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ABSTRACT

Effler, 5. W., M. G. Perkinsand D, L, Johnson, 1998. The optics of Cannonsville Reservoir: Spatial and temporalstructures,
and the relative roles of phytoplankton and inorganic tripton. Lake and Reserv, Manage. 14(2-3):238-253,

Longitudinal and temporal distributions of aptical properties, and the relative role of selected light attenuating
copstituents in regulating light penetration, in Cannonsville Reservoir, NY, in 1995 are documented. The analysis is
supported by field measurements of light penetration; the angular distribution of irradiance (reflectance); and the
spectral quality of penetrating light; laboratory measurements of turbidity, chlorophyll, getbstoff, and microscopy-based
individual particle size and elemental chemistry; and calculations of absorption and scattering coefficients and their
compenents. Longitudinal gradients in attenuating components, and therefore optical properties, prevailed along the
main axis of the reservoir; light attenuation and the relative role of scattering decreased with the appreach to the dam.
Large temporal variations in optical characteristics occurred. These dynamics were mostly contrelled by variations in
phytoplankton biomass in spring and early summer, when the reservoir was full, but resuspended inorganic tripton
{non-phytoplankton particles; suspensolds} became the regulating component as the reservoir was drawn down,
Quantitative optical frameworks (models) are applied to simulate light penetration conditions that would have prevailed
for scenarios of reductions in phytoplankton biomass and/or inorganic tripton.

Eey Words: reservoir, optics, phytoplankton, inorganic tripton, inorganic suspensoids, Secchi disc, clarity, light
attenuation, light absorption, light scattering.

The behavior oflight in water has important water
qualityimplications, because it regulatesvisual esthetics
and (along with nutrients and temperature)

NTU; measured with a nephelometric turbidimeter)
belowaspecified standard. Itisimportant thatmanagers
recognize that T is an optical measurement (Kirk

phytoplankton growth. The extent oflight penetration
within a given water body is an area of concern to lake
and water supply managers. For example, certain
minimum Secchi disc transparency (5D, m) values (a
measure of clarity) are required in 2 number of states
to support swimming. Improvements in clarity are
often a primary motivation for restoration of culturally
eutrophic lakes (Gooke etal. 1993). Water supplies are
required to provide water with turbidity values (T,
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1994), distinctly different from the concentration of
suspended solids (TSS). The same TSS value can be
associated with a rather wide range of T, values,
depending primarily on particle size distribution (Kirk
1985, 1994). Unfortunately, the term clarity has been
used interchangeably by limnologists and water
suppliers in reference to SD and T,. These two
measurements differ fundamentally in their response
to attenuating processes, and they cannot be uniquely
specified by each other (Effler 1988).

The extent of light penetration is regulated by two




enuating processes: absorption and scattering. The
ensities of these processes are specified by the
agnitudes of the absorption (¢, m?') and scattering
‘) coefficients, These coefficients are inherent
op'tical properties that are intrinsic features of the
ium. They are not easily subject to direct deter-
mination but they can be estimated from measured
apparent) optical properties (Kirk 1981b). Other
inherent propertiesare the beam attenuation coefficient
¢=a+ b, m') and the angular scattering function
(which tends to be rather uniform for lakes and
-eservoirs) (Kirk 1994), The magnitudes of ¢and bare
égulated by the composition and concentration of the
various attenuating materials. Absorption has been
artitioned into four components by Kirk {1994) :water
- itself, dissolved yellow substances (gelbstoff),
phytoplankton, and tripton (non-phytoplankton
~‘particles). The spectral character of these absorbing
materials differs substantially (Kirk 1994, Weidemann
~and Bannister 1986) over the photosynthetically active
- radiation (PAR) wavelength interval (400 to 700 nm),
~and the spectral quality of light changes asit penetrates
- the water column as a result of absorption by these
constituents. Scattering, associated almostentirelywith
particles, increases attenuation by causing increases in
the pathlength that photons must traverse (e.g.,
increasing thelikelihood ofabsorption). These particles
can have autochthonous (e.g., phytoplankton and
certain minerals) orallochthonous (e.g., clays) origins.
The value of & has been found to vary littie with
wavelength in the PAR interval compared to ¢ (Phillips
and Kirk 1984).

Wide differences in apparent optical properties,
such as 8D, vertical attenuation coefficients (K, m?),
and reflectance (R, dimensionless) occur between lakes,
and temporally and spatially within lakes, These are
associated with differences in the composition and
concentration of lightattenuating substances and thus
themagnitudes of gand b, Partitioning lightattenuation
and related apparent optical properties according to
the contributions of absorption and scattering, and the
materials regulating these processes, is essential in
establishing the appropriate foci and realistic goals for
management efforts concerned with optical aspects of
water quality. For example, if particles of terrigenous
origin (i.e., tripton) regulate SDand T ,a management
program that is successful in reducing phytoplankton
growth may achieve little in the way of decreasing T
and increasing SD. In such a case, an alternate
management program, such as erosion control in the
watershed, may be more effective.

" Here we document the spatial gradients and
dynamics in apparent optical properties and measures
of attenuating components in the upper waters of
Cannonsville Reservoir, NY, over the spring-failinterval
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of 1995. Estimates of zand b, and the contributions of
attenuating materials, are presented. Materials. and
processes regulating the optical propernes of the
reservoirare delineated based on existing opucai theory
These findings are discussed within' the' context of
supporting the developmentofmanagementstrategies
to maintain or improve the optlcal esthetics of this
reservoir. The analysis is of partwuiar interest because
this impoundment supported. relatwely hlgh i
concentrations of both tripton (Effler etal. 998) and
phytoplankton pigments (Efﬂer and' er 1998)
during the study period. 5 .

Methods

Study System

Cannonsville Reservcur NY 1s a eutrophlc 'water_'::' :

Detailed descriptions of the reservo:r . Oper:
and hydrology (Owens etal. 1998b), llnmolog’j?‘:' ]
and Bader 1998), and matenalloadmg (¢ suspended
solids, nutrients) to the system (Longabucco and_'

Trout Creek /4

" 'Waest Branch
Delaware River
(WBDR)

water supply .

withdrawals
@ monitoring sites

water/sediment trap
Figure 1.—Cannonsville Reservoir map with sampling sites, and
locations of water supply intakes, dam, and Beerston, NY.




parameters, including phytoplankton biomass and
- ‘other trophic state indicators (Effler and Bader 1998),
and concentrations and deposition rates of particulate
constituents (Efflerand Brooks 1998), prevail from the
upstream boundary (Beerston, Fig. 1) of the reservoir
(e.g., highest concentrations and deposition rates) to
the dam (Fig. 1). The operation of the sediment
resuspension processin the reservoir over the spring-fall
interval of 1995 was documented and coupled to
drawdown (Effler et al. 1998), The impact of the
resuspended tripton on the impoundment’s optical
characteristics, including turbidity, receives special
attention in the analysis presented here.

Sampling and Measurements

‘The utility of the various measurements made in
this study (Table 1) to characterize the optical regime
of the reservoir and support partitioning of the
contributions of specific materials and processes has
been reviewed elsewhere (Perkins and Effler 1996,
Kirk 1994). Optical measurements were made and
related sampling conducted between 1000 and 1500
hours (eastern daylight time) at as many as six
longitudinal positions on Cannonsville Reservoir
(Fig. 1} and as often as weekly over the April-October
interval of 1995, These six sites are the same ones
adopted forwater quality monitoring (Effierand Bader
1998, Effler et al. 1998) and sediment trap collections
(Effler and Brooks 1998) for the same period. Optical
field measurements made routinely atalisitesincluded
Secchi disc transparency (SD, m) and scalar PAR
~ irradiance (E ) profiles (Table 1). The scalarirradiance
{spherical} sensor (LI-COR 1935B) was powered by a
Seabird Sealogger Profiler (Model SBE 25). Readings
were recorded at a rate of 8 %, with an instrument
descentrate of about 1.2 m s, Dovwnwelling (E ) and
upwelling (F, ) PAR cosine irradiance {flat sensors)
profiles were collected at three sites (1, 4 and 5; Fig. 1)
for 9 of the 31 weeks of field measurements (Table 1 ).
Spectral downwelling irradiance (E aq) Profiles were
collected on seven of these nine occasions at the same
sites (Table 1), The size of the system, the number of
sites, and the time required for the field measurements
made it necessary to collect the cosine sensor and
spectroradiometer profiles the day before (SD
measured on both days) the routine E, measurements
and sampling were conducted. Irradiance
measurements were made to depths below the 10%
lightlevel (z,,). The “asymptotic radiance distribution”
isgenerally assumed to be established at z,, (Kirk 1994,
Weidemannand Bannister 1986). The Quantumsensors
(E.E o aNdE ) measure PAR with nearlyideal quantum
response. The relative error (spectral response) of the
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cosine sensors is < 5%; for the scalar sensor it is <7%
(LI-COR 1982),

Laboratory analyses (Table 1) of T, chlorOphy[g
(Chi), and gelbstoff (ay(m)) were conducted week]
on samples collected from depths of 0 and 3 m, g
represent conditions extending from the surface to
about the 10% light level. Chlorophyll [here as tot]
chlorophyll, equal to the sum of chlorophyll @, 4, angd
¢ (Parsons et al. 1984)] is the widely accepted, but
imperfect (e.g., Kirk 1994), measure of phytoplankton
biomass. Gelbstoff (ay( 1)) Was determined as the
absorption of filtered (0.4544m Microfiltration cellulose
acetate) water from absorbance measurements at
440 nm (corrected by absorbance at 700 nm), with g
Carey 219 spectrophotometer (10 cm path length).
Additionally, complete gelbstoff spectra (4, 400 to
700 nm; Table 1) were determined on the days of E o E
and F, g0 TNCASUrEments.

The particle assemblages of samples collected on 7
of the routine sampling days (depth of 3m) were
analyzed by scanning electron microscopy equipped
with automated image analysis and X-1ay energy
spectroscopy (SAX). This individual particle analysis
(IPA) technique provided both physical (size, shape,
count) and chemical (elemental) characterizations of
particles >0.5 umin diameter. An additional six samples
(3 m) were morphormetrically characterized (scanning
electron microscopy with automated image analysis,
only). Detailed descriptions of sample preparationand
analytical procedures for SAX analyses have been
presented by Yin and Johnson (1984) and Johnson et
al. (1991). Information for 9 variables was obtained
that includes relative x-ray emission intensity for 25
elements (Na and higher atomic number), net x-ray
count rate, width, length, and projected feature area.
These variables were used to establish a simple
classification scheme of six particle types (according to
chemistry): organic, calcium-rich, clays, iron-rich, silica,
and other (see Effler et al. 1998). Results of these
analyses were presented by Effler et al, ( 1998) in the
form of particle class (6) concentrations, %
composition, and the particle crosssectional area per
unit volume (PAV; see Johnson et al. 1991),

The PAV data were partitioned to estimate the
contribution of inorganic tripton by subtracting
components associated with phytoplankton, It was
assumed that“organic” featuresand the diatom fraction
of the silica particle class (Table 1 of Effler et al. 1998)
were of phytoplankton origin. The automated IPA
characterizations of SAX cannot, atpresent, distinguish
between quartz and the siliceous frustules of diatoms.
The diatom fraction was estimated based on visual
examination (i.e., manual instead ofau tomated) ofall
13 TPA samples with the electron microscope. The
inorganic tripton PAV for the seven samples with




THE OPTICAL WATER QUALITY OF CANNONSVILLE RESERVOIR: SPATIAL AND TEMPORAL PATTERNS . . . 241

Protocols for measurement and calculations of optical characteristics of Cannonsville Reservoir, NY.

Comments/Equations/References

tal chlorophyll (Chl; mg - m®)
turbidlty (T; NTU)

_gelbstoﬂ' (dym’ m?)

IPA (PAV)

vertical attenuation coefficients

scalar irradiance (X ; m)
downwelling (K ; m)
upwelling (K ; m*)

net downwelling (1 * K;; m?)
spectral downwelling (K, ,.; m')
integrated spectral for PAR (K, ,,,.; m')

reflectance (R; dimensioniess)

absorption coefficient (& m)

scattering coefficient (b m™)
spectral average absorption
coefficient (a,) for water {g,; m’) and

gelbstoff (ay; ml)

spectral average absorption coefficient
for particles (; m?)

20-cm-diameter black and white qﬁédrant'disé:-;:.; =

LI-COR 193 SB sensor
LI-COR 192 sensors (2)

LI-COR 1880 UW spectroradiometer
at 660 nm; Chelsea Instrument -

Parsons et al. (1984) . .
APHA (1992); HACH 2100 turbldlmeter o
Davies-Colley and Vant (1987) i
Johnson et al. 1991

dInE,_ o S
KK(Z) = dz (1) e

K,, - attenuvation coefficient at depth z, and irradiance type x

E_ -irradiance type x, at depth z

x(z)

2-nm wavelength intervals
Jerome et al. (1983)

Eu R .
R- 5 @
= u.KE (3)

p. average cosine, fromRatz 51 and N
relationship of Kirk (1981b)

b=a (b/a) (4)
ratio b/a from R at z, |, and relatlonshlp of Kirk (19811))

a = (5)

Gy " from Smith and Baker (1981)

a,=a-(a,+a) (6




TR EFFLER, PERKINS AND JOHNSON

" chemical characterization was calculated (asaresiduat)
by subtraction of “diatom PAV” and “organic PAV”
from the total PAV., For the sixsamples without chemical
characterization, the tripton PAV was calculated based
on the average “diatom PAV” and “organic PAV” values.
Uncertainties in these calculations are dominated by
the “diatom PAV” assessment, as the silica only subclass
(i.e., quartz plus diatoms) PAV averaged 20.5% (n=7,
range 9 to 35.2%) of the total, while “organic PAV”
averaged only 2.3% (n=7, range 0.8 to 6.4%). It is
unlikely that the error in the calculation procedure
adopted here exceeded one-half of the summation of
the maxima of the silica only subclass and “organic”
PAV values (ie., £ 21% relative error),

Calculations

Vertical attenuation coefficients were calculated
according to Beer’s Law, at depths bounding z
[Eq. (1), Table 1]. A scalar sensor supports the
determination of K (m?), A single cosine sensor,
facing upward, supports the determination of K, (m?,
Table 1), A two cosine sensor configuration, one facing
upward, the other facing downward, at the same depth,
supports additionally the determination of reflectance
[R, Eq. (2), Table 1; a measure of the angular
distribution of underwater irradiance], K, (m?), and
K, (m?, Tablel). Theseverticalattennation coefficients
for PAR have been observed to be nearly equivalent
(Kirk 1994, Weidemann and Bannister 1986). Atten-
uation coefficients for spectral downwelling irradiance
(K, JL)) were calculated at 2-nm intervals {Table 1) and
integrated for the PAR interval for comparison to
attenuation coefficients determined from quantum
(PAR) sensors.

The spectral average values of ¢ and b for PAR
were estimated according to the protocol set forth by
Kirk (1981b) and adopted in subsequent studies of
many different systems (Kirk 1994). Kirk’s (1981b)
functions were used to obtain the average cosine
(another measure of the angular distribution of
irradiance) and the ratio /4 from the measured R.
The value of a at z,, was calculated according to the
Gershun-Jerlov equation [Eq. (8), Table 1]. The value
of b is then calculated from a and the ratio of b/a
[Eq. (4), Table 1],

Errors in K, and R at z,, will propagate to the
estimates of [Eq {8)] and b [Eq {4)} (Weidemann
and Bannister 1986). The error in calibration be-
tween detectors (E and E ) is expected to be less than
5% (LI-COR 1982). Additional errors in K, were
undoubtedly introduced on non-clear sky days due to
unavoidable changes in incidentirradiance during the
collection of profiles. We expect these to be usually

<5%, based on replicate profiles collected on other
systems under a range of incident light conditions, We
interpolated the ytas a function of R relationships for
the different zenith angles, presented by Kirk (1981b),
to reduce potential seasonal errors (< 10%)
(Weidemann and Bannister 1986) in estimates of aand
b. Vertical heterogeneity in particle concentrations
over the depthinterval from the surface to z | can cause
an error in the estimate of b (Weidemann and Bannister
1986). Inspection of transmissometer profiles (e.g.,
Fig. 2 of Effler et al. 1998) indicates the occurrence of
only modest heterogeneity in particle concentration
{e.g., <80% difference) (Weidemann and Bannister
1986) within this interval on several occasions over the
study period. Overall, errors in the estimates of « and
btharare attributable to the uncertainties in the deter-
mination of the apparent optical properties are
expected to be < 10% and < 15%, respectively, for the
vast majority of field conditions encountered.

Spectral average absorption coefficients for PAR
for water (a_, m') and for gelbstoff (av, m') were
determined from respective absorption spectra and
spectral downwelling irradiance (E, o) data at z
[Eq. (5), Table 1]. The absorption spectrum of water
(a oy). 18 that reported by Smith and Baker (1981). The
spectral average absorption coefficient for particles
(a ) was determined as a residual [Eq. (6), Table 1].
This is less desirable than estimating ¢ directly from
laboratory measurements (Weidemann and Bannister
1986). However, this approach is supported by the
findings of Weidemann and Bannister (1986). They
observed good agreement between ¢ and the
summation of the independently determined values of
a,, a, and ¢ in Irondequoit Bay, NY.

Results and Discussion

Interconsistency and Quality Assurance

Several checks were made to establish the inter-
consistency and veracity of the measurements, and test
the assumptions inherent in the calculations. First,
depth profiles of R showed the curvilinear (and widely
observed) distribution predicted by theory (Kirk 1981a),
increasing with depth. Asymptotes were generally
reached by z,,, indicative of establishment of the
asymptotic radiance distribution, supporting the
adopted protocols for sampling and estimation of ¢
and & (Kirk 1981b) and their components (Effler and
Perkins 1996a, Weidemann and Bannister 1986),

Semilog plots of the paired measurements of E;
and E, and the next day observations of E_, versus




epthwere neariy parallelinsubsurface layers, thus the
of K, K, K,and K| (Table 1) were nearly equal.
is expected (Klrk 1994) and has been reported by
amber of investigators (Perkins and Effler 1996,
tand Davies-Colley 1984, Weidemann and Bannister
6). Additionally, values of K, were approximately
to those determined for K, (average of 13%
ence) and K, (average of 11% difference),
rting the partitioning of ¢ [see Eq. (5), Table 1]
nted sabsequently. Undoubtedly, measurements
consecutive days (instead of paired measurements
same day) contributed to the modest differences
hserved among the various attenuation coefficients
-, see subsequently documented dynamics of K ).
The estimates of #were quite similar in magnitude
the measurements of T, as observed elsewhere
DiToro 1978, Effler 1988, Vant and Davies-Colley
984, Weidemann and Bannister 1986). The
lationship between band T, has been described by
e following relationship (Effler and Perkins 1996b,
demann and Bannister 1986)

Tn=0"b (7

here o is a constant (NTU * m). The value has been
observed to fall in the rather narrow range ofabout 0.8
y1.25 NTU ' m (DiToro 1978, Effler 1988, Effler etal.
991, Kirk 1981b, Vant and Davies-Colley 1984,
Weidemann and Bannister 1986). The average value of
for 31 paired measurements of T and estimates of b
for Cannonsville Reservoir in 1995 was 1.02 (CV =
.22}, supporting the position that these parameters
:have essentially equivalentnumericvaluesin thissystem.

All gelbstoff spectra (%m) demonstrated expon-
ential decreases with increasing wavelength, as
‘documented for other lakes and reservoirs (Davies-
olley and Vant 1987, Effler etal. 1991, Kirk 1976, Kirk
1994, Weidemann and Bannister 1986). These spectra
have been described by the following relationship
(Davies-Colley and Vant 1987)

exp [S (440-2)] (8)

% = Fyaany

where a ,, = absorption due to gelbstoff at wavelength
A {400 -700 nm) (m™) and S=slope parameter (nm™*).
The wavelength of 440 nm has been adopted as the
reference wavelength (Davies-Colley and Vant 1987,
Kirk 1994). The optical impact of gelbstoff (4, ) can
thus be represented through ¢ (440 ORICE the value of §
isknown [Eq. (8)1. The meanvalue of Sfor Cannonsville
Reservoir was found to be 0.016 nm?; only modest
variations were observed (CV=0.125). The mean value
waswell within the refatively narrow range reported for
lakes (Davies-Colley and Vant 1987, Effler et al. 1991,
Effler and Perkins 1996b) and rivers (Smith et al.
1994).
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Spatial Distributions

Longitudinal gradients in attenuating components
(Table 2a), and therefore inherent (e. g., Table 2c) and
apparent (e.g., Table 2b) optical: properues, pre-
vailed along the WBDR axis of the résérvoir duriiig the

study period of 1995, Example longitudinal. profiles’

are presented here for a conspicuous gradxent case
(Fig. 2). Conditions near the mouth of the smaller

Trout Creek arm of the reservoir (site 3, Flg 1) were_-
generally similar to those observed at site 4 proxlmate s

to the water supply mtakes ('I_'_able_

Reflectance was somewhat hlgher_
average at 31tes 5 and 6 (Table 2b and

the lacustrine portion represents < 80% of th
volume when the reservo:r is fuli The obs 3

inputs of gelbstoff (Stepczuk etal. 1998)
* The features of this general Iongltud
in optical characteristics were highly dyn

iated with variations in the processes respons1bIe for -
the gradient(s). The gradients of September 5 were-. -
particularly strong (Fig. 2). For example, sy was
about 10 times greater (Fig. 2a) and Chl was’ about"_
4 times greater (Fig. 2b) atsite 6 compared to:site 4;

SD was nearly 10 times lower (Fig. 2d); K, (Flg 2e)
was about 7 times higher, R was nearly twice as great
(Fig. 2f), & was more than 10 times greater (Fig. 2g),
and e¢was more than 6 times greater (Fig, 2h) atsite 6
than at site 4. Variability was relatively greater in the
riverine and transition zones compared to the lacustrine
zone during the study (see CV values of Table 2). On
average (Table 2), the longitudinal gradients were
substantially less than manifested on September 5
(Fig. 2). Values of Chl, T, and «  (a10) {Table 2a) were
about twice as great atsite 6 compared to site 4; SD was
about40% lowerand K nearly 35% higher, onaverage,
atsite 6 (Table 2b). Estimated values of band ewere, on
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3
N

Table 2.-Spatial distributions in optical characteristics in Cannonsville Reservoir, over the April-October interval of 1995.

a. attenuating components

Site C, (mg - m®) T, (NTU) oy ")
x n range cv x n range Ccv b3 n range Ccv
1 9.7 27 1.5-21.3 0.41 1.9 27 0.6-3.6 0.42 0413 26 0.311 - 0.553 0.16
2 10.3 26 1.7-221 0.53 2.1 26 0.8-47 0.48 - - - -
3 114 26 1.7-33.0 0.64 2.2 26 0.8-58 0.55 - - - -
4 11.5 27 1.7-23.6 0.49 2.5 27 1.0-56 0.52 0442 27 0.253-0.587  0.16
5 189 26 4.2-93.1 0.98 4.5 26 1.0-19.5 0.98 0.541 6 0.391-0.829 0.27
6 92 4 24 2.3-106.8 0.95 43 22 1.5-16.8 0.79 0875 24 0.426-3984  0.82
b. measured optical characteristics
Site SD (m) K, R Cca
X n range cv X n range cv x n range CvV x n range Ccv
1 27 27 1.6-47 030 0.637 27  0.451-0.864 0.5 0.043 g 0.022 - 0.067 0.33 2.308 26  0477-4013 0.28
2 2.6 25 1.5-40 023 0.643 27  0.386-1.194 0.27 0.045 2 0.043 - 0.047 - 2.429 26 0.493-3.861 027
3 2.4 25 1.5-42 033 0.689 27  0.381-1.260 0.30 0.052 2 0.047 - 0.056 - 2.637 24  0.503-4.497 0.34
4 2.4 26 1.5-48 038 0,740 27 0.419-1362 034 0.045 10 0.027 - 0.056 0.22 2.611 26  0.546-4.340 (.34
5 1.8 25 0.6-30 039 0.898 24  0.489-2.385 0.47 0.056 9 0.025 - 0.080 0.34 3.265 24 0.765-7.696 041
6 1.5 22  03-28 040 0984 20 0.574-1.934 0.34 0.057 2 0.043 - 0.070 - 3.657 20  0.847-5.867 0.31
estimated optical characteristics
Site B n b a
x o range cv x n range v i3 n range cv
1 .634 8 0577-0.713 0.07 2244 8 1.057-3.815 0.34 0.438 8 0.365 - 0.534 0.15
2 625 2 0.619 - 0.630 0.01 2.658 2 2.070 -3.246 - 0.501 2 0.415% - 0.589 -
3 .613 2 0.602 - 0.623 0.02 5.6092 2 2.390-4.993 - 0.597 2 0.431 - 0.762 -
4 627 10 0.598 - 0.668 0.04 2785 10 1.226 - 4.804 0.36 0.498 10 0.347-0.724 0.20
5 .607 9 0.540-0.703 0.09 5.686 9 1.230-12.374  0.69 0.809 9 0.387-1.472 0.46
6 587 2 0.552 -0.622 0.06 30.564 2 22.64 - 38.48 - 5.406 2 3.023-7.788 -
d. estimated partitioning of a
Site a a a
w ¥ P
x n range a/a X n range a/a x n range a/a
1 0.153 6 0.127-0.175 0.346 0.095 6 0.058-0.166  0.218 0.200 6 0.082 - 0.302 0.435
-4 0.165 7 0.148-0.198 0.330 0.084 7 0.039-0.129 0.182 0.271 7 0.001 - 0.487 0.488
5 0.173 6 0.157 - 0.190 0.290 0.121 6 0.085-0.183 0209 0.597 6 0.100-1.132 0.500




THE OPTICAL WATER QUALITY OF CANNONSVILLE RESERVOIR: SPATIAL AND TEMPORAL PATTERNS .. . 245

5.00 3 average, about 2 and 1.6 times greater, respectively, at
4004 ° site 5 than atsite 4 (Table 2¢). The value of a, was rathei
+ 300} spatially uniform (Table 2d), Esumatedvalues of a, and
o001l @, Were, on average, about 50% greater: atsite 5. rhan at
ool site 4 (Table 2d). Though progressive. changes in the
‘ .'_“____.____.-—--' means were observed for the various optu:al measures
0.00 ; ° through the lacustrine zone (see Table 2), only the
40% b) & site 3 / differences in the means of turb:d:ty between sites 1.
30 pe and 4 were statlsucaily significant (p = 0.014 o
20l / Gradients in attenuating constituents along- the_ E
- main axis of the reservoir were also mamfested nkK, -
101 g0 m t :
0 + + + 4
c) A site 3 °

spectra were rather sumlar on thlS d
substantial differences in K. :

dPAR)
24 @ O/A Characterlsu(: of the effect of scattering

N d) & site 3 /

d(?.) spectraonJuly 24 (Fig. 3b). T he hlgher
atsite bi in the lower pornon of the PAR i

oosl f) 6 site 3

0.064 / °

0044 @
0.02+
0.00
20.0+
L 15.0;
10.01

®
5.0 o .—_-__‘!/
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' pfbperﬁés of water (Smith and Baker 1981) and
phytoplankton (Kirk 1994). Modest peaks in Kam in
the vicinity of the secondary absorption peak of
phytoplankton pigments (about 675 nm) (Kirk 1994,
Weidemann and Bannister 1986) were apparent. The
peak was more conspicuous at site 5 on September 19,
consistent with the higher Chl concentrations at that
location (Fig. 3a). Minimum attenuation occurred at
about 560 nm (Fig. 3).

Temporal Structure

Large temporal variations in attenuating
constituents, and therefore inherent and apparent
optical properties, occurred in the upper waters of the
lacustrine porton of Cannonsville Reservoir over the
April-September interval of 1995, The temporal
distributions presented here for site 4 (Fig. 4) are
generally representative of those found for the other
lacustrine sites. Gelbstoff (ay ‘ 440)) levels varied between
0.35 and 0.6 m* from April through mid-September
(Fig. 4a). These levels fall into the lower portion of
the range reported for fresh waters (Davies-Colley and
Vant 1987, Kirk 1994). Decreasesin 4 440, WETE ObseTved
through May, followed by increases in June, a second
minimum in late August and early September, and a
decrease to the study minimum in early October (Fig.
4a}, Both autochthonous (e.g., primary production)
and allochthonous scurces are known to contribute to
the watercolumn pool of gelbstoff (Bricaud etal, 1981,
Davies-Colley and Vant 1987). The lack of correlation
between the distributions of a0y (Fig. 4a) and Chl
(Fig. 4b) indicates primary production is probably not
the principal regulator of the distribution of 4 ,,,, in
the water column of Cannonsville Reservoir. The
average a4, reported for the mouth of WBDR (the
primary allochthonous source) for the study period
(0.68 m?, CV = 0.44; from Stepczuk et al. 1998) was
somewhat greater than the reservoir levels, supporting
terrigencussources asimportant. However, the disparity
in the magnitudes and the temporal distributions in
the reservoir (Fig.4a) and in WBDR (Fig. 2c of Stepczuk
etal. 1998) suggest the operation of a loss process{es)
for gelbstoff in the reservoir. Gelbstoff is known to be
adsorbed to inorganic particles (Kirk 1985). Note that
the decreases in 4, from mid-summer to early Sept-
ember coincided with increases in inorganic particle
PAV in the upper waters (Fig. 4d), supporting ad-
sorption as a potentially important loss process for
gelbstoff in the reservoir,

The distribution of Chl at thissite in 1995 (Fig. 4b)
has been described previously by Effler and Bader
(1998). Abruptchangesin Chl concentrations occurred.
Peak concentrations 2 20 mg* m® were observed in late
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ay, early June, and late September (Fig. 4b). Minima
C.hi occurred in May, mid-June, and late August
(Fig. 4b). Turbidity remained relatively low (e.g., < 2
TU) through early June and increased in a largely
ogressive manner through August. The sharpincrease
ptember is probably attributable to entrainment
portion of the benthic nepheloid layer with the
peningof the upper mixed layer (Effler etal. 1998).
T, values were observed in early August (>4 NTU)
dlate September (>5NTU; Fig.4c). Thedistributions
Chl and T_were not correlated, indicating tripton
important in regulating T_ (particularly in late
mmer), and other measures of light penetration
such as SD (Fig. 4¢) and K (Fig. 4f). The dynamics of
PAVwere driven largely by theinorganic tripton fraction
(Fig. 4d; R? = 0.98). It is estimated this fraction
represented about 86%, on average, of the total
measured PAV for the study period. The increase in
inorganic tripton PAV has been attributed primarily to
particles derived from the watershed that have been
resuspended largely in response to the drawdown of
the reservoir surface (Effler et al. 1998).
- Clarity (SD) was highly variable in the reservoir
from April through June; thereafter SD was low and
more invariant (Fig. 4e; also presented by Effler and
Bader 1998). The range of SD observations was 1.3 to
8m. Variationsin Chl (Fig. 4b) regulated the dynamics
of SD through June [R*= 0.8, for 1/8D vs. Chl (Effler
and Bader 1998) ], aperiod when T remained relatively
low (1to 2NTU). For example, aconspicuous decrease
in SD (Fig. 4e) coincided with the shortlived bloom of
late May (Fig. 4b). Clarity was much more insensitive to
the substantial changes in phytoplankton biomass
observed after June (Fig.4e). Thisis consistentwith the
coupled increases of inorganic tripton PAV (Fig. 4d)
and T, (Fig. 4c), and the established sensitivity of SD to
increases in T, (scattering) in that range (Effler 1988).
The value of K _varied from 0.42 to 1.35 m" at this
site over the study, corresponding to a range in photic
zone depth (assumed at z ) ofabout 3.4 to 11 m. On
average, z,, and z, | were at depths of 6.8 and 3.4 m.
~ The minimum K, measurement coincided with the
minimum Chl observation in June; the maximum
value occurred during a T  peak in September.
Inflections in K (Fig. 4f) generally tracked those
reported for SD (Fig.4d); e.g., increasesinK coincided
with decreases in SD (and increases in attenuating
constituents). However, these two parameters were not
precise measures of each other. For example, the
product K_ - SD (Effler 1985) was rather variable over
the study period atall the monitoring sites; the average
CVranged from 0.17 to 0.21. Thus these two measures
of light penetration are not reliable estimators of each
other in Cannonsville Reservoir. Variability in the
K, ' SD product can often be attributed primarily to
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variations in the relative contributions of @ and & to
attenuation (Effler 1985, Effler et al. 1988}, as these
two optical measurements respond quite differently to
the underwater light field (Kirk 1981b, Tyler 1968).
Variations in R (Fig. 4g) reflect changes in the.
relative contributions of absorption and scattermg to
attenuation. AsRincreases, the relative role of scattering
(i.c., theratio b/ @) increases (Kirk 1981b) Progresswe _
increases in R occurred over the Mayjul 'mterval h

ments of £, and E, (i.e,, R) were made (Flg_ 4
dislmcﬂy g"reater response of brelatwe to aafter

impact on scattermg The light absorptlo_
of tripton vary substantially. For exam
precipitated calcium carbonate scatter:
essentially no absorption (Weldemann i

while Kirk (1985) described tripton thatra_ _erstr. _ng]y; -

absorbed light, thatwasatmbuted to adso' €4 humxcf.'. :
substances. S
There is indirect evidence that the llght absorbed L

by resuspended tripton in. the upper: waters: of
Cannonsville Reservoir in 1995 was:small 1 latwe to_"_
that absorbed by phytoplankton The dynam csofa
were driven largely by variations in 4 (Fig. 4i), A da
was the largest component of @ ( able: 26} The @
component of ¢ has been partitioned: between.-
phytoplankton and tripton particles accordmg to (Efﬂer -
and Perkins 1996a) . . T

a—a+K Chl

where ¢ ' = spectral average absorptwn coefﬁcxent for
tripton (m*), and K = Chlspecific absorption
coefficient {m*' mg C.hl 1) According to linear least
squares regression analysis (Fig. 5), variations in Chl
explained about 68% of the dynamics observed in 4
(includingsites 1,4, and 5); the best estimates of K an
a'were 0,022 m? mg Chl' and 0.021 m*, respectively.
is value for K_is at the upper bound of values
included in the critical review of Bannister and
Weidemann (1984), The a, 'value should be considered
anapproximation of the study average; almost certainly
temporal variations in this absorping component
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Figure 5.-Evaluation of the dependency of &_on Ch! concentration
at site 4 in Cannonsville Reservoir in 1995.

occurred. This estimate serves to establish that
absorption by phytoplankton dominated 4, in the
reservoir during the study period; e.g., on average a
represented only about 10% of ¢_atsite 4. The modest
dynamics in g, (Fig. 4i) result only from changes in the
spectral quality of downwelling irradiance (Weidemann
and Bannister 1986) that, in this system, are primarily
associated with variations in the concentrations of
absorbing particles. Dynamics in ¢ (Fig. 4i) alsoreflect
this form of feedback from shifts in spectral quality,

butare primarily driven by changes in a ..

Partitioning the Components of T,

The IPA/SAX data (e.g, Fig. 4d, plus size
information) can be used to evaluate the role of in-
organic tripton in regulating the observed dynamics of
T, (Fig.4c) and & (Fig. 4h), The lightscattering efficiency
of inorganic particles larger than about
2.6 pm (area equivalent) diameter converges on a
constantvalue (Kirk 1994); e.g., PAVhasauniformand
linear relationship with T in this particle size range
where diffraction scattering is a good approximation
of Mie scattering (Treweek and Morgan 1980). In a
study of Skaneateles Lake, NY (Owens et al. 1995),
where mostof thesamples had geometric mean particle
diameters > 2.5 pm, a strong relationship (R? = 0.94)
between paired measurements of T, and PAV was
observed over the T, range of 1 - 20 NTU (n=140)

T, = (0.48- PAV) - 0.12 (10)

Inorganic particle assemblages enriched with
smallerparticles (< 2.5 um, in diameter) scatter relatively
more light (Kirk 1994, cf. Fig. 4.8). Within the context
of PAV data, this corresponds to an increase in the
proportionality constant (e.g., “slope factor”) for the
T, -PAV relationship [e.g., Eq. (10); also see Fig. 7.51a
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of Effler and Perkins 1996b]. During the course of the
drawdown in Cannonsville Reservoir, May through
August 1995 (Fig, 6a), the geometric mean particle size
ranged from about 2.2 pm to 1.8 pm (Fig. 6b). This
enrichment in smaller particle sizes is consistent with
the process of sediment resuspension and the
progression of drawdown in the reservoir, as smaller
particles are known to be preferentially associated with
deeper depths in lacustrine systems (e.g., Sly et al.
1982, Thomas et al. 1972). Optically effective PAV
values were estimated {Owen 1974), to accommodate
the effectofparticlesize, based on T -PAVrelationships
developed from experiments for different size classes
(as reviewed by Effler and Perkins 1996b). These
adjustments for enrichment of smaller sizes in the
particle assemblage resulted in slope factors greater
than the (.48 value of Eq. (10) {Fig. 7). Theadjustments
in the “slope factor” were independently checked
against Mie theory (see Kirk 1994) calculations (¥Fig. 7),
using the BHMIE algorithm of Bohren and Huffinan
(1933) to estimate the average scattering coefficient
between 86 and 94 degrees, integrating over the
experimental size disttibution, and assuminga refractive
index of 1.17 (relative to the water) for the particles
[typical value for inorganic particles (Kirk 1994)]. The
relative scattering coefficients were normalized to the
unaltered sample size distribution for comparison
(Fig. 7). While experiments for “large particle
enrichment” were not conducted, the computations of
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Kirk (1994, Fig. 4.3) show that a relatively constant
‘scattering coefficient would result for geometric mean
particle sizes greater than about 2.5 pm. This is
supported by the high degree of linearity observed
between T and PAV in the Skaneateles Lake study
(Owens et al, 1995),

. The temporal distribution of inorganic tripton
turbidity (T_,), predicted from the corresponding
‘effective (i.e., size adjusted) PAV values, is compared
‘here to the distribution of measurements of T, for
‘the subset (n = 13) of observations for which IPA
was conducted (Fig. 8). The error bars on the predicted
T,, values (Fig. 8) represent 50% of the turbidity
increment which would be associated with adding the
“organic” and “diatom” PAV. This level of uncertainty
in the predictions is not considered limiting to the
analysis, as it is relatively minor compared to the
observed seasonality in T_and the predicted trend in
T, (Fig.8). This analysis establishes the dominantrole
of inorganic tripton, and the process of sediment

& — Tn
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Figure 8.—Comparison of temperal distributions of T, ebservations
and estimates of T, at site 4 in Cannonsvilie Reservoir in 1985.
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resuspension, in regulating the increases in T (and b)
observedin Cannonsville Reservoir in 1995, and thereby
couples this feature of water quality to the reservoir’s
operation (drawdown) (Effler etal. 1998). Accordmg
tolinearleastsquares regression, the pred:cted changes
inT, , explain 85% of the observed variationsin T.. On
average (n=13), T , represented 68% of T for the g

study period. Predlctlons of T, for the case of no size :

adjustments toPAV {i.e., forscenano of area equ valent :

increases mT
The resuiual T, mmus Tﬁﬂ, 1
phytoplankton (T

/ ’

1986)
b=K, - Chl+¥

where &' = spectral average scattermg
for 1n0rgamc inpton (m‘l) and Ig

0. 04 to 0. 13 m? mg Ghll) arange tha brac' _'ets 'th" IS
observauons of Weidemann and Banmster ( 1986) for__; Sk

relatively wide variations in the estzmates of Kb are not
unexpected, as values of K, are known to vary wadely as
a function of the composition of the phytoplankton .
assemblage (Bricaud et al. 1983, Weidemann and
Bannister 1986). Errors in the underlying measure- -
menisand inherent to the residual calculation protocol .
adoptedalsoundoubtedly contrlbuted tothe varlablhty

in the estimates of K,. ;

Euvaluation of Scenarios

Expressions have been developed that quanti-
tatively accommodate the conitributions of ¢and bin
regulating the commonly used measurcs of light
penctration, K, and SD. These relationships, or models,
can be used to predictvalues of K and SD for scenarios
of systematic changes in aitenuating constituents. Kirk
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(1981 a) developed the following expression for K,
based on Monte-Carlo analyses of the underwater light
field

K, = (& + 0.256ab)"" (12)

Based on contrast transmittance theory, it has
been demonstrated that SD is inversely proportional to
the sum of K, and ¢ (Preisendorfer 1986, Tyler 1968},
as described by

SD = I'(K +6)* (13)

where T" = constant (dimensionless). Priesendorfer
(1986) describes itas a “quasi-constant,” as it has been
demonstrated to vary somewhat in response to
uncontrolled conditions (e.g., wave action, cloud cover)
that prevail during field measurements. The typical
range ofT"is 8.0t0 9.6 (Preisendorfer 1986). Application
of the contrast transmittance theory to the 1995
Cannonsville Reservoir data base (Fig. 9; subset of data
forwhich eand bestimates are available) yields a single
best estimate of "= 8,2, The modest scatter observed in
the relationship (Fig. 9) is attributable to variations in
the environmental conditions under which measure-
ments were made and imperfections in the measure-
ments themselves (Effler and Perkins 1996a). This
system-specific relationship (Fig. 9) represents a
mechanisticallysound ( Preisendorfer 1986, Tyler 1968)
and reliable (e.g., R* = 0.81) basis to project the
implications of changesin gand 5, mediated by changes
in the concentrations of attenuating substances, on the
clarity of this reservoir.

Scenarios for the two major attenuating
constituents, phytoplankton and inorganic tripton,
are evaluated here, as both may be subject to
management-based reductions. Gelbstoffscenariosare
not included here because this constituent is not
presentlyasubstantial component (e.g., predictions of
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Figure 9.-Application of the contrast transmittance theory for SD at
site 4 in Cannonsville Reservoir. Slope is equal to N [Eq. (13)].

K,and SDare relativelyinsensitive torealisticvariations
in a), nor is clear that it is subject to management,
Three scenarios are evaluated: 1) reductions in
phytoplankton biomass (case 2), 2) reductions in
inorganic tripton {case 8), and 3) reductions in both
phytoplankton biomass and inorganic tripton (Case
4). The simulations of K, and SD [I'=8.2; Eq. (18)] are
made for site 4 conditions, for the subset of 13 days on
which IPA characterizations (Fig. 8) were available.
Average values of a, and a, (Table 2), and the single
best estimates of Ka and g ', are invoked throughout.
The individual values of K , estimated by difference,
areretained, and values of § = T, are invoked for case
2, Thescenarios of reductions in phytoplankton biomass
invoke a temporal distribution of 0.5 x Chl. Reductions
in external phosphorus loading necessary to reduce
the summer average Chl concentration of the
epilimnion by various increments can be evaluated
with the nutrient-phytoplankton model for the reservoir
(Doerretal. 1998). The reductions in inorganic tripton
scenariosinvoke ¥ = 0.6 m?, equivalent to the estimates
of T_, in May (Fig. 8) before significant drawdown
commenced, This scenaric addresses the issue of the
relative impactof drawdown on these measures oflight
penetration. However, it should be considered only
semi-quantitative at this time, as the extent towhich the
value of T, , =0.6 NTU applies for the entirestratification
interval of a year in which the reservoir remains full is
not yet established. Further, there is probably an
interplay between reservoir operationand Chl (Owens
etal. 1998a). The “base” case {case 1; basis of evaluation
of the impact of the scenarios) corresponds to the
existing conditions predicted with the invoked and
assumed values for the attenuating components.
Comparisons of the scenarios to the base case are
presented graphically (Fig. 10) and as predicted
averages (Table 8). The base case predictions differ
somewhat from observations because of the assumptions
and invoked conditions adopted forall the simulations,
aswellasimperfectionsin the measurements. However,
these differences are modest; e.g., the predicted mean
K, and SD values for the base case were within 7% and
2%, respectively, of the observations (Table 8).
Noteworthyincreasesin light penetration, asmeasured
by these two parameters, are predicted for all three
scenarios (Fig. 10, Table 3). Further, the differences in
the predicted responses of these two parameters are
instructive with respect to the sensitivity of each to
different attenuating constituents, The value of K, is
more sensitive to incremental changes in absorbing
components; SD is more sensitive to changes in
scattering constituents [Eqs. (13) and (14)]. For
example, a 23% decrease in average K, and an 18%
increase in average SD (relative to base case; Table 3)
are predicted for the reduction in phytoplankton
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"Figure 10.—Predicted temporal distributions of measures of light
penetrationat site4in Cannonsville Reservoir for four cases {including
three scenarios of reductions in attenuating constituents; see
Table 3): (a) K, and (b) SD.

biomass {absorbs and scatters) scenario {case 2), while
the decrease in K is only 15% compared to a 40%
increase in SD for the reduced tripton (scatters, with
only minor absorption; case 3, Table 3). A decrease of
38% in average K, and an increase of 91% in average
SD are predicted for the scenario of combined reduc-
tions of Chl and inorganic tripton (case 4, Table 3).
The predicted temporal distributions of the tripton
reduction scenarios increasingly diverge from the base
case through the simulation interval (Fig. 10a and b),
consistent with the progressive increase in T, (¥ig. 8).
Note that nearly equal values of K, are predicted for
cases 2 and 3 for the last month and a half (Fig. 10a)
when T_, was high (in 1995), an interval for which
substantially higher SD values are predicted for case 3.

Partitioning K, for Phytoplankton
Modeling

The partitioning of light attenuation between
phytoplankton and non-phytoplankton components
has often been described according to (e.g., Bannister
1974, Field and Effler 1983, Megard et al. 1979)

K,=k -Chl+k, (14)

where k, = Chlspecific spectral average attenuation
coefficient for phytoplankton (m*- mg' Chl), and k =

the spectral average attenuation coefficient for all
non-phytoplankton components {m?). It is necessary
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to quantify this partitioning [eé.g., Eq.  (14)] in
mechanistic nutrient-phytoplankton models, tospecify
the availability of penetrating light. to. support
production and to accommodate the feedback from
changes in phytoplankton biomass (the “seIf~shadmg :
effect, e.g., Chapra1997). Operauonally, thecoefﬁczent_

by linear regression; the values ofk; andk .correspond S
to the slope and y-intercept,. respectwely, resultmg:_
from the regression of K, on Chi’{e.g:; Megard etal’

1979) However this method of estlmanon 1s

emerges (Fig. 11b), consistent with ‘the: ﬁndmgs of
Effler etal. 1998, thatresuspension ofmorgam __parucles_._ :
in the reservoir in 1995 was largely driven bydrawdown S
The three observations from the fall m 3 :
were eliminated from the analysis, as'there i is’ ewdence'
that entrainment of the benthic nephelmd layer (e.g.,
a potential input to T, that is not directly related to.
drawdown) conmbuted T e levels during thatmterval
(Effler et al, 1998}. The mcorporatlon of the K -
elevation relationship (Fig. 11b} into the nutrient:
phytoplankton model for the Teservoir. (Doerr et al.
1998a) supports the independent spec1ﬁcat10n of k
from the model’shydrologicsubmodel (alsosee Owens
etal. 1998). The value of k_was estimated as the slope
from the linear least squares regression of k' Chl
(calculated as the difference, K; minus k) on Chl
(y-intercept =0, specified; Fig. Ilc) based on the same
datasubset. Weattribute the scatter in this relationship
to errorsinherentin suchresidual calculations, species-
specificdifferences of the phytoplankton, and measure-

negauverelanonshlpbetweenk andrese voirelevation”
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Table 3.~Observed and predicted average K, and SD values for selected scenarios.

Case K, (m') SD (m) Comments
observed 0.81 2.3 observations for subset of [PA (n = 13)
No. 1 0.87 2.2 base case
No. 2 0.67 2.6 Chl=0.5xChl___, observed &
No. 3 0.74 3.1 ' = 0.6 m", observed Chl
No. 4 0.54 4.2 Chl=05xChl .5 =06m!
ment errors, The best estimate of k_ (0.021 m? - mg?! o8
Chl) isin the range of values reported for other systems 07+ (@)
(Field and Effler 1983, Megard et al. 1979), and has 06t
been adopted by Doerr et al. (1998a). —~ g
T 05y o LA B
. E o047 o ’/
Management Perspectives S0
Cannonsville Reservoir is an optically complex o2t
system, asstrong longitudinal gradientsand uncoupled 0.+
temporal variations in attenuating constituents occur. 00— T R e T T s
The optical regime of the reservoir is apparently mostly MAY  JUN  JUL AUG SEP  QCT
controlled by phytoplankton biomass when it is full. 1895
Inorganic tripton becomes the regulating constituent
of turbidity, and other measures of light penetration, 0.8
as the impoundment is drawn down, thereby linking (b)
these aspects of water quality to operation of the 071
reservoir, An earlier manuscript in this issue of the 0.8
journal (Effler etal. 1998) established that the influx of < o554
tripton to the water column was largely attributable to 'e ol o
the sediment resuspension process, and that the origin ~ ; ::di'f?c.“hc'" p.e':’d
A 3 K z g3l alf mixing perio
of these inorganic particles was the watershed. ~ k= —0.018+Elevation + 6,668
Predictionswith optics models demonstrated substantial 0.2 ;
improvements in light penetration could be achieved 0.1+ R'=087 =10
through systematic reductions in phytoplankton 0.0 , : .
biomass (e.g., reduction of external nutrient loading) 330 338 340 345 350

and/or inorganic tripton (e.g., erosion control).
However, the benefits of reductions in phytoplankton
biomass with respect to turbidity and measures of light
penetration would be masked in major drawdown
years as a result of resuspension of tripton. Erosion
control in the watershed may also be a viable
managementapproach to protect the optical esthetics
of the reservoir, but the extent and character of the
linkage between external loads of tripton and
watercolumn concentrationsshould first be established.
Additionally, light attenuation has been partitioned
between the phytoplankton and non-phytoplankton
components in this manuscript, and an expression to
predict the non-phytoplankton component as a
function of elevation (drawdown) has been developed
to support quantification of light availability in the
nutrient-phytoplankton model for the reservoir
(subsequently in this issue; Doerr et al. 1998a).

Reservoir Elevation {m)

0.6

o5l ()
| k.=0.021 >
TE 04T R2- 0.4g n=10 @
~ 03} @
= L ]
(4]
¥, 021 ]
X @

o1} i

0.0 } } t }

Q 5 10 15 20 25
Chl {mg-m™3)

Figure 11.-Relationships for k_and estimation of k_[Eq. (14)] atsite
4 in Cannonsville Reservoir: (a) k, as a function of time, (b} k asa
function of reservoir elevation, ard () determination of k.
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