaterbut still much lower than historic conditions when
the water was a clear pale blue in color and the bottom isidsevfrom the

surface.

Chloroplyll a loadings to the Upper Floridan Aquifer in the nspringshed of
Wakulla Spring are predominantly from the karst lakes with sinkholes that
discharge to the aquifer.

As has been historically the case, tannins areridominant cause of the brown
daik water conditions that prevail after periods of prolonged rainfall when the
intermittent sinking streams north of the spring are discharging to the aquifer
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through their swalletsTannins also are present at low levelsdarg s ome Al i ght o

events when visility is greaer.

We did observe conditions consistent with the understanding that at times when
the Spring Creek springs cease flowing, tannin loads from Lost Creek can be
diverted north to Wakulla Spring.

Simple linear &tistical analyses are insufficient fanravelling the complex
dynamics of the dark water conditions at Wakulla Spring. A larger data set is
needed to support more sophisticated analyses.

Additional analyses of water quality in the caverns and cond@tseeded to
demonstrate that chlorophyltietectedh the spring boil are carried into the

spring in the ground water.

Dye tests are required to establish hydrogeologic connections between Wakulla
Spring and the major karst lakes that have not been pidyitested, i.e. Lakes
Jackson, Upper LakLafayette, and Lake lamonia.

Other research strategies are needed to link chlorophyll and phaeophytin detected

in the spring boil to specific karst features that discharge to the Upper Floridan
Aquifer.

1 Unlike the cyanobacteria, eukaryotic algae have a nucleus that contains their DNA and perform
photosynthesis in separate membraoend organelles called chloroplasts.
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1. Introduction

Il t6s al l a Wakulta Sgrig eartiouéatly ¢he studf dissolved it, and in this
projecti t O epticallprepertieshat are of primary conceriakulla Springs the
largest single vent sprinig North Americawith caverns 35@eet inthe earth. It is now
also the largediased on flowdue to the demise ofany largessprings, mostly due to
our thirsty populationAs a result ofts colossakize,mysteries are numerous and
answers are somewhHtisive.

TheWakulla Spring an@River aguatic ecosystems have experienced several severe
insults over the past quarter century including excessive inflows of nitrogen from urban
and rural domestic wastewater; invasion by the exotic aquatic plant, Hydrilla; multiple
years of herbicide éatmento control the Hydrilla; and an increase in the frequency and
duration of dark water conditions that have impaired visibility in the spring.

This project examines thaniquelight absorption properties of thveater ofWakulla
Springand of thekarst featues which rechamgthe springn an effort to understand the
sources andauses of the dark water conditions émalentify practical management
strategies to mitigate the problem.

1.1Consequences dbark Water Conditions

Dar k 6 wretd thecauses of thdemise othe Wakulla Springand Rivematural
ecosystemit hasalsovirtually eliminatedthe Pak 6 s most popul ar attracti
bottom boat tours

Dark water conditions reduce the amount of light availabtedsubmerged aquati
plantsthat comprise the base of the aquatic food web in freshwater spring and river
ecosystems such sgakulla SpringMore prolonged and frequenttermittent dark water
conditionsreduce plant growth resulting in less faad covefor manatee and éh
invertebrates and fish that support the entire spring and upper river ecosystepring
and upper rivearelosingthis aquatic plant community, mainly the grass beds of
VallisneriaamericanaandSagittariakurziang that once thried in the springun all the
way to its confluence with the S¥larks River(figures 1.1, and1.2). Quarterly surveys of
submerged@uatic vegetation (SAMin the spring and upper riveonductedy park
staffand volunteers since 2013 have documented that extensivexaras dominated
by bare sediment and algal méfigure 13).

There alsdhas beem drastic decline in the number of days when the state park is able to
offer glassbottom boat toursDatacollected by state park staff for the last 30 years,
separatedhto decadegfigure 14), indicate that the water at WdkauSpring was clear
enough foithe glassbottom boatso run on average 42% of the time between 1987 and
1996. The next decade, 192006 droppedo 24% and in the last 10 yeatise glass
bottomboatsranon averag®enly 5% of the time.No tours were offerechi201Q during

the first 11 months of 2014r during all of 2015Surprisingly conditionamprovedat
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thepark for the Memorial Day weekernid 2016. Gassbottom boats plied the spg
agan for five days(figure 15).

While dark water conditions have been obseiwdtie spring since at least the 1930s due
to tanninsassociated with heavy rairgnce the miegl990sthe springhas experienced
more frequent and moprolongedperiods of dat water.It is likely thattheseperiods of
Abrown dar k wat e toghailgesvnédydigevlogiceaditerns that base
increased flows into Wakulla Spring fronetspring Creek springshed, andoarticular
Lost Creek, which &s to the soutfDavis and Verdi, 2014; Dyer, 201Kincaid, 2011),

but no analyses have been completed to determine if this is théncteeintervals
between brown dark water conditiomghen the spring and river have historically run
clear, nearlycontinuous "greedark wated conditions of unknown nature and origin

have occurreHoward T. Odum Florida Springs Institute, 20p452.

1.2 Project Objectives

The Wakulla Springs Alliance (WSAndertook this project in an effort tetgrmire the
causes andourcef themore prolongeddark water" conditiongxperiencedt

Wakulla $ring andto identify practical management stratedieatmight be developed

to mitigate the problemWSA contracedwith McGlynn Laboratories, Inc. (MLI) to
conductwater quality analyes tadefine the light absorption properties of pigments in the
water of Wakulla Spring and in water from karst features which recharge the sgting wi
surface waters with differing optical propertaesd to document the hydyedogical
attributes of th&Vakullaspringshedhatmay also contribute to those conditioKarst
features analyzed include sevdraa r g eh dilse n lkkekCascadd gke lamonia,
Lake Miccosukeel.ake JacksonJpper Lake Lafayetteand Lake Munsorgnd
"disappearing" streamhbadt flow into the aquifer througbwallet sinkholeg¢Black Creek,
Fisher Creek, Jump Creekost Creek, and Mill Creelgs well some sinkholes (Cheryl
Sink). Sampleswere collectedtthesesinking water bodies fagightlight/darkevents
followed by samphg at Wakulla Springnd Spring Creek an effort to"fingerprint”

the color at the spring and match it to one or more sources.
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Figurel.l Aerial photo ofWakulla Springandthe UpperWakullaRiver, 1967,
depictingextensive coveragay nativesubmeged aquatic plants.

.

1960, Wal*xlla Spring, Healthy and Pristine

Figure 12: Submerged aquatic vegetationl 960comprisng luxurious flats of aquatic
grass meadows.
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Figurel.3 Submerged aquatic vegetation monltorlng Wakulla Springie Sarkbare
sedimentsand(02/24/15) algal matg05/25/16)
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1987-1996 1997-2006 2007-2016
Date

% Days Glass Bottom Boats Runnig

Figurel.4: Percent ofdays per yeamglassbottom boattoursconductedat Wakulla Spring
overthreedecades

Figure 15: Glassbottom boat tour, 06/12/16.
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2. Methods

2.1General Sampling and Analysis

McGlynn Latoratories Inc. perfornteall analytical workand participated in all sampling
except for theollectingof the daily sampleshich was independently performed by
park staff. The sample analyses were certifeagtording tolThe NELAC Institute(TNI).
Samplingfollowed Florida Depatmentof EnvironmenthProtection, Standard Operating
Procedures G001, revised 2014-DEP,2014) FC 1000Field Decontamination; FD
1000-Documentation; FM 100€ield Mobilization; FQ 100@uality Control; FS 1000
General Sampling; FS 20@Beneral WateSampling; FS 210&urface Water Sampling;
FT 1000Field Testing General; FT 11@®eld pH; FT 1206Field Specific Conductance;
Specific laboratoryuality assuranc&)A) objectivesfor chlorophylls, true color, and
nitratenitrite are listed in Table 2.1

Sample analyses followed APHA (2009yue color samples were run in a quartz cuvette
with a 10 cm pth length to increase accuracy & 2120Con filtered samplesdlass

fiber filters, 0.45um), pH adjustedgtandard piHat 465 nmChlorophyll aand
phae@hytinwere analyzed according SM 1032000HNitrate wasanalyzedollowing

SM 45068NO3-E. Specific conductance/salinitywas measured according E°A method
120.1

Formost broaespectrum light sources, including natural sunljigintificial, or mixed
sources, lants use light in the wavelength rangenfrabout 400 to 700 nm to drive
photosyntlesis.We measure®AR light transmittancén the fieldunder natural
conditions without filtration or pH adjustment of the watsmgtwo devices on each
samplng date: (1) a LICORI-188B Integrating Quantum Radiome(ggure 2.1)and
(2) anOceanOptics USB2000 portable submersible spectromi@itgure 2.2) We also
measured visibilityn the fieldwith a Secchi diskfigure 2.3)

We recorded PAR d1.5-mete intervals toa depth ob metersusing an underwater fiber
optic cable fitted with @osine collectowith an LF192 UnderwateiQuantum Sensand
the LICOR L}F188Bradiometewhich measuresand integrates PARirectly. We used
the Ocean Optics USB20®0 measure the umdwater light fietl at 0.3 nnmintervals of
from 200hmto 1000 nmfollowing SM 2120D (APHA, 2005We calculatedPAR for the
400 to 700 nm range from these values and normalized by dividing each integrated
transmittance readingy the transittance of incident lighat the sirfaceto generate a
percent PARWe calculatd an integratedPAR extinction coefficienacross th&00to
700 nm spectrufand used that to estimate the depth at which PAR falls to 0%

2 Normalized &sorbances from eaclepth were integrated to determine the absorbamzelardeeach

curve (10 areas). The extinction coefficient was calculated in accordance with the Beer Lambert Law
regressing th&0 integrated absorbance values against dgiplding acceptable results wh theF-test

was significant at the5 percent leel or better The measurement at 0.5 meter was sometimes eliminated
due to nodinear conditiongesulting from scatter due to turbulence, air buhldeseflectance from under
the surfaceThe regressiomodels were then used to calculate the 0% tratemoié depth. As a quality
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transmittance, i.e. the depth linoit visible light This measure providea basis for
assessing the suitability of light conditions for glasgtom boat tours which operate
when visibility is at least 75 feas well as the depth at which all photosynthetic activity
ceases

It should benoted that light intesity measurements in water will be affected by other
factors besides the presence of substances that absorb light: sun angle, surface ripples,
cloud cover, and bottom reflectand@éese will affect Secchi disk readings, bt w
normalzed our light absorbae readings against light absorption in air at the start and
end of each measurement sequédnaainimize the effects of these factors on the
individual readingsWe alsominimized the effect of changing cloud conditions by taking
readings duringlearsky intervalsor underheavy overcast/ariable wind levels and
associated ripplemayhave contributed to some differendedight intensityfrom one
sampledepth to the next during any given sampling

We measure&ecchi disk visibity according to FLORDA LAKEWATCH

methodolog (Hoyer et al., 2016 We usedhe standard &chi disk modified for fresh

water applicatone qui pped with a | inear open reel
and weights attached to the bottom of the.di$e discwas suspended frorthe tapeand
lowered slowly io the wateuntil no longer visibleThe depthn feetat which the disk

is no longer visible isecordedas a measure of the transparency of the watschi

readings can also be used to calta#a approximateextinction coefficieh but we did

not do so as the spgeameterderived values are far more accurate

2.2 Daily Sampling from Wakulla Spring

Parkstaff collectedsamples off the boat dodtr analysis by MLI ofspecific
conductanceyte color and nitratesThesesamples were takeatcording toFDEP
(2014)sampling protocoin 50 ml polypropylene centrifuge tubes and stored in a secure
refrigerator before being picked epery two to three dayer analysis

Daily grab smpkswere ollectedon 319dates:10/16/15; 10/17/15; 10/19/15; 10/21/15;
10/22/15; 10/23/15; 10/24/15; 10/25/15; 10/26/15; 10/29/15; 10/30/15; 10/31/15;
11/1/15; 11/2/1511/3/15 11/5/15 11/6/15 11/7/15 11/7/15 11/8/15 11/9/15;
11/10/15; 11/11/15; 11/12/1%2/13/15 11/14/1511/16/%1 11/17/1511/17/15
11/18/1511/20/15 11/21/15%11/22/15 11/24/1511/25/15% 11/26/15 11/27/15%
11/28/15%11/29/15 11/30/15 12/1/15 12/2/15 12/3/15 12/4/15 12/5/15 12/6/15
12/7/15; 12/8/15 12/9/15 12/11/15 12/12/1% 12/13/15 12/14/15% 12/15/15 12/18/15
12/20/1512/21/15 12/23/15 12/25/15 12/26/1512/27/15 12/28/15 12/29/15
12/30/15 12/31/15 1/1/16 1/3/16 1/4/16 1/5/16 1/6/16 1/8/16 1/10/16 1/11/16
1/12/16 1/13/16 1/15/16 1/16/16 1/17/16 1/20/16; 1/21/16 1/23/16 1/25/16 1/26/16
1/27/16 1/30/16 1/31/16 2/2/16 2/3/16 2/4/16 2/5/16 2/6/16 2/7/16 2/8/16 2/9/16

assurance protocol, we also calculated weekly 0% PAR depth limits by regressing the LICOR absorbance
values.
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2/12/16 2/13/16 2/14/16 2/15/16 2/16/16 2/17/16 2/20/16 2/21/16 2/22/1G 2/23/16
2/24/16 2/26/16 2/27/16 2/28/16 2/29/16 3/1/16 3/2/1G 3/4/16 3/5/16 3/7/16
3/8/16 3/10/16 3/11/16 3/12/16 3/13/16 3/14/16 3/15/16 3/20/16 3/21/16 3/23/16
3/24/16 3/25/16 3/26/16 3/27/16; 3/28/1, 3/30/16 3/31/16 4/2/16 4/3/16 4/4/1G
4/5/16 4/6/16G 4/7/16 4/9/16 4/10/16 4/12/16 4/14/16 4/15/16 4/16/16 4/17/18
4/19/16 4/20/16 4/22/16 4/23/16 4/24/16 4/25/16 4/27/16 4/28/16 4/29/16 4/30/18
5/1/16;5/2/16 5/3/16 5/5/16 5/6/16 5/11/16; 5/12/16 5/13/16 5/14/16 5/15/16
5/16/16 5/18/16 5/19/16 5/22/16 5/23/16 5/27/16 5/28/16 5/29/16 5/30/16 5/31/16
6/1/16G 6/7/16 6/8/16 6/9/16 6/11/16 6/13/16 6/14/16 6/15/16 6/16/16 6/17/16
6/18/16 6/19/16 6/20/16 6/24/16 6/25/16 6/26/16 6/27/16 6/28/16 6/29/16 7/1/16
7/3/1G 7/4/16 7/10/16 7/12/16 7/14/16 7/16/16 7/17/16 7/18/16 7/19/16 7/20/16
7/21/16 7/24/16 7/23/16 7/25/16 7/26/16 7/27/16; 7/28/16 7/30/16 7/31/16 8/2/16
8/6/16 8/7/16 8/8/16 8/9/16 8/10/16 8/11/16 8/12/16 8/13/16 8/14/16 8/15/16
8/15/16 8/17/16 8/19/16 8/20/16 8/21/16 8/22/16 8/23/16 8/24/16 9/1/16 9/6/16
9/9/16 9/11/16 9/14/16 9/16/16 9/17/16 9/18/16 9/20/16 9/21/16 9/22/16 9/25/16
9/28/16and 9/29/16.

2.3Weekly Sampling from Wakulla Spring

We collected weklygrabsampledrom Wakulla Springor analysis othlorophylls, true

color, specific conductancand nitrateGrab samples were collected in-lit8r bottles

and stored on ice until analysis at the laboratory according to the sampling and analytical
protocolsand certifications documented abo$emultaneouscansof light transmittance

in the water column were alsaken, in situas detailed abové&ecchi dik readingsvere
addedo the sampling regimen 06/30/16

Initially samples were taken off tledof theboat dock Then on12/24/15sampling

from a boat at the spring boil was adde@n effort toobtain data purely reflective of the
ground water being discharged i@ spring Samples were taken from both the dock
and the boil until 06/30/1&nd eclusively from the boil thereafteRegression analyses
show limited correlation between the samyaéues obtained from the dock versus the
boil for the 11 occasions when we sampled both stations. For true color, dock data
explain 32% of the observed iaion in boil data significant at only the 90% level.
Corrected chlorophyll a data from the dock argetter fit explaining 43% of the
observed variation at the boil thie 95% level of significance. However, the relationship
between dock and boil phaduojin data is not statistically significaitwe therefore
differentiate between data from the twatistias inour findings.

Weekly grab ampkswere collecedon 52 dates 08/25/15; 09/03/15; 09/09/15;
09/25/15 10/03/15; 10/15/15; 10/21/15; 10/29/15/ad/15; 11/12/15; 11/20/15;
11/27/15; 12/10/15; 12/16/1%2/24/15 01/07/16; 01/14/16; 1/18/16; 01/22/16;
01/28/16; 2/5/16; 02/11/16; 02/18/16; 02/24/16; 03/03/16t@36; 03/22/16; 03/28/16;
04/02/16; 04/05/1,604/07/16; 04/13/16; 04/21/16; 04/28/16/05/16; 05/12/16;
05/19/16; 05/26/16; 06/02/16; 06/10/16; 06/15/16, 06/23I6630/16 07/07/16;
07/14/16; 07/21/16; 07/28/16; 08/04/16; 08/11/16; 08/12/16; 08/18/16; ar@l TR/2
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2.4Light and Dark Event Sampling

Light and dark event samplimgasconducted during periods when the wate€éakulla
Springwas rel atively
springhead and the major karst feature sources of inflow: Bradford Brook Chain of
Lakes, Lake lamonia, Lake Jackstipper Lake Lafayettd_ake Miccosukee, Lake
Munson, Black Creek, Cheryl Sinkjshe Creek, Jump Creek, Lost Creakd Mill

Creek figures 24 and 25). Grab samplewere collectedn 1.8 liter bottles and stored on
ice for laboratoryanalyses of chlorophigl, true colorandspecific conductand®llowing

clear

and obvi oaithd y

the sampling and analytical protocols and certifications described.abaloe

absorbancscanf filtered samplesvererun at400-700 nm) at approximately-Aam
intervals,usingthe Ocean Opticspectroneter We used a 1@m cuvette rather than the
typical I-cm to maximize absorbance as light pdskeough the sampl&ecause thee

scans are filtered, they measure only dissolved ¢GIDOM) most of which is

attributable totannins.Chlorophylls,predoninantly within discrete algae cells, are

removed by filtering

Samplingwas conducted fdour light events.Light #1:10/09/15- 10/26/15; Light #5:
05/12/16- 05/26/16; Light #6: 06/11/1606/20/16; and Light #7: 08/06/1&8/13/16
andfour dark evets: Dark #2: 1204/15- 12/10/15; Dark #31/04/16- 01/14/16; Dark
#4:02/15/16- 02/18/16; and Dark #88/27/16- 09/04/16

Table 2.1: Laboratory @ality Assurancébjectives (Method, MDL, PQL)

PARAMETER METHOD MDL PQL Units
Chlorophylls SM-1020GH 0.178 0.890 ug/L
Color (True) SM-2120C 0.19 0.95 CoPt

Nitrate + Nitrite | SM-4500NO3-E 0.005 0.048 mg/L

MDL = method detection limit; PQE practical quantitation limit

Figure 21: LICOR integratingquantum radiometer.
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Figure2.2: OceanOptics USBDO0O0 portablespectrometer

Figure 23: Secchi disk.
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3. Rainfall in the Coupled Springsheds:
Wakulla and Spring Creek

We began the studysng rainfall datafrom the Wakulla Springooat dockand
Tallahassee International Airpartthis study (figure 3.1 However, he Wakulla Spring
datarecord(figure 3.2)ceasd on 07/08/16 whethe gaugeat the boat dockwhich is
owned by theéNorthwest Florida Water Management District (NWFWM@gnt down
It was subsequently retrofitted by the USGS which is operating the gauge for the district.
TheNational Oceanic and Atmospheric Administration (NOA&)lahassedirport
data(figure 3.3 are complete but may not be antirdy accurate representation of
rainfall closer toWakulla Springor Spring CreekAs shown iniigure 3.4 theWakulla
Spring and Tallahassee rainfall patterns are simiat rainfall amounts differd,
sometimes substantially, on some occasiBesause of the data gap in the Wakulla
Spring gauge data,eshave used the Tallahassee dathese analyses
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Figure 3.1Wakulla springshed andemather stations used in this repdidllahassee
InternationalAirport andWakulla SpringBoat Dock
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Figure3.4 Tallahasse#nternational Airporiand WakullaSpringboat dock rainfall.

4. Dischargein the Coupled Springsheds:
Wakulla and Spring Creek

We used @scharge data from the US@3uwges at Lost Creek, Fisher Creek, Black
Creek, WakullaRiver, and Spring Creeligure 4.1) The gauges were working and there
werefewer data gapshan with the weather datexcept there weresomeotherproblems
with the Spring Creek data.

4.1 SpringCreek Discharge

The Spring Creekprings complex comprises 14 springs within Spring Creek and beyond
its mouth in the Gulf of MexicdAccording toRon Knapp, the Field Office Chief for the
USGS in Tallahassee, the flometer at Spring CreekJSGS 023270B SPRING

CREEK NEAR SPRING CREEK, FL)s located out in the estuagpproximately 0.6

mile downstream from Spring Creek vent #1 and in the vicinity of vents, @ntiQL 1,

but totally missing flows from vents 12 an8.1t was placedo catch most of thBows

from the multiple ventshowever, it misses some and is to the side of the chdanweals
designed tanonitorthe flow at that spot, nahe flow of the entire Springr€ek system.

In addition, the flow meter sens to have been moved by a dragging anchor, into a rather
difficult rocky area, not optimal for flow measuremerktsrthermore, the salinity guage

is at the topf thewater column and thedv meer is at the bottm. SpringCreek is a

marine estuary ang heavily impacted by the tides aisftenstratified with respect to
salinity and temperatur&heless dense freshwatibows out of the spring vents and into
the salty estuarysuallyflowing outoverthesurface of thevater column. The denser

sal watereither lies listlessly in the lower reaches of the water column, not flowing, or
flows with the tides, in and out.
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During this studyperiod, the Spring Crealentsceased flowingeveral timesThe flow
seemed to bencoupled from the tides in tlagea, which vary about 3 feet, a water level
change much greater than sea level rise which has been cited as thef easigéiciently
reduced head differential to causeessatiorof flow at Spring Creekfigures 4.2 and

4.3). There is also inexplicdd vaiability in the observed flow rate of the vents, which
seem to cut in and out igdendently of one anothevortexeshave been visible in the
pastat the Spring Creek vents (figure ¥.Zhe late Lee Nelbpears a lifelong residenat
Spring Creeksaid that several times Heeardthe vortex whistling like a freight train

One irstance was duringHurricane Denniswhich had arl1 foot storm surgehe height
of whichis promirertly marked on a telephone pole near the d¥¢kile our polynomial
model(see below) predicted some negative flows during the study period, we never saw
a vortex at a Spring Creek vent during this study

Because of the prégms with the Spring Creek gauge data,calcubltedflow usingthe
theory behind he @A Fr acitti yo nMaddhi@m6a dnal Muellgf1987) We
estimated both linear and polynomial regressimmels otthe Spring Creek estuary
based orover 1,102 daily average readings of salinity and discharge thenSGS
gaugefrom 06/25/07 to 07/01/10 for model delopment We used theolynomial
regressionwhich provided the better fivith acoefficient ofdetermination(R?) of
72.5%8% significant at the 99.9999% levéit-(estprobability= 3.3847E172) (Figure 45).

Spring Creeldischargefor the study periodhased ortheseUSGSsalinity readigs
(Figure 4.6) showed considerable flow variation.Mad an initiafive months of
negdive and/or zero dischargeitlvy one exception in mitovember 2015, followed by
seven monthof substantial, but intermittent disatge. During the study period,
discharge ranged frorl50 to 1,674ubic feet per secondfg) with an average of 446
cfs.

4.2 Wakulla Spring Discharge

While the NWFWMD maintains a flow meter in the spring vent, that meter was down
during much of the stdy. We used the USGS gua@#sSGS 02327000 WAKULLA
SPRING NR CRAWFORDVILLE, F).on the Shadeville Road Bridgeounty route

365), which is at the southeboundery of thepark approximately 3 miles downstream of
the vent(figure 47). As a result, the disarge values include outflow from the spring
vent as well as inflow to the river from the Sally Ward Spring run and several smaller
springs along the upp#tree miles of the river. Those additional volumes are trivial.
During the study period, the discigarwas highly variable ranging from 528 to 1,650 cfs
with an average @75 cfs

4.3 Snking Stream Discharges
We usedlow data from three USGS gaugesnmeasure sinking streatiischarges into

their respectivewalletswithin the Wakulla springshedlost Creek (USGS 02327033
LOST CREEK AT ARRAN FLA) Black Creek (USGS 02326995 BLACK CREEK
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NEAR HILLIARDVILLE, FL) , and Fisher Creek (USGS 02326993 FISHER CREEK
NEAR HILLIARDVILLE,FL). None of these guages tHassoaitedrainfall dataduring
our studyperiod

Lost Creekflowed intermittentlyduring the study periodith discharges ranging from
0.37 to 1,690 cfs anah averagef 158 cfs(figure 4.8) Lost Qeekis the dominant
sinking stream in the springshdalit its discharge is believed to flow predomihato
Spring Creek (Rvis and Verdi, 2014; Dyer, 2013 ost Creek Sink is located several
miles southwest dVakulla Spring (figure 4.1)

Black Creekand Fisier Creelalsodischargd intermittenty during thestudy period
(figures 4.9 and 40) with flows ranging from 0.01 t850cfs at Black Creek and from
0.03 to 443 cfs at Fisher Cred@dack and Fisher Creek®ntribute significantly less flow
than Lost Creek averaging 18 cfs &8licfs respectivelyfigure 4.11) However, the
discharges of thesa/d streams into their respea sinks are assumed to flow
exclusively to Wakulla Spring. As a result, they are the major sour¢asrohand other

CDOMcol or in the spring when Lost Creekods

(Davis and Verdi, 2014).
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discharges were analyzedthis project
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Figure 42: Spring Creeklow (08/08/16)

Figure 44: Vortexesat Spring Creek
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Figure4.10: FisherCreek dischargtor the study periodJSGS guge 02326993
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Figure4.11: Comparisorof sinking streandischarge for the study period.ost, Black
and Fisher Creeks

5. Flow Dynamics inthe Coupled Springsheds:
Wakulla and Spring Creek

Based on the work of Davis and Ve(@D14)and Dyer (2015)it is likely that the driving
forces behind the flow regime @akulla Springnclude (a)rainfall within the near
springshed areaepresented in this sty byrainfall datafrom the Tallahassee Airport
(b) flow from the intermittent streams that liertorth,accounted for here by the
discharges of Fisher and Black Creeks into their respective sinlec) periodic
discharges of Lost Creek into its siwken Spring Creek is not flowirand those
discharges flow north to Wakulla Sprifgischarges bytte three sinking streams
generally respondirectly to rainfall eventswithin their watershedsxcept after
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prolonged periodsfdittle or no rainfall Theflow regime of the Spring Creek springs is
likely driven by (a) rainfall within its near springsheedpresented in this study by
Tallahassee Airport datand (b) dischargefsom Lost Creek into its sink under those
conditions when its discharges flow sotio Spring CreekWe begin by examining the
Spring Creek springdow dynamics.

5.1Spring Creek Springs Flow Dynamics

Davis and Verdi (2014) explain the periodic cessation and sometimes negative discharge
of the Spring Creek springs as the resultrofgnged periods of little or no rainfall

coupled with higher mean sea levéhder tlese circumstances, the hydraulic head
differential between the Spring Creek water table and sea les@histimesgoo little to
maintain flow from the Spring Creek spgs As noted above, the Spring Creek springs
ceased flowing at some points of timeidgrthe study anger our model results, may
havereversedt othergsee figure 4.6).

The flow dynamics we observed during this study are consistent with those expisnat
As shown in figure 5.1, regional rainfall and associated discharges from lezt iGto

its sink correspond well with discharges from the Spring Creek spiihgsSpring Creek
springs discharge peaks at node8AD, and Efollow shortly after ran events that also

are associated with peak discharges from Lost Cidekrestoratin of flow at Spring

Creek at node C coincides with a rainfall event measured at the Tallahassee Airport for
which there is a considerably smaller increase in dischasgelfost Creek.

5.2 Wakulla Spring Flow Dynamics

Wakul |l a Spr i ng dbasetlowfanthe Ugper Floridakqlifer avithi its
very large springshed estimatedL&800 to 2,900 square miles (Howard T. Odtlorida
Springs Institute, 20)4andperiodic pulses from the intermittently flowing sinking
streams.

Looking at theeffects of rainfall on Wakulla Spring flows, minor rainfall events of one
inch or less have little apparent effect on spring discharge, but larger rainfall events are
associged with discharge peaksdiire5.2). Each of the major discharge peaks (nodes B
E) is associated with preceding rainfall patterns. Prior to the peak discharge at node B,
rainfall shows little obvious relationship to discharge peaks. In particular tge lar

rainfall events recorded at the Tallahassee Airport in November 2015 precenye a

minor discharge peak at node A. The discharge peak at C follows closely after a major
rainfall event measured at the Tallahassee Airport. Peaks at nodes B, D, and E each
appear to be associated with the cumulative effects of several rain events.

As shown in figure 33, the impacts of the sinking streams on spring discharge, while
sometimegpronounced, argenerallyshortlived. The dominant determinant of spring
dischage is the base flow from the aquif@¥ith the exception of spring discharge peak
C, the major peaks are associated with increases in flow from all three of the sinking
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streamsHowever, we cannot ascertain easily from these figures if Lost Creek dissharge
are flowing north to Wakulla Spring or flowing south to Spring Creek

Figure 54, which displaysWakulla Springdischarge with rainfall plus discharges from

Lost Creek and Spring Creesffers some insighirhis shows that Spring Creek was not
flowing prior to Wakulla Spring discharge peak A, so Lost Creek flows shoulddesre

a major contributor to flow at Wakulla. However, the impact is relatively modest and
shortlived, perhaps because of the relatively low rainfall prior to the rainfall ¢vant

the triggered peak ASpring Creek discharge is near zero prior to Wak8}pring

discharge peaks B and D, suggesting that Lost Creek flows played a major role in those
eventsHowever, Spring Creek was flowing at a high level shortly thereafter and
throughout the time of Wakulla Spring discharge peak E, indicating that Lesk@iow
would likely not have contributed toahdischarge event at Wakulla Spring.
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Figure5.2: Wakulla Springdischarge with rainfall.
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Figure 53: Wakulla Springand sinking streardischargs with rainfall.
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Figure5.4: Wakulla SpringLost Creekand SpringCreek dischargewith rainfall.

6. Variation in Water Quality at Wakul la Spring

This chapter presents data ford water quality parameters: chlorophylls, true color,
turbidity, specific conductance, and nitrates.

6.1 Chlorophylls

Chlorophyll levels are considered to fm®portional to the algae content in aquatic
systemns and are used in trophic state analysfginitially measured them weekly from
samples collectedt the boat dockhen transitioned to sampling by boat from the boil
which we did exclusively afteéf/7/16 The methods and sampling techreg are detailed
in Chapter 2Chlorophyll measuressed in this analysisclude (a) corrected chlorophyll
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a (chlorophyll a corrected for phaeophyti(b) phaeophytin  and (c) #A&ot al <chl o

(sum of corrected chiophyll a plus phaeophytin)

Chlorophyll a is te most common photosynthetically active pigment in plants and algae.
Whenthe rphyrin ring of the chlorophyll molecule is degraded, usually by the loss of

its magnesium ion, this heterocyclic macrocyaigamic compound falls apart and is

analyzed as pr@phytin.Measuringphaeophytirseparately and subtractifigrom the

total chlorophyll valueprovides a robusheasue of the chlorophyll a in viable plant

cellssThi s i s the fAcor ametetused bydhe Flaridadpparymerdtofa o par
Environmantal Protection in their Total Maximum Daily Load (TMDL) program (FDEP,

2011).

Because of the high rate of discharge of the spring (400 million gallons penday),
hypothesizehat chlorophylidetected in the boil originates elsewhere and flows into the
spring from the aquifer. The most likely sources are one or more of the large sinking
lakes north of Wakulla Spring that discharge alaken water into the aquifer via
sinkholes (McGlynn and Bge, 2016).

Figures6.1.17 6.1.3present weekly correctaghlorophyll aand phaeophytin levels
during the study perioglus their sumColored data points indicate the sampling
locations (blue at the boat dock, red at the spring boil).

Corrected chlorophyll &igure 6.1.1)anged from 0.0to 294 ug/L with anaverage of
0.40 and a median of 0.1@alues below thenethod detection limit\iDL) of 0.178 ug/I
coded as zerd)Thirty-seven percent of the observations were below the Mbeé.
averageof 040 ug/Lis less than one thirthat reported byhe Howard TOdum Florida
Springs Institute (2014. 48 from the EPA STORET databaf® 12 samples collected
betweenApril 10and NovembeR8, 2006 i.e. 1.63However, if we include onlyalues
greater than the FDEP STORET MDL of 0.55 udHe average for the cemt study is
1.66 ug/L (see table 6.1.1). This value is higher than the averages for samples reported in
the FDEP STORET data base for the boat dock and tram sampling Sfatitme
periods extendintgp 2017 from 2013 and 2014 respectivdliie averagérom our study
applying the FDEP MDlalsois twice the average reported for two samples collected
from theboil duringthe Wetland Solutions Inc. surveyAqpril 2009, i.e.0.83 ug/L
(201, p. G4).

Corrected chlorophyll a levels at Wakulla Spring arddaver than those of the karst
lakes in the springshed, which averaged over 20 ug/L during the study with algiae bl
peaks of more than 300 ugMowever, when compared to otheprings in Florida e
average values recorded at theing boilaresimilar orconsiderably higheetland
Solutions (2010b, pp.& i G-4) reported amverage 00.99ug/L for samples from the
boils oftenother springs included in its 20@®09 suvey: DelLeon, Homosassa, Jackson
Blue, Madison Blue, Manatee, Ponce de Ldoanbow, Silver, Silver Glen, and Weeki
Waclee The Wakulla Spring boil average during our study also is considerably higher

3 Excludes outlying value of 8.5 ug/L measured on 8/25/15 which eppeae anomalousVhere
duplicate values occudock reading increased by 0.05 to offsetfigure 6.1.1.
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than the averagef 1.11 ug/Lfor historical data fronsix of thesprings reported by
Wetland Solutions (2010bpeLeon Springdchetucknee Manatee, Rainbow, Silver,

and Weeki Waoke However,it is comparable to the average of 1.6 ug/L reported by
Walsh et al. (2009pr six spring within the St. Johns River Water Management District
(SJRWMD)sampled between 2004 and 208Fxander De Leon, Gemini, Green,

Silver Glen, and Wekiw&5% of the samples were below the reported MDL of 0.1
ug/L).

Looking at maximum corrected chlorophg levels, we recorded five samples of 2.0
ug/L or greater at Wakulla with a maximum of 2.94lyDoneof thetenspringssampled
by Wetland Solutiongh 20082009yielded a sprindpoil corrected chlorophyll a level
greater than 1.10 ug/IRainbow Springit 2.10 Maxima for the historical data reported
by WetlandSolutions ranged from 0.48 to 7.10 with faprings recording maxima
greater than 2.0rhe maximum reported by Walsh et al. was 5.7 ug/L from DeLeon
Spring?

Phaeophytin (figure 6.1.2) rangéd0 to 2.15 ug/L withrmaaveragef 0.3 and a median
of 0.06 (values below the MDL of 0.178 ug/l codad zerof Forty-eight percent of the
observations were below the MDLimiting the values to those greater than the FDEP
STORET MDL of 040 ug/L, theaverage fo20 observations fothe current study i8.90
ug/L. As shown in table 6.1.2, our study awgaxceeds tisefor the limited number of
observations reported in the FDEP STORET data #iaide boat dock (N=3) and the
tram (N=5)that exceeded the FDEP MDL.

While Wetland Solutions (2010) did not report phaeophytin values 20282009

study d Florida Spring, Walsh etal. (2009)report an average of 0.7 ug/L and a median
of 0.3 foreightsamples from six springs within the SIRWNBtween 2004 and 2007
(61% of the samples were below the reported MDL of 0.1 ugilgxander, De Leon,
Gemini, Geen, Silver Glenand WekiwaThe Wakulla Spring boil average of 0.90
during our study is considerably lower thie 3.68 ug/L average reported by the Springs
Institute for 12 samples collected from the Wakulla Spring boil in 2006 and the 3.55 ug/L
avera@ for historicaldata from seven of the springs reported by Wetland Solutions
(2010b): DeLeon, Ichetucknee, Manatee, Rainbow, Silver, Silver Glen, and Weeki
WacheeThe 2006 Wakulla average is driven by a maximum value of 23Tug/l.

Wetland Solutiongaveaageof seven spngsis driven byavery highmaximumvalue

from Rainbow Sprin@f 100 ug/l and aaverageof 19.60 ug/L in six samples collected

in 2006. The average of the other six sprirggrted by Wetland Solutiomsmore

nearly the same as Wakaltluring our stdy: 0.87 ug/L.

Figure 6.1.3 presents the sum of corrected chlorophyll a and phaeophytin for the study
period.As figure 6.1.4 revealsainfall, as measured at the Tallahassee Airgas no
appareneffect ontotal chlorophylla (linearregression model is not statistically

4 Excluding samples from the Lake Apopka spring which discharges on the bdttioat bighly eutrophic
lake and a single sample from Bugg SpriofgR4.8 ug/L collected 300 feet downstream from the vent.
5 Excludes outlying value of 9.2 ug/L measured on 1/7/16 which appears to be anoidletes duplicate
values occyrdock readingncreased by 0.05 to offsen figure 6.1.2.
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significant) Neither does thaflow to the aquifer fronthe combined flows of Black
Creek and Jump Credl0 days prioto total chlorophyll measurements at the spring boil
(figure 6.1.5)° or the inflows fran Lost Creek45 days priowhen itsflow is diverted

north to Wakulla Spring when the Spring Creek springs are not floffiqge 6.16).’
These findingsuggest that chlorophyitvels at the spring boil are not directly
influenced by precipitation within the spgshed or by sinking stream inflows to the
aquifer.

6.2 True Color

We measured true color light absorbance at 46%rom samples filtered to remove
suspendedatte. Thisis awavelength absorbed by ttennin pigments that impart the
reddishbrownto yellowish apparent color in the sinking streams that dischiargegh

swalletsinto the Upper Floridan Aquifer in areas that flow into Wakulla Spring: Black

Creek, Fsher CreekJump Creekand Lost CreekKulakowski, 2010F We initially

measured trueolor weekly from samples collected at the boat dock then transitioned to
sampling by boat from the boil which we did exclusively after 7/7Tb& methods and
samplingtechniques are detailed in Chapter 2. True color values over 4qP&Ziaun

Cobaltluni t s are consideredamnwmi beofibl ack, dark

Wakulla Spring is more tannic than many other major springs in Florida, and it appears
that tannin levels haviacreased over the long terAs shown in figure 6.2.and table

6.2.1 weeklytrue colorvaried from4.7to 136.4PtCo units during the study period with

an average of27 and a median of 1@ PtCo unitqfor all samples greater than the

FDEP STORET MDLof 2.5 Pt@ units)

Table 6.2.Treveals thathe study period mean is somewhat highantthe means for
STORET data sampled from the boil between 2009 and 2014 and from the boat dock
between 2013 and 201%he study period median of 12P6Co is substantially greater
than the STORET medianSombining the STORET boil data with those from stuidy
reveals drivial increasing trend with an’®f 0.03 significant at only the 90% level-(F
test pvalue= 0.098).However, our study average 22.75 is substantially higher than
the STORET 4§/ear average of 4.2 (19&®06) reported by the Floridgprings

Institute (2014). It also is much higher than both the-teyan (20082009) and long

term (19462008) averages reported by Wetland Solutfond 0 other springs in the

state De Leon Springs, Homosassa Springs, Ichetucknee Springs, Jacksopiige S
Madison Blue Spring, Manatee Springs, Rainbow Springs, Silver Springs, Silver Glen
Springs, and Weeki Wachee Springs

5 Dye studies demonsted a 9 to 10-day travel time from Fisher and Black Creek sinks to Wakulla Spring
(http://www.geohydros.com/FGS/Tracihg/

" Dye studies demonstrate a-46 47-day travel time from the Lost Creek sittkWakulla Spring
(http://www.geohydros.com/FGS/Tracin@yer (2015).

8 Tannins ae the predominant type of colored dissolved organic matter or CDOM in freshwater springs
(USGS, 1995). Other CDOM cqunents, e.g. fulvic and humic acids, absorb light most strongly in the
ultra violet range at short wavelengths outside the visible spa¢Bricaud et al., 198 Ghabbour and
Davies 2009 Kumada 1955.
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Four peaks occurred dag the study period. Figure 6.2.2 depiweseklytrue color with
flows from the two sinking streants thenorth ofWakulla Springor which flow data

are availableBlack Creek and Fisher Cregkeasured 10 days prior to reflect the travel
time from theirsinks to Wakulla Spring established by dye studisee of the true

color peaks occuwithin a few dayf peaksl0 days prioin the flows of these two
sinking streamto their swalletsA, B, and D.Linear regression analysis of the
relationship yields a model withcaefficient of determinatio(R?) of 0.32 that is
significant at better than the 99.989evel (Ftestp-value= 9.06x 10°). In other words,
the combined flows of the two sinking streams measured 10 days prior exp|aéncént
of the observed variation in tanrgvels at the spring measured as true color.

Figure 6.2.3resend true cobr with flows at Lost Creek and Spring Cretkdays prior
No substantial increases in true color appear to be associated withreektflows45

day priorwhen Spring Creek was nearly not flowing. Including these Lost Creek flows
45 days prioas a seaund variablewith the summed flows of Black Creek and Fisher
Creek 10 days prior does not improve the regression model for trueAihmugh the
model remains significant (99.99% level), the adjustédadRieremains the same at
0.30°

As shown inigure 6.24 during much of the study peri¢ti0/21/15- 6/10/186, true color
andtotal chlorophylla exhibit agenerallyinverse relationship consistent with the patterns
in figures 6.1.5, 6.1.6, 6.2.2, and 6.2.3, i.e. higher stream flowsroang/ tanningand

other CDOMinto the spring while diluting chlorophyll carried in the base flow of the
aquifer.However, the relatioship is not statistically significarburing thefirst month of
the study (9/3/1% 10/15/15) andduring the latter few months of the saling period
(6/15/161 9/29/16)the two parameterseem to run in parallebut again the relationships
are not stastically significant.

6.3 Turbidity

ATurbidity is caused by the presence of suspended and dissolved matter, such as clay, silt,
finely divided organic matter, plankton and other microscopic organisms, organic acids,
and dyeé (Anderson, 2005, p. TB*B). Thus, turbidityis an aggregate measure that will
reflect the presence of algae cells measuredasctedchlorophyllaand phaeophytias

well as tannins measured as true cdloaddition to other CDOM and suspended
particulatesTurbidity is typicallyvery low in spring outflow in Florida (Wetland

Solutions Inc., 2010a) ansd not likely to bea very significant factor in freshwater spg

light regimesWe did not collect turbidity data during our study, relying insteadaia

recorced d the NorthwestFlorida Water Management District gauge on the boat.dbck

Those dataas well as historical data, confirm that turbidity levels ave &t Wakulla

® The adjusted Rstatistic accounts for the numtef independent variables iregressiommodel. It only
increases if thadditional independent varialil@proves thepredictive power of thenodel more than
would be expected by chancéttp://blog.minitab.com/blog/adventuras statistics2/multiple-regession
analysisuseadjustedr-squareeandpredictedr-squareeto-includethe-correctnumberof-variable3.

10 No spring boil turbidity datare currently available from STORET for the period 1/1/97 to 2/6/19 or
from FDEPO6s successor W N data base.
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Spring. Figure 6.3.1 presemgeklyboat dock turbidity dataneasured as nephelometric
turbidity units (NTU),recorded during this studgomprisng 58 observations between
9/3/15and9/29/16 The mean for these values i DNTU with a medan of 016and a
range of M6to 101

As shown in table 6.3.1, these values are lower thalotiggerm STORET database
averageof 0.44 NTU from 1970 to May 2008 reported for the spring boil by the Howard
T. Odum Florida Springs Institute (2014, p)4Bur maximumalso is smaller than that
reported by the Springs Institute01 versus 6.2BTU. Levels neasured at Wakulla
Spring on two dates in April 2009 by Wetlands Solutions, Inc. (2010b;4).88eraged
0.27 NTU near the boil and 0.34 at the bd@tk suggesting that boat dock data may be
measuring turbidity produced within the spring baslwell aghat present in the vent
discharge at the boil

The 0.21 NTU average turbidity leveltae Wakullaboat dockduring the study period

also is lowetthan the 0.27 NTU average for the 10 other springs in Florida (De Leon,
Homosassdgchetucknee, Jackson Blue, Madison Blue, Manatee, Rainbow, Silver, Silver
Glen, and Weeki Wachee) surveyed by Wetland Solutions (2014b) in 2008 and 2009 and
substantially laver than the mean average of 0.54 reported by Wetland Solutions (2014b)
for those prings between 1966 and 20G&wever, it is nearly the same as the mean of
0.20 reported for six springs by Walsh et al. (2009).

Algae cells comprise some portion of tufity. However, as shown in figures 6.3.2 and
6.3.3 there is not a strong correlatioetweerour measures aforrected chlorophyll a or
phaeghytin and turbidity. A simple regression model of turbidity and corrected
chlorophyll a is not significant at tf89% or better level. The model for phaeophytin and
turbidity is significant at th@5% level (Ftest pvalue =0.048), but the Rvalue is only
0.07. A multiple regression model including both corrected chlorophyll a and
phaeophytin is not significant tite 90% level or better.

Tannins and othe€DOM also may contribute to turbiditpeasurements, howeverhile
thereare some parallels evidentfigure 6.3.4at some times during the study periad,
regression model of otirue color measurements witheé boat dock turbidity data is not
significant at the 90% level or bett&/e dg however.find a correlation between
turbidity at the boat dock and discharges from the two sinking streams north of Wakulla
Spring Black and Fisher Creekisigure 6.35 shows turbidity with the summed flows of
these oeeks 10 days prior. A regression moalethis relationship has ar’Rf 0.22that

is significant at the 99.9% leveAdding Lost Creeks flows 45 days priat times when
Spring Creek flowsre less than or eglto zergto the summed flows of Black and
Fisher Creeks 10 days prigiglds asignificant model, but with a lower?Rnd adjusted
R2. Thisindicaks that addition of the Lost Creek flow data does not enhance the
explanatory power of the regression b&imilar effects result from including the Lost
Creek flow data as a separate independent varihblepearsnonethelesthatsome
portionof theturbidity measured at the boat dock is comprised of particles other than
algae celland/orCDOM otherthan ttatmeasured as true color

42



6.4 Specific Conductance

Specificconductanceerves as a proxy for the concentration of ions in solution by
measumg the ability of a solution to conduct electrictye measuredt from weekly
samples prior to 10/1556 supplemented bgaily sample thereaftercollectedoff the boat
dockat Wakulla SpringState ParkThe methods and sampling techueg are detailed in
chapter 2Typically, in karst systemthe calcium carbonate ions that camsp the lime

rock come ito equilibriumand dissolve into the ground waggelding specific

conductance levsthat range fron800to 400micro Siemens per met@uS/m).

Rainwater has almost no specific conductance, and the area lakes and sinking streams
have typically less than05uSm. Salt wateron the other han@xhibits abou#0,000

uSm.

As shown in figure @.1, specific conductanceamples from Wakulla Springnged

from about 750 400 uS/m diring the study periodith an average of BuSm. Values

at the lower end ahe rangeare not typicabf thosefound in most karst systeniBhese

dips in specific conductana@luesmay reflectsubstantial fresh water mision into the
aquifer, perhapgrom periodic inflow from the sinking streamtsowever, as shown in

figure 64.1, no correlations evident between specific conductance at Wakulla Spring

and the dischargieom the dominansinking streamLost Creekduring those times

when Spring Creek has stopped flowing or flow is very low and Lost Creek discharges to
the aquiér are assumed to be flowing north to Wakulla Spring

6.5 Nitrate

Background levels ofitrate, a form of oxidized nitrogegiiNOz), are typically quite low

in natural karst systems, originating primarily from atmospheric deposition on the land

surface ad runofffrom soilsinto sinking streams\itrates are mobile in soils, having a

low capacity for dsorption.Human sources predomiean the Wakullaspringshed

Septic tank loading replaced wastewater treatment plant loading psrtteynitrate

sourceaf t er retrofit at the City of Tallahasseeods
Facility in 2012to meetadvancedvastewatetreatmenstandard¢FDEP, 2015)We

measured nitrate from weekly samples prior to 10/15(fdplemented bgtaily samples

thereaftercollected off the boat dock at Wakulla Springs State Park. The methods and

sampling techniques are detailed in chapter 2

As shownin figure 65.1, concentrationsariedconsiderably with a range 0.2to 0.7

mg/L auring the study periodndan averag of 0.38 mg/L. The Total Maximum Daily
Load (TMDL) target set by FDEP is a monthly average of th8H. (Gilbert, 2012)As
also shown inigure 65.1 there is no relationship between northerly flows of Lost Creek
(when Spring Creek igery low ornot flowing) and nitrge levels

43



w
o

N
o

2.0

15

Corrected Chlorophyll a (ug/L)

0.0 ® 0 0-000ed ¢
\2) \2) \2) \2) © © ©
~ ~ ~ N N N N
¢ & &
® NS NY N N N Y

o
N
0”’\

0
S
NP

==

o

©
o\

©
"
o
Q Q
0/\\

&

Cor Chl a - Dock
Cor Chl a - Bail
Combined Trend

© ©
N N
0”’\ 6”\

S SN

N

Q”’\

Figure 6.1.1: Weekly levels of corrected chlorophydit ahe boat dock and the spring
boil, 09/03/15 09/29/16 Where duplicate values occ¢ulock reading increased by 0.05

ug/L.
Sample

Source Sample Station Dates Size Rarge Average| Median
Current Wakulla kil 09/03/15i 13| 0.9771 2.94 1.66 1.60
Study and boat dock | 09/29/16
FDEP Wakulla oat 06/10/14- 7| 0.551 1.50 0.90 0.77
STORET dock (#44061) | 04/26/17
FDEP Wakulla ram 10/30/13i 10| 0.557 2.10 0.98 0.90
STORET (#44059) 7/26/17
EPA Wakulla il 4/10/0671 12| 1.00-5.30 1.63 n/a
STORET 11/28/06
(Springs
Institue,
2014)
Wetland Wakulla kil 4/13/09- 2| 0.557 1.10 0.83 n/a
Solutions 4/16/09
(201) 10springs at | 20082009 20| 0.55-2.10 0.99 1.10

boil/vent 19992008 177 n/a 1.11 n/a
Walsh et al. | Six springs at | 2004- 2007 5 0.21 5.7 1.6 0.8
(2009) or near
boil/vent

Table 6.1.1: Correcetd chlorophylcancentrations (ug/Lfpr the study compared to
other Wakulla Spring and River daad other springgMDL = 0.55 ug/L).
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Figure 6.12: Weekly levels ophaeophytin at the boat dock and the spring B8103/15
i 09/29/16 Where duplicate values ocgualock reading increasdxy 0.05ug/L.
Sample
Source Sample Station Dates Size Range | Average| Median
Current Wakulla il 09/03/15i 20| 0407 215 0.90 0.72
Study and boat dock | 09/29/16
FDEP Wakulla oat 06/10/14- 3| 0.407 0.43 0.41 0.41
STORET dock (#44061) | 04/26/17
FDEP Wakulla tam 10/30/13i 5| 0457 1.50 0.69 0.53
STORET (#44059) 7/126/17
EPA Wakulla il 4/10/061 12| 1.007 23.00 3.68 n/a
STORET 11/28/06
(Springs
Institue,
2014)
Wetland 10springs at 19882008 202 n/a 3.55 n/a
Solutions boil/vent
(2010b) Nine springs at | 19882008 196 n/a 0.87 n/a
boil/vent
(excluding
Rainbow
Springg
Walsh et al. | Six springs at orf 2004- 2007 8 0.17 1.8 0.7 0.3
(20M) near boil or ven|

Table 6.12: Phaeophytirtoncentrations (ug/L) for the study compared to otiakulla
Spring and River datand other springéviDL = 0.40 ug/L).
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Figure 6.13: Weekly levels ototd chlorophyll a (corrected chlorophyll a + phaeophytin)
at the boat dock and the spring b6®/03/151 09/29/16 Where duplicate values ocgur
dock reading increased by 0.08/L.
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Figure 6.14: Weekly ptal chlorophyllaand rainfallat Tallahassee Aport,09/03/15i
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Figure 6.15: Weekly ptal chlorophyllawith summedlows of Black and Fisher Creeks
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Figure6.2.1 Weekly levels otrue color at the boat dock and the spring,@8/03/15
09/29/16 Where duplicatealues occurdock reading increased by 0.08/L.

Sample Sample
Source Station Dates Size Range | Average| Median
Current Wakulla boil | 09/03/15i 54 4. 71 227 126
Study and boat 09/29/16 136.4
dock
FDEP Wakulla boil | 09/23/09- 26| 0.0-82.0 18.7 5.0
STORET (#9695) 12/2/14
FDEP Wakulla 10/31/1317 23| 23.0-56/0 16.5 9.3
STORET boat dock 8/18/15
(#44061)
EPA Wakulla boil | 5/19/66 1 108 | 0.07 40.0 42 n/a
STORET 12/5/06
(Springs
Institue,
2014)
Wetland Wakulla boil | 4/13/091 2 50.071 60.0 n/a
Solutions 4/16/09 70.0
(2010b)
10springs at| 20082009 20 2.57 5.0 3.1 2.5
boil/vent 19462008 3,104 0.07 3.4 n/a
160.0

Tale 62.1 True color (PtCo units) for the study compared to other Wakulla Spring data
and other springsMDL = 2.5PtCo unit3.
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Figure 6.2.2:Weekly true color with summed flows of Black and Fisher Creeks 10 days
prior, 09/09/157 09/29/16
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Figure 6.31: Weekly turbidity at the boat doc@9/03/15i 09/29/16.
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Sample Sample
Source Station Dates Size Range Average| Median
NWFWMD | Wakulla 09/03/15i 58| 0.0671 0.21 0.16
boatdock | 09/29/16 1.01
(#44061)
EPA Wakulla 1970 132 0.007 0.44 n/a
STORET boil 2008 6.20
(Springs
Institue,
2014)
Wetland Wakulla 4/13/09- 2 0.22- 0.27 n/a
Solutions boil 4/16/09 0.31
(2010b) Wakulla 4/13/09- 2| 0.291 0.34 n/a
boat dock | 4/16/09 0.38
Multiple 2008 20 0.02- 0.27 0.12
springs at | 2009 0.9
boil/vent 1966 2,318 n/a 0.4 n/a
2008
Walsh et al. | Multiple 2004 13 0.07 0.20 0.10
(2009) springs at | 2007 0.6
or near
boil/vent

Table 6.3.1Turbidity for the study compared to other Wakulla Spring and River data and

other springsNIDL = 0.10NTU).

Turbidity (NTU)/Cor Chl a (ug/L)
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Figure 6.3.2: Weekly turbidity and corrected chlorophy0@/03/15/ 09/29/16
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Figure 64.1: Specific conductancwith discharges ofost Creekand Spring Creek




18

1.6

— Nitrate

14 ——5CDis / 1000
12

LC Dis / 1000

1.0

0.8

0.6

nitrate (mg/L)

0.4

0.2

0.0

-0.2

04 & &

Figure6.5.1: Nitrate concentrations with discharges of Lost Creek and Spring Creek

7. Variation in Photosynthetically Active
Radiation at Wakulla Spring

7.1 Optical Properties of Wakulla Spring and its Springshed

Light is one ofthe mosimportantparametes determining the diversity and abundance of
aguatic biological communities. The underwater light field is a critical factor for primary
producton: plants need almost the full spectrum of visible light to photosynthesize. This
so-called Photosyntheticallixctive Radiation (PARencompassebe spectral range

(wave band) of solar radiation from 400 to 700 nanomébtenwhich is the same as the
light range visible to humans (figure 7.1.1).

Light attenuates with depth in water because water moleculeddlogaradiation.

Other substances cause further attenuation including dissolved substances which absorb
light over different wavelengths andspended particles, measured as turbidity, which
can absorb, reflect, and scatter incoming solar radiafiois.aspect obur study focuses
primarily on two dissolved lightibsorbing substancesnnins and chlorophyll a,
measured as corrected chloroplayind its degradation product, phaeophyie. also
examine the effects of turbiditfannins absorbdght at fiorter wavelengths extending
from UV light to blue visible light up to about 475 rifrBoth chlorophyll a and
pheophytin absorb in two regionstbe visible light spectrum. The shorter wavelengths
of their absorbance spectra overlap with that of tanninkr@phyll a exhibits
absorbance peaks at about 430 aralréb (see figure 7.2), while pheophytiraabsorls
most stronglyatabout410 nm ando a lesser exterit about @5 nm (see figure 7.3).
Turbidity measurements account for both suspended naaitiedissolved substances and
thus overlap with measures of color and chlorophylls.

11 See Bricaud et al. (1981).
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We examinel thelight spectruntransmittedhrough the watecolumn at Wakulla Spring

usingspectral radiometri¢spec rad) analysis of unfiltered water in the field to define

Aoptical fingerprintsoonaweeklybagsibdaswealasfai ti ons at
eight events that exhibitédd a r kK 0 a n dr canditiorginD ar kwvatcondi t i ons
comprise those whernisibility is low, and the apparent color is reddistown associated

withsi gni fi cant amounts of tannins in the water
visibility is high, andtannins are not noticegbpresent. Historically, the water in the

springwaa cl ear pale blue during Alighto conditioa
had a greenish apparent color under Alighto ¢

We also developed optical fingerprints for some of the karst Ek@streams that
discharge water into the Upper Floridan Aquifer within the Walgplangshedy
conducting color absorbance scans of filtered sampleghéatcean Optics
spectrometerAbsorbance is measured a logarithmic scale absorbance unit\():
1.0Au is approximatelyequal to 10% transmittanc2.0 Au is approximatelyequal to
1% transmittance-lere we present several examples.

We begin withoptical fingerprins of the wateiin Wakulla Springor a #Al i ght 0 event
07/07/16 (Secchi63feet and a fA dO&/LSHE(Seehi &hfeet)Toenformer

wasabout one month aftéine highest visibility water conditionis three years, with the

glass bottom boats running for a ghtome beginning Memorial Day weekenidlhelatter
wasduringthedarkestperiodof the project. In just two montl&ecchi diswisibility

decreasetly almost 50 feeta dramatic decrease in visibility

Figures 7.4 and7.16 presentraw spectraradiometriclight measurements for the two
differenteventsat Wakulla Sping. Figures 7.15 and 7.17 are the same optical
fingerprints but show the percentage of incident light transmission at each depth and
wavelength. ight reading werenormalized bydividing themby the incidentair) light
intensity which eliminates atospheric optical effects, like the absorption bands of
nitrogen and oxygen, andelds the percent of light transmitted at each depth.

Under the Alight w7d4and7015),bamteishoriestns (fi gur e
wavelengths (<80 nm) and the longeravelengths (>570 nm) were being absorbed,

with the greatest transmittance in the middle (aboutZ®Dnm, i.e. greens and yellows)
and adistinct absorbance dip at 664 nm that israbgeristic of chlorophyll aSq the

apparent water color would have hegreenish. The entire spectrum is shifted to the right
by the tannic condition in the dark eve(figures 7.16 and7.1.7) with the peak intensity
moving from about 20 nm in the light ever(figure 7.14) to about620 nmin the dark
event(figure 7.16). The tannins in the water absorb highly in the blues and greens, the
short wavelengths of the PAR. The longer wavelength yellows and red3@88im) are
typically transmitted giving the tannic water its characteristic brown or redutigivn
apparent car. Here there is some overlap into the greens-88I0nm), possibly

because of the presencecbforophyll as well agannins and . Notice that the light

intensity fals quickly with depth under the dark event conditiigure 7.16) registering

just over 1000 counts at 1 foot versus nearly 2500 counts at 1 foot during the light event
(figure 7.14).
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We defined e PAR depthlimit, calculated fronanextinction coeficient using the

spedral radiometricddata, as the depth at which PAR falls to @ansmittance This

guantifies the deptat whichall photosynthetic productivitgeasesThe0% PAR depth

limit for thestudy averag#l?2 feet ranging from a low of 4 to a high of 3&e 12foot

average is shallower than the vent ledge (21 feet) where Aanezglgrassvallisneria
americang oncegrew and shallower than several of the deepest stands that were present
in December 2016s¢e figure 7.1.8). Thugrolonged dark water conditioase likely to

lead to further declines ime aquatic grasses tlgaminate the submerged aquatic plant
community of Wakulla Sprinvith accompanyindpss of primary productivity and

habitat.

Punh Bowl Sink offers an example of a dark wat
connected to the aquifer and has very highltegétanninsand other CDOMrom open
conduits connected to the underground flow from Lost Ct&Elgure 7.19 shows that

on 11/@/15 the water was very dark: transmittance at 1 foot was only 500 counts which
is half the intensity experienced during ©0@/15/16 dark water event at Wakulla Spring
(figure 7.16). The color peak was at approximate80ém, further to the right intdvée

longer red wavelengths than in both the 07/07/16 light event at Wakulla Springgfigure
7.14 and 7.5), and the 09/15/18ark event at the spring (figwwé.16 and 7.17). This is
likely because tannilevels are not asighin the spring dischargas they are in Punch

Bowl Sink and there is likely little chlorophyll in Punch Bowl Siiilhe percent
transmission curves arésa further to the right in the Punch Bowl Sink dark event

(figure 7.110) than in the Wakulla Spring 08/16 dark evenffigure 7.1.7).

The optical characteristidés a sinkhole lake, the Lafayett€allschasepink in Upper
Lake Lafayette, during itdrmost continuous algadoom, are graphically depicted in
figures 7.111 and 7.112. This sink draing@pproximately 30% of therban areavithin

the City of Tallahassee. Thafayette Sinkn Upper Lake Lafayettis directly connected
to the aquifer. k¥ water isnot very tannic but rather green with chloroptigdim high
numbers of microalgae in the watelumn.Herethe spectrum is shifted to thedt
compared to Punch Bowl Sink, into the shorter gngawvelengths, peaking at about055
nm (figures 7.111 and 7.112), similar to the pattern observed during the 09/1%it&
event at Wakulla Spring (figus&.14 and 7.15). In theraw spec radata(figure 7.111),
transmittance is low at both ends of the spectrum, in the \bbletshorter wavelengths
and in the yellowred longer wavelengths. In figure 712, transmittance is low below
500 nm andhere & a distinct dip at alut 664nm. These patterns are consistent with the
typical absorbance patterns of chlorophyll a (figureZj.And phaeophytin @ure 7.13).

A somewhat similar pattern is apparent at Wakulla Spring for the light enedv/07/16

with a decreasing transmittance above 580 nm as well as evidence of light absorption in
the low 400s (figure 7.14 and7.15). Thetransmittancepectum for the 11/20/15 light
eventat Wakulla Springoears an even greater resemblance td i@4/15 green event at
Upper Lake Lafayettéfigures 7.1.13 and 7.1.4). This showshigh absorbance in the low
400 nm and high 600 nm ranges characteristic of oploill a and phaeophytin, again

2 Confirmed by dye studies (Cal Jamisongsmmal communication)

56



with a distinct dip at 664m.

Figure 7.1.5 presents a sies ofabsorbancecans,as opposed to transmittance,
measured in the laboratory froiftdredwaterfrom various waterbodies in the Wakulla
springshedThisis andherversion of theoptical fingerprint of the watebutit is limited
to CDOM, principally from tannirs. Chlorophylls anghaeophytinwhich are associated
with cellular mateal removed by filtering, araot detected by this metho@hetwo
tannic watebodiesshown herel.ost CreekandFisherCreek, haverery similar
absorbance scans. Thalysorb strongly in thehort wavelengths, tHdues and greens,
and transmit the longeeds and yellowsThereforethey appeabrown. The clearer
waterbodies\({Vakulla Springand Sally Warjido not absorb much at any wavelength.
They havevery little color with strongest absorbance at 400 nm and below, wikely
reflects low level®f tanninsand other CDOMSpring CreeK? which often receives
significant inflow fran the Lost Creek sink, exhibits an intermediate scan.

7.2Variati on of PAR at Wakulla Spring

In this section we examine the effects of turbidity as well as thédgivisabsorbing

dissolved substancésat may result in shalloRAR extinction depths: (ajhlorophyill

and/or phaeophytin and (b) tannins (measured as true cih@ 0% PARdepth limit

was calculated weekly, based on in situ measurements taken with two devices: a LICOR
photometric cell and an Ocean Optics underwatezgnating spectromete®QS). The
methods, calculationand sampling techniques are detailed in chapt&idure7.2.1
presentshesedata forthe study period between 8/25/15 an@%¥16. As shown in Table
7.2.1, LICOR and OOS values were comparable¢Herstudy period witimearly identical
rangesaveragesand geometric means

It is obvious from thegraphdepicted in figure 7.2.that we had two clear events towards
the end of the projedt late May andmid-July 2016. It waslear enouglon May 30to

run the glass bottomoats for the first time since 201Bhe 0% PAR depthimit
exceede®0 feeton July 10 Then inmid-September the% PAR deptHimit decreased

to less tharb feet.

The depth at which a plant receives just enough PAR to progugedbosynthesis the
amount of sugar needed to offset the amount consumed by respiration is called the
compensation point. No net plant growth occurs at or below the depth of the
compensation point. The compensation points for the two dominant submeugéid aq
grass species e spring bowl and Upper Wakulla Riv&fallisneria americanand
Sagittaria kurzianaare estimated at 10% PAR based on studies of other dpdniyers
in Florida (Hoyer et al., 2004). Figure 7.2.2 displays the 10% PAR depth limit for the
study periodWith a 10% PAR compensation point, these plants may not be able to grow
as deeply aa plant likeHydrilla which is reported to grow in lower light environments
down to about 1% PAR (Steward, 199ydrilla adaps to lower light conditions in part
by elongatbn of its stems toward the surfate.americanacanadapt to low light

B We collected Spring Creek water samples from thet block downstream of the main boil.
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intensityby extending its leaf lengtlbut its capacity to do so diminishes substantially at
less than & PAR (French and Moore2003. The shorteteafedS. kurzianahoweverjs
not able to adapt in this manner.

Figure 7.23 displaysweeklyboat dockurbidity levelswith the 0% PAR depth limit for
the same datess measured with the Ocean Op#gsctometer (OOS)The chart
suggests the expected inverse relationship betwebidity and PAR depth limitA
simple linear regression model of the relaship is statistically significant at th&%
level (F-test= 0.6.70; p-value= 0.0124) with turbidity explainng about 11% of the
observed variion in the 0% PAR depth limithe coefficient of determination {R
equals0.11

Figure7.24 revealsa generally negative relationship betwdle®0% PAR depth limit
andtrue coloras wel| howeverthe PAR depth limit does not directly reflect true color
levels in all instancegparicularly afterJune 30, 205. True color explains only6% of the
observediariationin the 0%PAR depth limitover the full study period = 0.06)
While the effect is small, it is statistically significant at tlfi&®level fegressior--test=
3.49;p-value= 0.0674). Regression analysis for the period 9/3/1530/15 reveals a
much stronger statistical relationship with aoR0.36 that is significant at the 99.99+
level (Ftest = 23.61; swalue =0.0000).

A graph of0% PAR depth limit withtotal dhlorophyll g, i.e.corrected chlorophyll a plus
phaeophytir(figure 7.25), exhibits an inconsistetynamicrelationship. At times the
variatiorsin PAR depth limit and chlorophyll appear independent. At others a positive
correlation appears. Aftéday 5,2016 the relationship is inverse as would be expected,
i.e. lower levels of total chlorophyll a are associated with greater PAR depth limit
Figures 7.2.6and 7.27, which break outorrected chlorophyt and phaeophytin, exhibit
similar inconsistenciedt is only during theexceptionally clear episodes towatte end

of the projectcircaMay 30 and July 10, 2016éhat increased PAR depth limit is
associateavith low concentrations of correctetilorophyll aand phaeophytim the

spring. It is not suiprising, therefore, thatken corrected chlorophylland phaephytin

are plotted against PARndsimpleregressioa calculategithe R? values are very small
(0.02 for correctecchlorophylla and 0.02 for phaeophytin) and neither relatioisis
statistcally significantat the 90% level or better

A multiple regressiomodelto assess the combinkdeareffects oftrue color,
chlorophyll 3 and phaeophytion PAR depth lirit offers a simplified approximation of
thecomplex and dynamicombined effect of thesahreefactors treating them as
independentariables Such a model has very weak explanatory power with%asf Bnly
0.08 and is not statistically significant at the 95% level or better.

Adding turbidity yields a model that statistically gynificant at the 95% level (fest =
2.89; pvalue = 0.0318)However, a noted abovaheturbidity measureapturs tannins
and chlorophylls, and our data show a statistically significant correlation between
turbidity and phaeophytin.hius this simple naltivariate analysis is complicated by some
multicollinearity. While the R is 0.19, the adjusted?Rwhichaccounts fothe number of
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independent variables theregression modeis only 0.12. Only the turbidity coefficient
is significant (95% level), it that is not surprising given its likely multicollinearity with
the other independent variabl@fiese results suggdbat light absorbands not a
simple linear function ofurbidity and theconcentratios of tannins or chlorophylland
that more sopikticated statistical analysis may be appropriate.

Figure 7.2.8lemonstrates that PAR depth is moderately affectetbiaydf the two
tannic creeks to the north of Wakulla Spring, Black and Fisher Ceaékisiing a
generally inverse relationship betweabe 0% PAR depth limit at the spring and the
summed flows of Black and Fisher Creeks 10 days gregression analysieveals that
thisassociations significantat the 99.5% level and explain4% of the observed
variation in 0% PAR depth limit (R= 0.14).

As shown in figure 7.2.9, our data provide no compelling evidence of an effect of Lost
Creek discharges to the aquifdy days prioon the 0% PAR depth limit at Wakulla

when Spring Creek flows are minimal or cease altogetlost. Creek flow peald,

which begins while Spring Creek @mostnot flowing, is associated withsubsequent
decrease in the PAR depth limit. The dips in PAR depth limit following or during Lost
Creek flow peaks B, C, artel however, occur when Spring Creek is flowiBgiring the
prolonged period of highest PAR depth lirattD, Spring Creek flows vary substantially
while Spring Creek flows are lowlo doubt the travel times from the Lost Creek sink to
Wakulla Spring vary considerably so thedd&y time, based on dye studiegy notbe
representative of conditions during this study.
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400nm 500nm 600nm 700nm

Wavelength in nanometers

Figure 7.1.1: Visible lighspectrum(www.mylighttherapy.com/common/images/
spectrum_pic.jpg
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Figure 7.19: Spectral radiometriransmittance through the water column at Punch Bowl
Sink in Wakulla County, 11/015.
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Figure 7.2.1: 0%hotosynthecally active radiation (PAR) depth limit during the study
periodas measured by LICOphotometric cell an@cean OpticspectrometefOOS)

PAR Depth LimitSummary Statistic6eet)

LICOR 00S
Count Sort 94.0 59.0
Minimum 3.8 4.1
Maximum 33.1 32.3
Median 10.8 9.6
Average 11.9 116
GeanetricMean 11.0 10.0

Table 7.2.10% PARdepthlimit summary statistics for the two measurement devices:
LICOR photometric cell and Ocean Optics spectrometer (Q@BR)5/15- 09/29/16
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8. Wakulla Springshed Light and Dark Events

As reported above, dramatic decreases in dglagkem boat tours reflect an increase in
Adar k wat er 0 a§pring ovdrehe lash 30 yeara. keaedmlinformal
observations by park staff characterize both brown and green dark water conditions.
Brown dark water conditions have been attributethe influx of tannins and other

CDOM discharged into the groundwatkat flows into the spring from several sinking
streams that discharge into sinkholes (swallets), primarily Black Creek, Fisher Creek, and
Lost CreekWe have shown in the precedingapter, however, that measurements of true
color do not correlate withisibility at Wakulla Spring measured as the 0% PAR depth
limit over the full period of study, although they are significantly correlated over a
portion of that time. Similar simple kar regressions with corrected chlorophyll a and
phaeophytirare also iignificant. However, turbidity measured at the boat deak
significant predictor of 0% PAR depth limit. A multiple regression model combining all
four variableds significant suggsting a complex relationship determining spring
visibility.

This chapterextends that analysis Ipyesening detailed findings from synoptic surveys

of Wakulla Springand its major karst feature sourcesaoci at ed with eight #fAe
when the water atlvakulla Springhad no obviousanninsor other CDOMpresent and
visibility was relatively good (light evendndwhen the water appeared very dand
tannic(dark event)table 8.1.1). Sampling was conducted to characteoreentrations

of true color, corrected chlorophyll a, and phaeophatidlight absorptiorof the sping

and the major karst feature sources of inftowthe Upper FloridaAquifer within the
Wakulla nar springshedBradford Brook Chain of Lakes (Lake Cascade), Lake lamonia,
Lake Jackson (Porter Hole Sink)pper Lake Lafayett@ afayetteSink), Lake

Miccosukee, Lake Munson (Ames Sink), Black Creek, Cheryl Sink, Fisher Creek, Jump
Creek, Lost CreelndMill Creek. Using the concentrations thiesepigments in the
waterbodies walsocalculated loading estimates for these sinking streams, karst lakes,
andthe flow fromWakulla Spring

8.1 Light Absorbance at Wakulla Spring During Light and Dark Events

Looking exclusively at our samples of light and dark eventdindea mixed story
indicating that all three dark water ageats present at various levetdten reinforcing
each other in reducing visibilityrigure 8.1.Mifferentiates between the twowsoes of
dissolvedcolor: tannins (true color) and total chlorophyl{@rrected chlorophyll a +
phaeophytin) depicted as loadindsis reveals that tHeur dark events are
characterized by substantially higher loadings of tannins and/or chlorophlyileatire
light events have loer levels of bothunits are not comparablé)ote, however, that
some tannins are present in all four light events

Table8.12 further distinguisbsbetween the two forms of chlorophyli aorrected
chlorophyll a (total chlorophyll a minudhpeophytin) and phaeophytimanninloads are
higher for dark events than light events (average true color of 26 units versuspg&units
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day). Corrected chloropyll a loadsare much higher for two of the dark events (E2 and
E3) than the light events but absent and very low for two others (E8 and E4).
Nevertheless, average loadings rmungch higher for the dark events (69 versus 7 glday)
Phaeophytinoads arehigh during three of théark eventbut absent in one (E®jith an
avera@ of 44 g/dayversus f/day for light eventsFigure 8.1.2 depicts these patterns
scaling the values to fit.

8.2 Optical Fingerprints of Karst Water Bodiesand Wakulla Spring

Absorbance scaito pt i ¢ a | sodf filtered evatey samplets for the visible spectrum
(400700 nm) revealed greatest total light absorbatatal@rea under the curyavithin

the tannic waterbodies during both light and dark evaets table 8.1): LakeCascade

and the sinking stream®lack, Fisher, Jump, Lost, and Mill Creglabsorbance values

of 40 or greater are indicative of tannic wat@t)e lowest absorbanealueswere

recorded for Wakulla Spring and Sally Ward Sprifige lakes varyansiderably with

the more eutrophic lakes (Miccosukee, lamonia, and Munson) having higher mean total
absorbance than the less enriched systems (Jackson and Lafayette). Cheryl Sink varies
tremendously ranging from 1 to 329 total absorbamsts. The absodnce of Spring
Creekalsovaries considerably, attaining its two highest total absorbance values during
two of the lights events (E7 and ES5), but also not flowing during two of the events (light
event E6 and dark event E2). The absorbaatterns ¢ee figires 8.21.3, 82.2.3, etc)

are consistent between the light and dark events.

High resolutiorspectral radiometrittansmittancéi o pt i c al \erenageafoppr i nt s 0
Wakulla Springduringeachof the eight light/darkevens (sections 8.1-8.2.8). Thelight

event fingerprints are consistent with the example presented in section 7.1: the

normalized light intensity graphs show thath the shortest walengths (<470 nm) and

the longer wavelengths (>69m) were being absorbed, with tlyeeatest transniance

in the middle §bout500-590 nm, i.e. greens and yellow3)ranamittance peaks range

from 75to 88 percent at a depth ohe foot below the surfacBach displays a dim

transmittancet about 664 nnwhich ischaracteristic of thpresence ofhlorophyll a.

The dark event fingerprints show the typical shift to the right of the visible spectrum
resulting from substantial absorbance of the short wavelengtiasibysand other

CDOM as well as chlorophyll a and phaeophy€@reatestransmittage occurs between
580 and ®0 nm with peaks ranging from 33 t@percentMaximum absorbance is in
the range of 432 to 436 nm in three of the four dark eventiark event E2see figure
8.2.2.2), which has the lowest visible light transtaitice peakabsorbance is at about 450
nm and the transmittance curve is more nearly dansistent with the high levels of
correctedcchlorophylla andphaeophytin(see figure 8.2) which absorb at both the short
and long wavelengths (see figaig1.10and7.1.11).

We alsocalculated loadings of true color, corrected chlorophyll a, phaeophytingthd
chlorophyll a (corrected chlorophyll a + phaeophytor)each of the evenfsr the
combinedsinking streamscfeel, the combined lakg$ake), andthe Wakulla Spring
(WS)discharge (see tables 82, 82.22, etc). The bading values are based on the
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average ofmeasurements of concentrat@nd flow taken during the event &m

window. The creek and lake loads comprise seepagesinkhole/swallaedlischarges to

the Upper Florida Aquifer from those karst featurdgslows in sinking streams were

taken directly from USGS gauges. Flows for sinking lakes were determined by modeling
evapotranspiration and local precipitation and stream flows where agplio

determine seepage or water loss to the aquifer, then standard attenuation factors were
applied to the loadings to account for any treatment the water may sustain in its course
into the aquiferFor details on theecalculatiors please see McGlynmd Deyle(2016.

These data reveal that the sinking streams also are contributing some chlorophyll and
phaeophytin to the aquifdn section 8 we presenbarcharts of each event for each
water quality parametefhese enable a visual assessment atlwbources of those

water quality parameter loadingee the most importaninder different light and dark
event conditionsEstimated @nnin loadings to Wakull&pring are predominantly from

the sinking streamisi both the light and dark events, howettbg Lost Creekdischarge

to the aquifewrery likely did not flow towards Wakulla Spring duritigree or four of the
events when Spring Creek flows were less thraequal to zeroCorrected chlorophyll a
loads in the lakes exceed that of Wakulla Spnmgix events. Creek loads are lower than
Wakulla Spring in six of the eight events. Phaeophytin loading values are considerably
different from those of correctedhlorophyll a. The lake loadings exceed the Wakulla
Spring level seven times, while creek lsade less than the spring in six of the eight
events, as is the case for corrected chlorophyll a.

Event Number |Light/Dark Status| Sample Dates
1 E1, Light 10/09/15 - 10/26/15
2 E2, Dark 12/04/15 - 12/10/15
3 E3, Dark 01/04/16 - 01/14/16
4 E4, Dark 02/15/16 - 02/18/16
5 ES5, Light 05/12/16 - 05/26/16
6 E6, Light 06/11/16 - 06/20/16
7 E7, Light 08/06/16 - 08/13/16
8 E8, Dark 08/27/16 - 09/04/16

Table 8.1.1Light and dark evest
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Dark E8 6.8 5210 43 0 43 503 1358
Dark E2 7.3 803 48 123 171 98 <0
Dark E3 8.1 875 0 147 147 255 <0
Dark E4 8.7 2535 45 7 52 128 23
Light E5 13.7 333 0 0 0 23 465
Light E1 14.2 425 7 11 18 0 <0
Light E7 14.3 746 19 0 19 855 1373
Light E6 17.5 236 0 16 16 120 1080

Table 8.12: Summary of Wakulla Springoil light/dark conditions, loadings, and
springshed mean flow regimes during light and dark events, arranged by inc@8asing
PAR depthimit.
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Light Events Dark Events

E7 E6 E1l E5 E4 E3 E2 E8

08/06/16- |06/11/16- |10/9/15 - |05/12/16-|02/15/16-|01/04/16-|12/04/15-(08/27/16-
Water Body 08/13/16 |06/20/16 |10/26/15 |05/26/16 |02/18/16 |01/14/16 (12/10/15 [09/20/16 |Mean
Jump Creek 441 n/a n/a n/a n/a 544 407 668 515
Lost Creek 679 454 463 460 374 545 440 693 514
Black Creek 604 464 470 n/a 268 523 481 737 507
Mill Creek 430 416 355 477 327 417 468 588 435
Fisher Creek 471 284 436 n/a 268 527 302 503 399
Spring Creek Spg$ 535 n/a 148 427 241 270 n/a 322 324
Lake Cascade 267 367 318 139 252 308 321 431 300
Lake Miccosukee 140 123 114 126 60| 150 134 71 115
Cheryl Sink 329 1 11 6 107 211 n/a n/a 111
Lake lamonia 100 98 82 101 71 140 105 89 98
Lake Munson n/a 94 175 11 79 73 89 123 92
Lake Jackson 47| 69 38 38| 39 209 45 29 64
Lake Lafayette n/a 46 43 113 26 35 55 n/a 53
Wakulla Spring 66 -5 9 10 24 47 23 64 30
Sally Ward Spring n/a n/a 5 8 3 n/a n/a 68 21

Table 82.1: Light absorbance totals for Wakulla Spring and major karst sources

76




8.21 Event 1(Light): 10/9/5-10/26/15
Sinking stramsnot flowing, Spring Creek negative flaw

Event # 1 was considered a clear or Ol ight
enough for glass bottom boats. Spring Creek and the sinking streams or creeks were not
flowing. So tlkere was minimal tannic &ling. Color was at its lowest, almost for the

entire project, at about 5 PtCo units, virtually rexistent, so why was there poor

visibility?
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Figure 8.2.11: 0% PAR depth limitas measured 10/22/thiring Event 1 (light),
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Figure 8.21.3: Event 1 (light) absorbance scand\#dikulla Springand major karst
souces,10/9/1510/26/15

Waterbody T Abs

Sally Ward Spring, 10/15/15 5
Wakulla Springs, 10/15/15 9
Cheryl Sink, 10/10/15 11
Lake Jackson, 10/21/15 38
Lafayette Sink, , 10/21/15 44
Lake lamonia, 10/21/15 82
Lake Miccosukee, 10/21/15 114
Spring Creek, 9/25/2015 135
Lake Munson, 10/21/15 176
Lake Cascade, 10/16/15 318
Mill Creek, 10/21/15 335
Fisher Creek, 10/9/15 437
Lost Creek, 10/9/15 463
Black Creek, 10/9/15 470

sources10/9/1510/26/15

Table 8.21.1: Event 1 (light) sum of PAR absorbanceWgkulla Springand major karst

Light #1: 10/9/15 - 10/26/1

Loads PtCo/day |g/day g/day g/day cfs
Watertype Color Phaeophyti{Cor Chl a |TChloro a [Discharge
Lost Creek Load 14 0 0 2 2
Fisher Creek Load 5 0 0 0 0
Black Creek Load 18 0 0 1 1
Spring Creek Load 95 0 16 80 80
Sum Lake Load 259 8 78 87 81
Wakulla Spring Load 425 7 11 18 862

Table 8.21.2: Water qualityparameter loadings during Event 1 (light)
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8.2.2Event 2(Dark): 12/04/1512/10A5

Sinking streams flowing; Spring Creek negative flow

Event #2 had the second darkest color reading of all the events. All the sinking streams

were flowing. Spring Creek danegativeflow.
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Figure 82.21: 0% PAR depth limitas measured 12/4/thiring Event 2 (dark),
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Figure 82.22: Event 2 (dark) incident and normalizgekectral radiometritransmittance
through the water column ¥ akulla Spring12/04/15
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Figure 82.23: Event 2 (dark) absorbance scan$\aikulla Sprig and major karst

sources12/04/1512/10/15

Waterbody T Abs

Wakulla Springs, 12/10/15 23
Lake Jackson, 12/7/15 61
Lafayette Sink, 12/07/15 55
Lake Munson, 12/08/15 90
Lake lamonia, 12/7/15 105
Lake Miccosukee, 12/08/15 134
Fisher Creek, 12/10/15 303
Lake Cascade, 12/08/15 321
Jump Creek, 12/10/15 407
Lost Creek, 12/10/15 441
Mill Creek, 12/10/15 468
Black Creek, 12/10/15 482

Table 82.21: Event 2 (dark) sum of PAR absorbanceiakulla Springand major karst
sources12/04/1512/10/15

Dark #2: 12/4/15 - 12/10/15

PtCo/day |g/day g/day g/day cfs

Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge

Lost Creek Load 1138 0 8 100 100
Fisher Creek Load 187 1 0 24 24
Black Creek Load 133 0 0 10 10
Spring Creek Load 29 2 0 14 14
Sum Lake Load 253 17 24 41 81
Wakulla Spring Load 803 48 123 171 792

Table 82.22: Water quality parameter loadings during Event 2 (dark)
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8.2.3Event 3 (Dark): 01/04/16i 01/14/16
Sinking streams flowingSpring Creelnegative flow
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Figure 82.3.1: 0% PAR depth limitas measured 1/14/dairing Event 3 (dark)91/04/16
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Figure 82.3.2: Event 3 (darkincident and normalized spedtradiometric transmittance

through the water column at Wakulla Spriod/14/16
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Figure 82.3.3: Event 3 (dark) absorbance scans\akulla Springand major karst
sourcesP1/04/161 01/14/16

Waterbody T Abs

Upper Lake Lafayette, 01/09/16 35
Wakulla Springs-Dock, 01/14/16 47
Lake Munson, 01/09/16 73
Lake lamonia, 01/09/16 140
Lake Miccosukee, 01/09/16 150
Lake Jackson, 01/09/16 209
Cheryl Sink, 01/04/16 211
Spring Creek #1, 01/07/16 270
Sullivan Sink, 01/14/16 285
Lake Cascade, 01/10/16 308
Mill Creek, 01/04/16 417
Black Creek 01/04/16 523
Fisher Creek 01/04/16 527
Jump Creek, 01/04/16 544
Lost Creek, 01/04/16 545

Table 82.3.1: Event 3 (dark) sum of PAR absorbanaeitakulla Springand major karst
sourcesP1/04/161 01/14/16

Dark #3:1/4/16 - 1/14/16

PtCo/day |g/day g/day g/day cfs

Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge

Lost Creek Load 3758 0 36 258 258
Fisher Creek Load 836 0 8 85 85
Black Creek Load 413 0 0 27 27
Spring Creek Load 366 2 2 82 82
Sum Lake Load 234 14 29 43 81
Wakulla Spring Load 875 0 147 147 896

Table 82.3.2: Water quality paameter loadings during Event 3 (dark)
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8.2.4Event 4(Dark): 02/15/16i 02/18/16
Sinking streams and Spring Creek flowing and Spring Creek flow at 23 cisistas
barely positive.
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Figure 82.4.1: 0% PAR depth limitas measured 2/18/Hairing Event 4 (dark))2/15/16
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Figure 82.4.2: Event 4 (darkincident and normalized spectral radiometric transmittance
through the water column at WalkaSpring,raw and normalized dat82/18/16
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Figure 82.4.3: Event 4 (dark) absorbance scanS\akulla Springand major karst
sourcesP2/15/161 02/18/16

Waterbody T Abs

Wakulla Springs Dock, 02/15/16 0
Sally Ward Spring, 02/15/16 3
Wakulla Springs Boil, 02/11/1§ 24
Lafayette Sink, 02/17/16 26
lake Jackson, 02/18/16 39
Lake Micc, 02/18/16 60
Lake lamonia, 02/18/16 71
Lake Munson, 02/15/16 79
Cheryl Sink, 02/15/16 107
Spring Creek, 02/11/16 241
Sulivan Sink, 02/15/16 245
Lake Cascade, 02/15/16 252
Fisher Creek, 02/15/16 268
Black Creek, 02/15/16 268
Sullivan Sink, 02/11/16 282
Mill Creek, 02/15/16 327
Lost Creek, 02/15/16 374

Table 82.4.1: Event 4 (dark) sum of PAR absorbanceiakulla Springand major karst
soures,02/15/161 02/18/16

Dark #4: 2/15/16 - 2/18/16

PtCo/day |g/day g/day g/day cfs

Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge

Lost Creek Load 1270 22 0 129 129
Fisher Creek Load 440 0 0 40 40
Black Creek Load 200 0 0 16 16
Spring Creek Load 26 1 0 23 23
Sum Lake Load 233 87 14 101 81
Wakulla Spring Load 2535 45 7 52 862

Table 82.4.2: Waterquality parameteloadings during Event 4 (dark
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8.2.5Event 5(Light): 05/12/161 05/26/16
Sinking streams and Spring Creek flowiaglow levels

Creek flows totaled only 19 cfs, nearly an order of nitagle less than during all other
events except Eant 1 (light). Spring Creek flow of only 498 cfs was 600 to 900 cfs less
than other events for which it had positive flow.
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Figure 82.5.1: 0% PAR depth limitas measured 5/19/t&iring Event 5 (light)05/12/16
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Figure 82.5.2: Event 5 (lightincident and normalizespectral radiometritansmittance
through the water column ¥fakulla Springraw and normalized dat85/19/16
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Figure 82.5.3: Event 5 (light) absorbance scand\édkulla Springand major karst
sourcesP5/12/161 05/26/16

Waterbody T Abs

Cheryl Sink, 05/25/16 6
Sally Ward Spring, 05/26/16 8
Wakulla Springs Boil, 05/19/16 10
Lake Munson, 05/26/16 11
Lake Jackson, 05/27/16 38
Lake lamonia, 05/27/16 101
Lafayette Sink, 05/23/16 113
Spring Creek, 05/14/16 122
Lake Miccosukee, 05/27/16 126
Lake Cascade, 05/26/16 139
Spring Creek #4, 05/26/16 427
Lost Creek, 05/25/16 460
Mill Creek, 05/25/16 477

Table 82.5.1: Event 5 (light) sum of PAR absorbance\éakulla Springand major
karst source€)5/12/16i 05/26/16

Light #5: 5/12/16 - 5/26/16

Loads PtCo/day |g/day g/day g/day cfs
Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge
Lost Creek Load 52 0 4 19 19
Fisher Creek Load 27 1 0 2 2
Black Creek Load 20 3 0 2 2
Spring Creek Load 0 0 0 468 468
Sum Lake Load 338 194 312 506 81
Wakulla Spring Load 333 0 0 0 714

Table 82.5.2: Water quality parameter loadings during Event 5 (light)
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8.2.6 Event 6(Light): 06/11/16i 06/20/16
Sinking streams and Spring Creek flowing

This event experienced good PAR depth limit at 17.5 feet. Chlorophylls and phaeophytin
were zero and true color was also low.
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Figure 82.6.1: 0% PAR depth limitas measure@/15/16during Event 6 (light)06/11/16
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Figure 82.6.2: Event 6 (lightincident and normalizespectral radiometritansmittance
through the water column ¥ akulla Spring 06/15/16.
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Figure 82.6.3: Event 6 (light) abgbance scansf Wakulla Springand major karst
sourcesP6/11/161 06/20/16

Waterbody T Abs

Wakulla Springs, 06/15/16 0
Cheryl Sink, 06/11/16 1
Wakulla Springs, 06/23/16 14
Laffayette Sink, 06/15/16 46
Lake Jackson, 06/12/16 69
Lake Munson, 06/11/16 94
Lake lamonia, 06/13/16 98
Lake Micc, 06/12/16 123
Fisher Creek, 06/11/16 284
Lake Cascade, 06/11/16 367
Mill Creek, 06/11/16 416
Lost Creek, 06/11/16 454,
Black Creek, 06/11/16 464

Table 82.6.1: Event 6 (light) sum of PAR absorbance\dakulla Springand major
karst source€)6/11/16i 06/20/16

Light #6: 6/11/16 - 6/20/16

Loads PtCo/day |g/day g/day g/day cfs
Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge
Lost Creek Load 1415 12 7 117 117
Fisher Creek Load 144 10 1 19 19
Black Creek Load 223 1 1 16 16
Spring Creek Load 11761 28 104 1078 1078
Sum Lake Load 322 32 152 183 81
Wakulla Spring Load 236 0 16 16 902

Table 82.6.2: Water quality parameter loadings duriexent 6(light).
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8.2.7Event 7 (Light) : 08/06/16i 08/13/16
Sinking streams and Spring Creek flowing

Event #7included a period when, fdine first time the spring was sufficiently clear for
the glass bottom boats to operate. True color was compéaoaile dark events (#3 and
4), but chlorophyll and phaeophytin concentrations were mixed.
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Figure 82.7.1: 0% PAR depth limitas measured 8/11/tairing Event 7 (light)D8/06/16
i 08/13/16
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Figure 82.7.2: Event 7 (lightincident and normaled spectraradiometrictransmittance
through the water column ¥akulla Spring8/11/16.
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Figure 82.7.3: Event 7 (light) absorbance scand\idkulla Springand major karst
sourcesP8/06/161 08/13/16

Waterbody T Abs

Lake Jackson, 08/10/16 47
Wakulla Spring,. 08/18/16 66
Lake lamonia, 08/12/16 100
Lake Miccosukee, 08/11/16 140
Lake Cascade, 08/13/16 267
Cheryl Sink, 08/13/16 329
Mill Creek, 08/13/16 430
Jump Creek, 08/13/16 441
Sulivan Sink, 08/13/16 466
Fisher Creek, 08/13/16 471
Spring Creek, 08/17/16 535
Black Creek, 08/13/16 604
Lost Creek, 08/13/16 679

Table 82.7.1: Event7 (light) sum of PAR hsorbance fovWakulla Springand major
karst source€)8/06/16i 08/13/16

Light #7: 8/6/16 - 8/13/16

Loads PtCol/day |g/day g/day g/day cfs
Watertype Color Phaeophyti{Cor Chl a |TChloro a [Discharge
Lost Creek Load 17366 88 0 261 261
Fisher Creek Load 556 0 0 12 12
Black Creek Load 2448 0 0 35 35
Spring Creek Load 1123 15 0 858 858
Sum Lake Load 1164 151 1018 1170 81
Wakulla Spring Load 746 19 0 19 1093

Table 82.7.2: Water quality parameter loadings during Event 7 (light)
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8.2.8Event 8(Dark): 08/27/16 09/04/16
Sinking streams an8lpring Creeklowing.

Event #8s the ultmate dark evenwith very hightannins(true color = 100) and
moderately high concentrations of chlorophylls and phaeophytin.
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Figure 82.8.1: 0% PAR depth limitas measured 9/4/Xhiring Event 8 (dark), 08B216i
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Figure 82.8.2: Event8 (dark)incident and normalizespectraradiometrictransmittance

through the water column ¥ akulla Spring09/04/16.




——Fisher Creek, 08/27/16 Sullivan Sink, 08/27/16
——Black Creek, 08/27/16 ———Jump Creek, 08/27/16
Lost Creek, 08/27/16 = Mill Creek, 08/28/16

ade, 08/28 =—"lake Munson, 08/28

Spring Creek, 08/28/16
Lake Micc, 08/31/16

Lake lamonia, 08/31/16

2 ——Sally Ward Spring, 09/4/16 = \Wakulla Springs, 09/4/16
g 1.2 \\ Spring €reek, 09/4/16

v

]

£ 1.0 )

2 i NN

208 - -

E-1

o

Absorbance Scan

/%?

ool | _—— |
c:oooocncnmmmwmmmmmmmmmggmmn:ﬁﬁomwr\l\
O H AN MmN OO T ms DO X N SN OO0
ST TSN NN NN NN NN N OO OV VU0 VOO YOO

Wavelength (nm)

Figure 82.8.3: Event 8 (dark) absorbance scan$\aikulla Springand major karst
sourcesP8/2716i 09/0416.

Waterbody T Abs

Lake Jackson, 08/31/16 29
Wakulla Springs, 09/4/16 64
Sally Ward Spring, 09/4/16 68
Lake Miccosukee, 08/31/1§ 71
Lake lamonia, 08/31/16 89
Lake Munson, 08/28/16 123
Spring Creek, 09/4/16 297
Spring Creek, 08/28/16 322
Lake Cascade, 08/28/16 431
Sullivan Sink, 08/27/16 497
Fisher Creek, 08/27/16 503
Mill Creek, 08/28/16 588
Jump Creek, 08/27/16 668
Lost Creek, 08/27/16 693
Black Creek, 08/27/16 7317

Table 82.8.1: Event 8 (dark) sum of PAR absorbanceWiéakulla Springand major karst
sourcesP8/27/1609/04/16

Dark #8: 8/27/16 - 9/04/16

PtCo/day |g/day g/day g/day cfs

Watertype Color Phaeophyti|Cor Chl a |TChloro a |Discharge

Lost Creek Load 34718 35 0 504 504
Fisher Creek Load 5801 6 0 121 121
Black Creek Load 6270 12 0 86 86
Spring Creek Load 0 0 0 1311 1311
Sum Lake Load 630 177 156 333 81
Wakulla Spring Load 5210 43 0 43 1004

Table 82.8.2: Water quality parameter loadings during Event 8 (dark)
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8.3 Sources of Water Quality Parameter Loadings taNVakulla Spring

This section presentdarcharts water quality parameteadings for each evenbffering

an easy visual assessment of the principal sources of the different water quality
parameters during Iig and dark eventtoads are divided into sinking streams (creek

load), sinking lakes (lakdoad), andWakulla SpringWS load). Thecreek and lake

loadings are from seepage and sinkhole/swallet discharges to the Upper Floridan Aquifer.
The Wakulla Sprindpadings are the discharge from the spring to the river. The creek
loadings include those from Lost Creekometimests loading goes t&Vakulla Spring

and sometimes it does migpend onvhetherflow at Spring Creek is positive

8.3.1 True Color Loading

True color loathg is a measure danninlevels in the watel.oadingsto Wakulla Spring
are predominantly from the sinking streamsringfive evens thetotal creekload
exceedshe Wakulla Spring loadut Lost Creek flowsery likely did not flow towards
Wakulla Spring during events E1, E2, E3, and possibly E4 whengSpraek flows
were less than or equal to zero (see table 8.1.2)
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Color, Light Event #1, 10/9/15 - 10/26/15

100000
80000
60000
40000
20000
1 259 425
0
creek load lake load WS load
Color, Dark Event #2, 12/4/15-12/10/15
100000
80000
60000
40000
20000
1107 253 803
0
creek load lake load WS load
Color, Dark Event #3, 1/4/16-1/14/16
100000
80000
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40000
20000
2904 234 875
0
creek load lake load WS load
Color, Dark Event #4, 2/15/16 - 2/18/16
100000
80000
60000
40000
20000
1340 233 2535
o T T
creek load lake load WS load

Figure 83.1.1: True color loadings.
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8.3.2 Corrected Chlorophyll a Loadings

We assume thathlorophyll originates in the lakes the Wakullaspringshedecause the
high flow at the spring vent cannot sustain a standing crop of phytopladdoected
chlorophyll aloadsin the lakesexceed thabvf Wakulla Springn six events. Creeloads
are lower thaWakulla Springn six of theeightevents

Cor Chlor a, Light Event #1, 10/9/15- 10/26/15 Cor Chlor a, Light Event #5, 5/12/16 - 5/26/16
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800 1200
600 1000
800
400 600
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o ’8 11 200
0 o o : ) 0 - 0
T
creek load lake load WS load creek load lake load WS load

Cor Chlor a, Dark Event #2, 12/4/15-12/10/15 Cor Chlor a, Light #6, 6/11/16 - 6/20/16
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1000 1600
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800 1200
1000
600 300
400 600
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2 24 -—‘ 0 > . - . 16 y
0 T T 200 | creekload — lakeload — WSload

creek load lake load WS load

Cor Chlor a, Dark Event #3, 1/4/16- 1/14/16 Cor Chl a, Light Event #7, 8/6/16- 8/13/16
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1000 1000
800 800
600
600
400
400
200
a4 0
200 147 0
T T
19 29 L creek load lake load WS load
0 T T -200
creek load lake load WS load
Cor Chlor a, Dark Event #4, 2/15/16-2/18/16 Cor Chl a, Dark Event #8, 8/27/16 - 9/20/16
1800 1200
1600 1000
1400 800
1200
1000 600
200 400
600 + 200 156
16 0
400 -+
o 1
200 a 14 7 creek load lake load WS load
0 -200
T T
creek load lake load WS load

Figure8.3.2.1: Correctedchlorophyll aloadings.
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8.3.3 PhaeophytinLoadings

While we also assume thplhaeophytinoadingsultimatelyoriginatefrom the lakes, their
levels behave considerably differently from corrected chlorophylha.lakeloadings
exceed the Wakulla Spring levekventimes while creek loads are less thae #pring in
six of the eight events as is the case for corrected chlorophyll a

Phaeophytin, Light Event #5, 5/12/16-5/26/16
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Figure 83.3.1: Phaeophytin loadings.
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8.3.4 Total Chlorophyll a Loadings

This isthesum ofphaeophytin and corrected chlorophyliTae patterns parallel those
for the two components

T Chlorophyll a, Light Event #1, 10/9/15 - 10/26/15
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Figure 83.4: Total chlorophyllaloadings
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https://water.usgs.gov/owq/FieldManual/%20Chapter6/6.7_contents.html
https://water.usgs.gov/owq/FieldManual/%20Chapter6/6.7_contents.html



https://www.dep.state.fl.us/water/sas/qa/docs/application-chlorophyll-a-methods.pdf
https://www.dep.state.fl.us/water/sas/qa/docs/application-chlorophyll-a-methods.pdf
http://www.dep.state.fl.us/water/sas/sop/sops.htm
https://floridadep.gov/sites/default/files/Wakulla-BMAP.pdf
http://floridaspringsinstitute.org/Resources/Documents/2014.08%20V3%20Wakulla%20Restoration%20Plan.pdf
http://floridaspringsinstitute.org/Resources/Documents/2014.08%20V3%20Wakulla%20Restoration%20Plan.pdf
http://floridaspringsinstitute.org/resources/Pictures/Wakulla_Baseline_%20Assessment_Final.pdf
http://floridaspringsinstitute.org/resources/Pictures/Wakulla_Baseline_%20Assessment_Final.pdf



http://wakullasprings.org/wp-content/uploads/2014/09/kincaid-BOCC.pdf
https://www.wetlandsolutionsinc.com/download/AquaticEcology/Springs_Ecosystem_Study_Final%20022610.pdf
https://www.wetlandsolutionsinc.com/download/AquaticEcology/Springs_Ecosystem_Study_Final%20022610.pdf
https://www.wetlandsolutionsinc.com/download/AquaticEcology/%20Springs_Ecosystem_Study_Appendices.pdf
https://www.wetlandsolutionsinc.com/download/AquaticEcology/%20Springs_Ecosystem_Study_Appendices.pdf

