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ABSTRACT

Auer, M. T., K. A. Tomasoski, M. ]. Babiera, M. L. Needham, 5. W. Effler, E. M. Owens and ]. M. Hansen. 1998, Phosphorus
bioavailability and P-cycling in Cannonsville Reservoir. Lake and Reserv, Manage. 14(2-3):278-289.

Algal bioassays and chemical fractionation analyses were applied in determining the bicavailability of phosphorus
{P) discharged to Cannensville Reservoir from its major tributary, the West Branch of the Delaware River (WBDR) and
in reservoir bottom sediment. Scluble phase (soluble reactive and dissolved organic) P discharged by WBDR was found
to be 100% bioavailable, in a single, dry-weather sample. Tributary particulate-phase P bioavailability varied with
hydrologic conditions: 48% fora dry-weather sample and 25% for a wet-weather sample. The P-bicavailability of reservoir
bottom sediments {24%) was comparable to that for the wetweather tributary sample. Phosphorus refeased over the
course of the tributary bloassays came from the Fe/Al-P and extractable biogenic-P pools, while thatgenerated in reservoir
bottom sediment bioassays originated entirely from the Fe/ALl-P pool (despite the presence of a significant extractable
biogenic-P fraction). WBDR sediment had approximately two times more total phosphorus (TP) and five times more
bioavailable phasphorus (BAP) than did the reservoir's bottom sediment, Losses in particulate P between introduction
and export occurred largely from the extractable biogenicP fraction. Kinetlc coefficients developed here (fraction
bioavailable, solubilization coetficient) were used within the context of a nutrient-phytoplankton model to identify the
sources of P ultimately realized by the algal community. Tributary soluble P accounted for 91-97% of the realized algal
P. Tributary particulate P has  lesser impact due to its smaller loading contribution, lower bioavailability and because
much of itis lost to sedimentation, adserption following solubilization, and export. Depending upon the TDP:PP ratio
in the tributary and bioavailability characteristics of the particulate phase P, soluble P contributes 47 times more P to the
algal available pool than does the particulate phase,
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The total phosphorus {TP) concentration of a
waterbody has been widely used in defining trophic
state and in developing the regulatory basis for eutro-
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phication management. For example, TP-based total
maximum daily loads (TMDLs) are now being devel-
oped for manyiakes and reservoirs toassure attainment
of eutrophication-related water qualitystandards (U.S.
EPA 1991, Kane and Bader 1996) and water quality
trading strategies are being explored as a means for
managing those loads (U.S. EPA 1996). Total phos-
] phorusisalso thestate variable most commonly used to




esent nutrient conditions in the mathematical
models which guide wophic state management. It is
wn, however, that TP is ot necessarily an accurate
dicator of trophic state. TP-chlorophyll correlations,
wveloped for multiple systems across a gradient of
phic states, exhibit order of magnitude differences
e chlorophyll concentration predicted at a given
TP concentration (cf, Chapra and Auver 1998),
The observed variability in empirical TP-
chlorophyll relationships may, in part, be due to
fferences in the bioavailability of the phosphorus
loaded to lakes and reservoirs, i.e., its capacity to
support algal growth. The soluble reactive (SRP) and
dissolved organic (DOP) P introduced to lakes and
reservoirs are thought to be generally available for
uptake by phytoplankton, perhaps following enzymatic
hiydrolysis of the organic component (Cotner and
Wetzel 1992, Currie and Kalff, 1984). However, Young
et al. (1982) reported that only ~72% of the soluble P
domestic wastewater effluent is bioavailable. Some
gh molecular weight or colloidal organic P,
operationally defined as dissolved, may actually be
unavailable for algal uptake (Hino, 1988). The
‘pioneering efforts of DePinto (DePinto 1982, DePinto
etal. 1981) and Young (Young et al. 1982, 1985) have
demonstrated marked differencesin the bicavailability
- ‘of the particulate P loaded from different sources. For
- example, particulate P originating in wastewater effluent
" has been shown to be 2-3 times more effective in
- supporting algal growth than that originating from
. terrigenous sources (Young etal. 1982, 1985). Various
_ investigators have utilized chemical fractionation
- schemes to identify the association of particulate phase
P with characteristic chemical species, e.g., Fe and Al,
CaCO,, Ca-minerals and organic matter (Furumaiand
Ohgaki 1982, Hieltjes and Lijklema 1980, and Penn et
- al. 1995). Bioavailability has been strongly correlated
- with the presence of Fe/Al-P (Cowen and Lee 1976,
DePinto et al, 1981, Dorich et al. 1985, Logan et al.
1979) and hydrolyzable organic-P is thought to be
biologically available as well (Sommers et al. 1972,
Penn et al. 1995). Biological and chemical trans-
formations of particulate phase P (e.g., algal uptake,
mineralization, precipitation, sorption/desorption),
occurring in the water column, may alter speciation
and thus influence bioavailability (cf, Tomasoski 1997,
Penn and Auer 1997). Similarly, sedimented P may
undergodiagenetic transformations which significantly
change the bioavailability of the particulate phase P
later reintroduced to the water column through wind
action (resuspension).

Mechanistic nutrientfood chain models offer the
potential toanswer more detailed questions with greater
precision than do empirical correlations and simple
phosphorusbudgets (Chapraand Auer 1998). Aswater
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quahtymanageismcreasmgly turnto thesemore complex
tools, it is necessary that the supporting science Keep
pace. In this paper, we describe a conceptual model for
P-cyclingin lakeswhichaccommodates the bxoavallablhty
phenomenon and we outline the program of field
measurementsandiaboratoryexpemnenlaﬂon requwed
tosupportthatmodel. Specifically, we applyalgai bloassays
toassess the fraction of a reservoir’s external soluble-and -
particulate-P loads which are available to support algal o
growth. Additionally, we develop sne—spe'aﬁc esumates .
for the rate coefficient describing '

desorption/mineralization of partlcufate-P The analysm :
is applied to soluble- and particulate-P loads from the . .

major tributary toCannonsville Reservoir and to reserv01r

bottom sediments, i.e., particulate matter which maybe-
_chemical
fractionation approach (sequenual extrac'tlon) s
explored as an alternative to the Iength -and involved .
bioassay protocol. Specific chemical fractions have been
correlated with P bioavailability and thusa knowledge of -
their dynamics can provide ms:ghtmtoP cycling, Flnaily, i

resuspended in the water column

bivavailability results are examined within’ thé' contextof .

a partitioned (soluble/particulate) P model to examme o

the fate of externallyloaded Pand its Contnb i
P budget of the reservoir. =

Study Site

Cannonsville Reservoir is the third largest '(iil'ea i '
19.3x10° m?; mean depth =19m) of the 19 reservoirs
which comprise the New York Clty (NYC) drmk]ng:-. e

water supply system (Effler and Bader 1998

reservmr is a dimictic, eutrophic. (summer verage -
= 24 pgP - LY), soft water system’with a miean: .
hydraullc flushing rate of 2.6 per year.: Cannonsv:l!e--__ 2

Reservoir is fed by the West Branch of the Delaware
River (WBDR; draining 79% of the reservoir’s 1160 km?
watershed), Trout Creek (draining 5% of the: water»: .
shed) and several smaller tributaries’ (Owens ‘et al.
1998). The WBDR is the major source of suspended -
sediment and nutrients, contributing 90% of the
annual average total dissolved P (TDP) and 95% of
the particulate P (PP) load (Doerr etal. 1998) Under
base flow conditions, TSS and TP in WBDR average
5.3 mgDW ' L? and 39 pugP ' L’, increéasing to
93.4 mgDW L' and 176 ugP' L during wet weather
events {Longabucco and Rafferty 1998). Substantial
variations in the loads of these P fractions, and in their
relative contribution to the overall TP load, are observed
for WBDR, driven largely by natural variation in runoff
(Longabucco and Rafferty 1998).

Several of the processes mediating soluble- and
particulate-P dynamics have been characterized for
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Cannonsville Reservoir, e.g., Effler and Brooks (1998)
report on particle settling velocities and the flux of
particulate-P to the sediment. Resuspension is known
to occur, although the extent to which the reservoir’s
deep water sediments participate in this phenomenon
remains unresolved (Effler et al, 1998). The direct re-
lease of dissolved-P to the water column from in-place
reservoir bottom sediments is inhibited here by the
presence of ferric iron, although a high potential for
sediment exchange has been noted should the iron be
reduced to the more soluble ferrous form, i.e., under
conditions ofextended anoxia (Ericksonand Auer 1998).

Methods and Materials

Conceptual Framework

Doerr et al. (1998) developed a mechanistic
nutrientfood chain model for the reservoir which
partitions TP into SRP, DOP, and a particulate phase.
The particulate phase is further partitioned into
phytoplankton-P {PhyP), zooplankton-P {ZP) and
available (ANLPP) and unavailable (UNLPP) non-
living particulate-P. That framework is adopted here,
with the following modifications (Fig. 1}: (1) the SRP
and DOP fractions are considered as their sum (total
dissolved phosphorus, TDP) and (2) the potential for
differences in the bioavailability of externally-loaded
and resuspended NLPP is accommodated. Imple-
mentation of this conceptual framework requires speci-
fication of the bioavailable fraction {f) of the externally-
loaded TDP and the externally-loaded and resuspended
NLPP and of the rate coefficient (k) for conver-
sion (desorption/mineralization) of ANLPP to TDP
{Fig.1). The experiments outlined belowseek to provide
site-specific estimates for the coefficients f and k.

external toad external toad

recycle

Y
settling

settling setiling settling
rejease resuspension
Sediment di i di Scdiment
Particulate-P \El Particulate-P

Figure 1.—Conceptual model for Pcycling.

Sample Collection and Processing

Samples were collected from WBDR and from the
reservoir’s bottom sediments for bivavailability deter-
minations. Water samples (~10 L) from WBDR were
passed through a 0.45 pm membrane filter to separate
the soluble and particulate phases. Particulate phase
sampleswere stored intactat 4 °Cuntil assayed; soluble
phase sampleswere analyzed immediatelyuponreceipt
in the laboratory. Reservoir bottom sediment was
collected as intact cores at Stations 2, 4, and 5 (see
Erickson and Auer 1998 for location, water depth, and
sediment characteristics), extruded and sliced at 0.5
cm intervals. Chemical analyses were performed on
slices from the top 15-20 cm and the surface 0.5 cm was
removed for bioavailability assays. Oxygenwas depleted
at the sediment-water interface at the time of sediment
collection, however, significant levels of nitrate-nitrogen
(>500 :gN" L} were present and redox conditions did
notfavor sedimentP-release {cf. Efflerand Bader 1998;
Erickson and Auer 1998),

Algal Bioassays

Particulate phosphorus bioavailability was deter-
mined using amodification of the dual culture diffusion
apparatus (DCDA) of DePinto et al. (1981), DePinto
(1982}, and Young etal, (1982), The ~1.6 L culture ap-
paratus consists of a sediment vessel (dark: 0.5 pE- m® §')
and an algal vessel (light: 220-320 uE-m*?'s") separated
by a 90 mm, 0.45 pm, black mixed cellulose ester
{MCE) membrane. Phosphorus released from the
sediment diffuses across the membrane and is
immobilized by P-starved algae, permitting direct
measurement of P uptake.

Selenastrum capricormutum (Oregon State University,
Corvallis, Oregon; APHA 1992) was used as the assay
organism. Algae were initially cultured in the growth
medium prescribed by APHA (1992) and then
maintained under P-free conditions for a minimum of
7 days. Batch culture studies, conducted as part of
methods development, indicate that the assay organism
attains a stable (cellular P = 2.240.6 pgP - mgDW),
P-starved (<10% of the maximum cellular P) physiology
after 7 days in P-free medium. Pstarved algal cells
(~10-50 ugChl-L') and wributary or reservoir bottom
sediment (30-125 mg' L) were resuspended in P-free
medium at concentrations which would lead to a
measurable change in the phosphorus content of the
algae (followinguptake) , withoutsaturating the uptake
mechanism (and thus leaving residual dissolved-P in
the algal vessel). The algae and sediment suspensions
were introduced to their respective vessels and
incubated at 22-24 °C with continuous stirring for




0 days. Oxic conditions were maintained throughout
incubation. The algal vessels were harvested at
-day intervals, the cell suspension filtered and the
content of the algae determined. The filtrate was ino-
ated with fresh P-starved algae {ofknown P content)
nd returned to the algal vessel,

The observed increase in algal PP (final less initial}
ver each incubation interval was taken as a measure of
“'the incremental release of bioavailable P, i.e., that was
“released from the sediment, diffused across the
“membrane, and was utilized by the algae during this
period. On occasion (~once per bioassay), algal PP
would decrease. Given the P-starved nature of the algal
: cells, such occurrences were interpreted as reflecting
-~ analytical error and the associated change in algal PP
was taken as zero. At the end of the 30-day incubation
the filtrate wasanalyzed for TDP and SRP (APTIA 1992)
to account for soluble P released from the sediment
but not consumed by the algae.

Bioavailable P is measured as the P sequestered by
the algae and expressed per unitsuspended solids (SS)
originally introduced into the sediment vessel.
Conversion of particulate phase to soluble phase P is
assumed to follow first order kinetics:

BAP =BAP_ - (1-e*) (Eq. 1)
where BAP, is the bioavailable P concentration (LgP-gSS")
cumulatively sequestered in the algal vessel at time t,
BAP  is the ultimately bioavailable P concentration
(ugP - gS8Y), k is the first-order rate coefficient for
conversion of particulate to soluble phase P (d') and t
is elapsed time (d). Estimates for BAP , and k were
derived through nonlinear, least squares regression
(SYSTAT 1992) of the times series of P accumulation
(Eq. 1). The bioavailable fraction of particulate P (f,
dimensionless) was calculated as BAP divided by
the PP concentration of the original sediment sample
(ugP - gSS’, measured as TP by persulfate digestion,
APHA 1992). An estimate of the refractory P (RP) con-
tentof thesample is obtained by difference (PP-BAP_ ).
This approach, curve-fitting of a time series to estimate
an asymptote and a rate constant, is analogous to that
routinely applied in surface water quality analysis for
biochemical oxygen demand (APHA 1992).

Soluble phase P bicavailability was determined
using asingle vessel, aerated batch culture approach. A
2.5 L water sample was placed in a 5-L glass vessel and
inoculated with ~10-50 pgChl-L* of P-starved algae.
The culture was incubated at 20 °C and a saturating
light intensity for 60 hours. Subsamples were collected
at 0, 12, 24, 36, 48, and 60 hours and analyzed for SRP
and TDP, with DOP determined by difference. The
bioavailable fraction {f) of the soluble phase P was
calculated as the mass of soluble P taken up by the algae
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divided by the mass of TDP present in the orlgmal
sample.

Chemical chtz’onatz'bn e

The chemical fractionation (sequentlal extrachon)
scheme utilized by Penn et al: (1995) was applied here .
(Fig. 2). Analytical techniques for P determmatlon’ .
(SRP, TDP, and PP) were identical to those described -
previously for algal bioassays. The* extraction method S
essenuai]y that of Hlelges and Lgklema: (1980), as

the CaCO -Pfractaonhere asitcannothe _1ff_e' 'n_
from Fe/AlP in aerobic envn"onments' ' o
interactions), Solution chemistry cons1derauons Gie;
alowalkalinity, low Ca® environment, Efflerand Bader =

Tributary Sample | . :

Residue -

Suspended Selids

Slurry 4

b 2545 g sty
35mL of 0.1 NNaCH |-~

shaken for 17 hours

35mLof0.5NHCL |
shaken 24 hours

- extractable - f
biegenic-P..

Residue

PP
yields
residual-P PP = particulate phosphorus
TDP = total dissolved phosphorus
SRP = soluble reactive phosphorus

DW =dry weight

Figure 2,~Chemical fractionation technique,
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- 1998) and chemical characterization of particles in
WBDR and the reservoir water column {Effler et al,
1998) indicate that the concentration of CaCQO, « 18
extremely low in this system. Thus the P associated with
CaCO, is almost certainly a small fraction of the total
and porewater P and looselysorbed Pare thought to be
the primary contributors to the CaCO,-P fraction. The
Fe/Al-P fraction is that sorbed to iron and aluminum.
Extractable biogenic P is composed of labile organic P
and polyphosphates, Residual P includes refractory or-
ganicPandinertmineral P, The fractionsare presented
here in the approximate order of their lability. Several
investigators (Cowen and Lee 1976; DePinto e al, 1981;
Dorich et al. 1985; Logan e al. 1979) have reported a
strong correlation between the Fe/Al-P fraction and
bioavailable P. Penn et al, (1995) found that the
particulate Pavailable forsolubilization in the sediments
of a hardwater lake was contained within the CaCO,-P,
Fe/Al-P,and extractable biogenic-P fractions. Chemical
extractions were performed on tributary and reservoir
bottom sedimentsamplesand on pre-and postbioassay
particulate matter (to identify changes in phosphorus
fractions over the course of the assay).

Reproducibility of Biological and
Chemical Assays

Replicate measurements were performed on
samples from a variety of sources to characterize the
accuracyand reproducibility of biologicaland chemical
assays. The first experiment defined the precision of
the algal bicassay procedure. Triplicate assays were
performed on a particulate phase P sample collected
from WBDR yielding a BAP , of 1520+435 ugP- gSS!
(C.V.29%) and ak of0.13+0.03 d* (C.V. 20%). Bioassays
were, in most cases, limited tosingle determinations by
the logistics of tributary sediment harvesting (volumes
required). On occasion duplicate bioassays were
possible and the results presented are averages for
those determinations (as noted in figure captions).
The variability in the replicate assays reported here was
slightly higher, but comparable to that determined in
trial bioassays.

Reproducibility of TP digestion and sequential
extraction procedures is generally quite good, e.g.,
better than 5% for triplicate analyses on two WBDR
samples, however spurious determinations occur, A
second experiment was conducted to compare TP
estimates for sedimentsamples made by direct digestion
with those calculated as the summation of
measurements of operationally-defined chemical
fractions. Twelve samples, representing a variety of
sources of particulate matter (tributaries, wastewater
effluent, bottomsediments) were subjected to digestion

and sequential extraction. The average difference
between the two approaches was 17%, There variation
was not systematic, ie., ~half of the digestions were
higher than the extractions and halflower. Pre-biocassay
digestionsand extractionswere conducted in triplicate,
while post-bioassay extractions were limited to a single
determination by the availability of particulate matter,

Due to limitations of sample size in post-bioassay
samples, chemical fractionation results cannot be used
to estimate P bioavailability, i.e., from the difference in
pre- and post-bioassay determinations, Inefficiencies
inrecovering sediment from the bioassay chamberand
losses of sediment during the particle separation steps
of the extraction process are significant in relation to
the small mass of sediment available for post-bioassay
analysis. Particulate matter losses during sequential
extraction are expected to be largely systematic, how-
ever, and thus not significantly influence estimates of
the distribution of P among the various operationally-
defined fractions.

Results and Discussion

Algal Bioassays

Soluble phase: A soluble phase algal bioassay was
conducted on a sample collected from WBDR on July
29, 1997. SRP and DOP levelswere reduced from initial
concentrations of 57 ugSRP 'L and 46 ugDOP- L to
near the limit of analytical detection (~1 pgP-1.1)
within the first 12 hours of incubation (F ig. 3). Asmall
residual DOP concentration (~2 ugP- L) remained
after the period of initial uptake. No differences in the
rate, order or timing of SRP versus DOP utilization
were apparent at the time scale of sampling employed
here. These results indicate that essentially all of the
SRP and DOP present in WBDR at the time of sampling

120

ErDissolved Organic P
80 @ Solible Reactive P

&0

Phosphorus (pgk-L7)

20

3’5 48 50
Incubation Time (hr)

Figure 3.—Soluble phase bioussay results,




“was available for algal uptake, i.e., f = 1. In bioassays of
- municipal wastewater samples, Young et al. (1982)
- observed that all of the SRP and asignificant fraction of
" the DOP was bioavailable. The result of this assay
“supports the assumption, implicit in many modeling
and management applications, thatall of the soluble P
elivered to a water body is ultimately available to
upport algal growth.,

Particulate phase: Particulate phase bioassayswere

" conducted onsamples collected from WBDR on August
20, 1996 (dry weather conditions) and on December 1,
1997 (wetweather conditions) and on reservoir bottom
sediment collected from Stations 2, 4, and b on August
30, 1995. Inall five bioassays, a consistentand progressive
increase in accumulated algal P was observed and, in
some cases, an asymptote was approached within the
30-day incubation period (Fig. 4). A rapid increase in
accumulated algal P (~1/3 of the total) was noted over
the first 3 days of incubation for the wet weather WBDR
sample and the surficial sediment samples, The results

Bottom Sediment
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of pre- and postbioassay chemical fractionation
measurements (discussed below) indicate that bio-
available P originates in the Fe/Al and extiactable
biogenic-P fractions. It is hypothesized: that the initial
increase inaccumulated algal P corresponds to desorp—
tion of Fe/Al-P (arapid, equilibrium process) ‘with the’

balance of the release due to mineralization of extract- .
able biogenic-P (a slower, kmetlcal]y dnven process) -

and continued desorption.

The tom]phosphoruscontentdftheWBDRsamples:_' o
was quite high (2076 and 2929 ugP gSS or_wet-‘::a_'nd-s- '

rural portion of the Onondaga: Lake” New '_Ork .;

measured for five lower GreatTLakes mbutarles _(Derto S

et al. 1981). The BAP content of the v
WBDR sample (TP = 1393 ugP: gSS1 ‘Table

high as well: almost six times that of the averag or the-,._ =

Great Lakes tributary data set of Derto etal. (1981;

Tributary Sed1ment

300 2000 SRER
1 . & =
Station 2 1500 1 WBDR: 8/20/96:
~~ | 200
: 1000
Qmj o+ 500
80 0 . ‘ 0
ol 0 10 20 30
o)
= S
S’ 800 —=
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r—— 200 | _
3 400 - i
20 e 200 |
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Figure 4.~Particulate phase bioassays. Results for hottom sediment Station 5 and tributary sediment on 12/1/97 are the average of replicate
measurements, Open diamonds are data points considered to be outliers and not included in regression analysis.
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" Table 1..-Parﬁculate phase bioassay results. TP is by direct digestion,
~ bioassays. Refractory P is determined by difference from TP and BAP

BAP , and k are as determined through

Total P

Sample Refractory P Bioavailzble P Bicavailable P Rate
Concentration Concentration Concentration Fraction Constant
(TP, jigP gSS7) {RP, ugP- g8S) (BAP , igP- gSS™) ) k, d)

WBDR 2929 1536 1393 0.4810.04 0.11%0.03

8-20-96

(dry)

WBDR 2076 1565 511 0.25i0.91 0.30+0.11

12-197

{wet)

Bottom 1276 1029 294 0.2440.06 0.08%£0.05

Sediment

Mean _ _ _ _

Bottom 1508 1264 244 0.1610.04 0.08+0.04

Sediment

Station 2

Bottom 1315 986 329 0.2510.07 0.0620.04

Sediment

Station 4

Bottom 1004 837 308 0.31+0.06 0.1110.06

Sediment
Station 5

238 ugP-gSS?) and comparable to that measured by
Tomasoski (1997) for a tributary to Onondaga Lake
known to be influenced by wastewater discharges
(1650 pgP-gSS'). The wet-weather WBDR sample had
a markedly lower BAP content (511 pgP - gSS?,
Table 1): approximately one-third that of the dry-
weather WBDR sample, but greater than the average
for the Great Lakes tributary data set of DePinto et al.
(1981) and that measured by Tomasoski (1997) for two
tributaries to Onondaga Lake which drain rural
watersheds (345 pugP-gSS8'). The dry-weather WBDR
sample was also highly bioavailable (f= 0.48, Table 1)
with an fvalue approaching that determined by other
investigators (f = 0.60, Young et al. 1982; f=0.58,
Tomasoski 1997) for particulate P in effluent from
municipal treatment plants, The bioavailability of the
wet-weather WBDR sample (f= 0.25, Table 1) was
consistent with measurements made on discharges
from other rural watersheds (f= 0.22,Young etal. 1982,
S=10.27, Tomasoski 1997). The ‘“richness’ of the dry-
weather WBDR sample may reflect contributions from
highly bioavailable P sources, such as those associated
with treatment plant effluents, which become more
prominent when dilution effects are less. The rate
coefficients for mineralization of particulate P

{(k=0.30 and 0.11 d* for wet- and dry-weather condi-
tions, respectively, Table 1) are comparable to those
noted for other, similar systems (k = 0,08 - 0.28 d7,
Young etal. 1982; k = 0.08 - 0.25 d*, Tomasoski 1997).
Reservoir bottom sediment samples were less rich
(TP = 1276 pgP-gSS?, BAP = 294 gP- g551) than the
wetweather WBDR sample, butsimilarin bicavailability
(f=0.24 d"), and markedly less rich than the dry-
weather WBDR sample. One would expect similarities
between bottom sediment and wetweather tributary
samples as runoff events account for nearly 90% of the
PPload to the reservoir (Longabuccoand Rafferty 1998).
Post-discharge losses in sediment P content may reflect
processes at work in the water column and in the sur:
ficialsediment. Water columnsoluble P and the portions
of the particulate P pool released by desorption and
mineralization become available for uptake by algae,
i.e.,, conversion, atleastin part, to extractable biogenic
P. Soluble Pmayalso beadsorbed to particulate matter,
Ultimately, soluble and particulate P are lost from the
water column to export (hydraulic flushing) and part-
culate Pis routed to the lake bottom by sedimentation.
Wind-driven resuspension events can reintroduce
sedimented particulate P to the water column where it
may once again participate in sorption reactions with a




ential attendant loss to export. Particulate P under-
s diagenesis in the sediments and may be released
o the overlying waters (although this is thoughttobe a
or process in this system, Erickson and Auver 1998).
The net effect of these phenomena is to ‘work’ sedi-
nted particulate P, recycling a portion of thatwhich
cttles with some attendant loss to export. This leads to
“impoverishment of sediment P relative to that loaded
‘to the water column. It is noted here, therefore, that
ediment introduced to the water column through re-
uspension may, on a per unit weightbasis, playa lesser
role in stimulating algal growth than that discharged
from tributaries. This, despite the fact that reservoir
ottom sediment islargely composed of material intro-
_duced through fluvial discharge {(e.g., Effler et al.
©1998). Additional insights regarding the transfor-
mations leading to losses of TP and BAP following the
: discharge of particulate P from tributaries may be gained
from the results of chemical fractionation measurements.

Chemical Fractionation

Pre-bioassay chemical fractionation measurements
can be used to characterize inputs of freshly discharged

Table 2.-Results of pre- and post-bioassay chemical fractionation analyses. TP is the sum of the an yti ally—
defined fractions. Bottom sediment mean is that for Stations 2, 4, and 5. :
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(tributary) and aged (reservoir’ bottom sedimeént)
particulate P, shedding light on the role of water
column transformations and sediment dm@enésis'in
mediating the distribution of P among the various
operationally-defined pools. For example, itis notedin
Tables 1 and 2 that reservoir botton sediments had a
TP content (ugP-gSS?) ~one-half that of the mbutary
(WBDR) samples. Thisis consistentwith thewldespread-
observation (see Reckhow' and Chapra, 1983 for a
summary) that approximately 20-50%: of the phos—
phorus received by a lake is retained with the balance
lost as soluble and particulate Pinthe outflow. Losses
in PP between inflow and outﬂow in Cannonswlle
Reservoir were largely associdted with the bi gemc~P
fraction (Table 2), as absolute levels' ‘of. Fe/AlP in
reservmr bottom sedlmems dlﬁ‘ered httle from those of

1997 ), the rapid recycle of sedimented lablle blogemc-
P (Penn etal, 1995), and the potentlai for Fe tocapture
P released through mineralization of orgamc matter in
the sediment (Erickson and Auer 1998) S g

A comparison of pre- and post bioassay chemlcal_.

Sedimeni
Station b

Sample 2TP Extracted Fe/Al-P Biogenic-P Ca Mmeral-P- ~ Residual- P
- (ugP-gS8") (ugP gSS™) (ugP-gSS™) (HgPgSS) (ngP gSS‘)
Pre  Post Pre Post Pre  Post Pre  Post P
WBDR 2837 1387 930 124 1284 740 211 129
8-20-96
(dry) o Sl
WBDR 2631 1103 838 263 1356 286 45 193, 7361
12.1.97 e S
{wet)
Bottom 1326 655 824 133 262 266 147 86 93 170
Sediment
Mean e
Bottom 1353 591 860 130 272 218 186 77 94 166
Sediment
Station 2 S
Bottom 1501 738 974 157 320 317 127 96 80 168
Sediment
Station 4 ‘ . Lo _
Bottom 1128 636 608 111 195 264 129 85 106 176
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fractionation measurements (Table 2) permits
identification of the operationally-defined P fractions
contributing to the bioavailable P pool. Despite marked
differences in the bicavailability of the wet- and dry-
weather WBDR samples (f values, Table 1), the
distribution of their PP among the various fractions in
the original samples was quite similar (Table 2 and
Fig. b): biogenic-P accounted for ~one-halfand Fe,/Al-
P for~one-third of the sample TP. Asignificant residual-
Pfraction (15%, Table 2) wasobserved, but Ca-mineral-
Plevelswere quitesmall. Both the Fe /Al-Pand biogenic-
P fractions contributed significant bioavailable P ( gray
bars in Fig. 6) in WBDR samples, with the Fe/Al-P
fraction being more important under dry-weather
conditions and the biogenic-P fraction being greater
under wet-weather conditions. Substantial portions of
the Fe/Al and biogenic-P fractions were solubilized
over the course of the assay (compare black and gray
bars in Fig, 6). :

As discussed above, absolute levels of Fe/Al-P in
reservoir bottom sediments were similar to, and
biogenic-P levels significantly lower than, those for

Res (15%)
Ca-Min (79%) Fe/Al (33%)
Bio (45%)
a. WBDR, 8/20/96
Res (15%)

Ca-Min (2%) Fe/Al (32%)

Bio (51%)

b. WBDR, 12/1/97
Res (7%)

Ca-Min (11%)
Fe/Al (62%)

BRio (20%)

¢. Bottom

Figure 5.-Distribution of operationally-defined P Fractions in pre-
bicassay samples,

WBDR (dry): 8-20-96

1600
~ 1200
800
400

ngP-gSs

-400

Fe/ AP

BiogenicP  Ca MinetalP  ResidualP

WBDR (wet):12-1-97

pgPgss™

Fe/ AP Biogenic-P  Ca MnemiP ResidualP

Bottom Sediments

___,_%

Ca MinemiP

Fe/ AP

Biogenic-P ResidualP

Figure 6.-Changes in operationally-defined P fractions and
contribution to the bioavailable P pool. Black bars identify pre-
bioassay levels and gray bars reflect the change over the conrse of the
bioassay {pre - post}. Differences in the magnitude of gray bars for
a given sample reflect the relative contribution to the bicavailabie-P
pool. A comparison of black and gray bars for a given fraction
indicates the portion of that Fraction which became bioavailable over
the course of the bioassay.

tributarysamples. Fe/Al-Pwas essentially the solesource
of bioavailable P (Fig. 6), largely depleting Fe/Al-P
poolover the course of the assay. The predominance of
the Fe/ALP fraction as a source of bioavailable P is
especiallystriking here given the presence of: significant
levels of biogenic P in the reservoir bottom sediment
sample (Table 2). In a stady of Onondaga Lake, New
York, Penn et al. (1995) noted the presence of ‘fast’
and ‘slow’ labile phosphorusfractionsin lake sediments:
the former having a half-life of 53 days and the Iatter
having a halflife of ~7 years. Thus, depending on the
balance and site-specific kinetics of the ‘slow’ and ‘fast’
fractions in Cannonsville Reservoir, the contribution
of biogenic-P to the bioavailable pool from reservoir
sediments might be expected to be small, at least over
the time intervals associated with resuspension events,
It is also likely that soluble P generated through




ineralization of the biogenic-P fraction is captured by
¢ and then released as dictated by sorption kinetics
rickson and Auer, 1998; see discussion above). In
ny case, it is clear that the biogenic P discharged by
‘tributaries is more labile than that which accrues in
reservoir bottomsediments. This observationalso helps
underscore the point that fractionation analysis alone
‘does not provide conclusive evidence regarding
‘bioavailability, i.e., the presence of a given phosphorus
fraction is no guarantee of bioavailability.

‘Modeling Analysis

The relative importance of the soluble and
paruculate P delivered by WBDR as sources of algal
available P is governed by the magnitude and bio-
availability of their respective loads. Here we combine
data froma tributary monitoring program (1.ongabucco
and Rafferty 1998), the results of bioavailability studies
(this manuscript),and the capabilities of amass balance
model (Doerr etal. 1998), to quantify the contributions
of externally-loaded soluble and particulate P to the
algalavailable P poolin Cannonsville Reservoir. Loading
calculations are for the May to September period of
1994 and 1995, wet and dry intervals, respectively.
Model simulations were made for comparable periods
for those years (May-November, 1994; April-November,
1995). Conclusions drawn are limited to those periods.

The WBDR TP leading was dominated by soluble
forms, with TDP comprising 60 and 76% of the input
for the wet and dry years, respectively (Table 3). The

Table 3.—Phosphorus loads from WBDR for the May-
September period. For %BAP and %RBAP, results,
bold face type corresponds to the kinetics of the wet-
weather WBDR sample (f=0.25, k= 0.20) and standard
face type correspondstothekinetics of the dry-weather
WBDR sample (f= 0.61, k = 0.08).

a. TDP Loading Contribution

Year TDP Load % of TP % of BAP % of RBAP
(MT'yr") Load Load Load

1994 (wet) 104 60 71-86 91-94

1995 (dry) 5.1 76 8493 05-97

b. PP Loading Contribution

Year PP Load % of TP % of BAP % of RBAP
(MTyrY) Load  Load Load

1994 (wet) 6.8 40 1429 69

1995 (dry) 1.6 24 7-16 35
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contribution of BAP can be calculated by applying the
bioavailability factor (f, Table 1) to the TDP and PP
loads, The dissolved fraction of the P loading accounts
for 71-983% of the bioavailable P (Table 3); again
dependent upon the contribution of PP to the TP load

and the fraction of the PP load whlch 1s b:oavallable (f .

Table 1),

Contributions of algal avm!able phosphorus are_ 3 -
not, however, rigorously described through a simple - -
accounting of BAP inputs. While soluble P is imme- . -

diately accessible for algal uptake; available

P must undergo desorption and/or mmérahmuon m

the water column, Because partlcu!ate m

settling and export as desorpuon/mmerahzatlon T
proceeds, not all of the ‘bioavailable partlculate_P__ o

entering the reservoir is realized by the algal
model may be used (through the: coeﬂic 1it,

Table 1) to partition available parueulate Pinto: that-. L
lost to settling as PP, that lost to export as PP, and that- -
converted to SRP. The soluble P resulting from the .
'fthatlost__ S
RP, and -
thatultimately realized by the algae Asshownin Flg T
65% of the TDP and 26-39% of the PP (dependmg oniil
the value of k and related sink terms) ar -u_IJmater".* s
realized by the algae, with the balance losttoadsorpuon Gl
export, and setiling. Applying these percentagestothe
BAP loads calculated in Tablé 3, yields an estimate of .
the contributions to the realized bioavailable phos- =

latter category may be further partmoned
to adsorption as SRP, that lost.to export

phorus (RBAP) load from the solubie and partlcul

fractions. Asshown in Table 3, theTDPloadmgaccoun 5
for 91-97% of the BAP load ultimately real 'd-by the
algae, varymgasafuncuon of the ratio o_fTD PPi in the Sl

available P than an equivalent quanuty of paruculate P,
again for the values of fand k determined here.

This analysis could be extended to internal ioads as .

well, Although no soluble Pisreleased from thesurficial

sediments of the reservoir under ex1st1ng redox con-
ditions (iron binding), resuspended sedlment has the

potential to desorb P upon mixing w1th the water
column, One would expect that, ofi' a per. unit mass
basis, resuspended particulate P (f=0. 20) would make
a contribution to algal available P comparable to that
discharged from WBDR during wet- “weather conditions.
However, the magnitude of the solids load from the

lacustrine zone during resuspension eventsis potentially

greater than from tributary inputs (Effler etal. 1998)
and thus resuspension may contribute significant
quantities of BAP, Calculations relating toresuspension
are not included here, as the model framework of
Doerr et al. (1998) has not been extended to accom-
modate resuspension.
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" Realized .
(65%)

Loss to export (2%)

Loss to adserption (34%)

a. TDP

Losstoexport (2%)  Mineralized {60%)

Loss fo Realized (39%)
settling
(38%)

Loss to adsorption as SRP (20%)

Less to export as SRP (1%}

b PP (12-1-97, wet): £ =025, k—0.3

Loss o export {4%)
Minerafized (40%)

Realized {26%)

Loss to
i
?;gﬂ/l:;g Loss to adsorption as SRP (13%}

R Less to export as SRP (1%)

¢. PP (8-20-96, dry): £=10.48, k=011

Figure 7.—Contributions to the TP, BAP, and REAP pools from
WEDR,

Summary, Conclusions, and
Management Considerations

Algal bioassays and chemical fractionation
measurements were used to identify and characterize
the bioavailability of soluble- and particulate phase
phosphorusin the major tributarydischarge and bottom
sediments of Cannonsville Reservoir. An algal bioassay
of a single, dry-weather WBDR sample indicated that
soluble phase (DRP and DOP) phosphorus was com-
pletely available to support algal growth (f= 1), Parti-
culate matter collected from the tributary (WBDR)
water sample wasenriched in both totaland bioavailable
phosphorus compared with that collected from the
reservoir bottom sediment, The bioavailability of tribu-
fary particulate P varied with hydrologic conditions
(f=0.48 for a dry-weather sample and f= 0.25 for a wet-
weather sample) and that of the bottom sediments was
mostsimilar to WBDR PP underwet-weather conditions.
Tributary particulate P solubilized during algal
bioassays originated from the Fe /Al-P and extractable
biogenic-P pools, while thatreleased in reservoir bottom
sediment bioassays came exclusively from the Fe/Al-P
pool (i.e., reservoir bottom sediment exiractable

biogenic-P was not bioavailable) . This finding callsinto
question the value of chemical fractionation procedures
in defining a bioavailable P analyte, The TP content of
reservoir bottom sediment samples was significantly
lower than that for tributary samples, a finding con-
sistent with reported retention coefficients for P in
lakes and reservoirs. Reductions in TP content could
be ascribed to the extractable biogenic-P fraction as the
Fe/Al-P content of tributary and bottom sediments was
similar,

Modeling analysis, applying these findings within
the contextofa comprehensive nutrient-phytoplankton
framework, has demonstrated that soluble P inputs to
Cannonsville Reservoir are the mostsignificant source
of algal available P, contributing 9597% of the P
realized by thealgal pool. The contribution of tributary
particulate P to the realized algal P pool is small by
comparison because it represents a lesser fraction of
the TP load, has a lower bicavailability (f) and because
a significant fraction of the PP solubilized is lost to
adsorption and export, While acknowledging that the
conclusions drawn here evolve from a limited number
ofmeasurements, itis noted that: (1) the two particulate
phase bioassays bracket flow conditions for the system’s
dominant ributary and (2) the apparent dominance
of soluble phase P as a source of realized algal available
P is uninfluenced by the range in coefficient (fand k)
values observed for wet and dry years. Nonetheless,
applications of these findings in selecting management
strategies for particulate and soluble P loads may profit
from additional assays to better resolve seasonal
variability, especially in soluble phase P bioavailability.

The results of this analysis have immediate value in
their contribution to the development of a reliable and
mechanisticallysound mathematical model for nutrient-
phytoplankton dynamics in Cannonsville Reservoir,
Beyond this immediate impact, these findings suggest
that bioavailability should be considered in developing
load management strategies for lakes and reservoirs
(e.g., TMDLsand discharge trading protocols). Soluble
P discharged by WBDR was found to contribute 4-7
times more phosphorus to the algal pool than did the
PP fraction. It is recommended that the defining
features of bioavailability (fand k) be accommodated
through a program of bioassay mcasurements in
equating P loads from various sources. Finally, it is
cautioned that bicavailability characteristics will likely
change from source to source and basin to basin and
that intersystem application of these concepts need be
accompanied by site-specific determination of the
attendant kinetic coefficients,
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