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Abstract

We developed a complex eutrophication model to simulate the current chemical and biological properties of Lake Washington
(USA). The model reproduces the key epilimnetic and hypolimnetic temporal patterns of the system and results in a good fit be-
tween simulated and observed monthly values. The relative error of model estimates was below 20% for most of the water quality
parameters (phytoplankton, phosphate, total phosphorus, total nitrogen, dissolved oxygen). Discrepancies between simulated anc
observed ammonium levels were mainly due to the explicitly modeled egestion of excess nitrogen during zooplankton feeding.
This indicates that the relation between secondary production and nutrient recycling has significant effects on the fractionation
of the major elements (C, N and P) and regulates their distribution between the particulate/dissolved and inorganic/organic
pools. The model was forced by 1962 nutrient loadings, when the lake received large quantities of treated wastewater treatment
effluent, and accurately predicted the phytoplankton community responses (phytoplankton biomass and cyanobacteria domi-
nance) and the nitrogen and phosphorus annual cycles for these conditions. We used Monte Carlo simulations to reproduce the
meteorological forcing (air temperature, solar radiation, precipitation and subsequent river inflows) that in large part regulates
phytoplankton interannual variability for the last 25 years in the lake. We found three seasonal components (modes of variability).
The first component (January, May, November, December) is associated with the conditions that determine the abundance of the
herbivorous cladocerans; the second component (June—September) coincides with the summer-stratified period, and the third
component (February—April) is associated with the initiation and peak of the spring bloom. Finally, an illustrative application
of two scenarios of nutrient loading increase at 25% of the 1962 levels indicated that both phytoplankton and cyanobacteria
growth are likely to be stimulated. The three seasonal components still characterize phytoplankton dynamics, but changes in the
relationships between summer phytoplankton/cyanobacteria biomass and total phosphorus/phosphate concentrations indicate the
likelihood of structural shifts towards relaxation of the present phosphorus-limiting conditions and promotion of cyanobacteria
dominance. Integration of the present eutrophication model with a hydrodynamic model with enhanced vertical resolution will
allow more realistic predictions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction available data, and they are used as heuristic tools to
identify the underlying dynamics of the system behav-
The concept of model validation has been exten- ior or as predictive tools to explore hypothetical con-
sively debated during the last three decades, and theditions that are not described by current observations.
ecological literature is replete with contradictory view-  As Franks (1995pointed out the former class of mod-
points about the feasibility or even the definition of els interpolate within the data, while the later extrap-
model validation Yan Horn, 1971; Caswell, 1976; olate beyond the data. In the aquatic ecosystems lit-
Holling, 1978; Oreskes et al., 1994; Rykiel, 1998or erature, there are numerous references to models that
example Oreskes et al. (1994)aimed models which  have been used for understanding oceanic ecosystems
attempt to reproduce open natural systems can never(e.g., bloom dynamics, the global carbon cycle) and
be validated. This paper also questioned the adequacypredicting biotic responses to climate changagham
of environmental models for public policy decision- et al., 1993; Frost and Kishi, 1999; Boyd and Doney,
making and claimed earth science models have only 2002; Kawamiya, 2002 but this class of models has
heuristic value. At the other end of the spectrum, some also been used as management tools for predicting eu-
authors consider model validation to be a mere techni- trophication or integrating environmental with socioe-
cal process that aims to determining the level of agree- conomic concernsAmbrose et al., 1991; Cerco and
ment between the model and an independent data-setCole, 1994; Hamilton and Schladow, 1997; Turner,
obtained from areal syster@6odall, 1972; Mayerand  2000; Arhonditsis et al., 2000, 2002
Butler, 1993; Power, 1993Rykiel (1996)argued that Based on the previous classification, the eutrophi-
there are “semantic and philosophical considerations” cation model that we presented in Part | can serve both
that cause this confusion, but also emphasized the lacktheoretical and practical engineering/management pur-
of universal validation tests and standards as anotherposes. For example, we introduced a dynamic parame-
source of ambiguity for the whole modeling procedure. terization for modeling the effects of both food quality
Mostimportantly, he emphasized the need for modelers and quantity on zooplankton gross growth efficiency,
to clearly specify the model objectives, explicitly state and also used a multi-elemental approach that makes
whatthey consider to be acceptable model behavior andit possible to examine recent conceptual advances in
to define the model operational domain. Undoubtedly, stoichiometric nutrient recycling theory. In this sense,
there are both subjective and objective aspects of theour model was used for addressing questions of the
validation process that confuse its meaning, while this type “What would happen if .. .?", which in turn iden-
confusion is accentuated by the often times dual na- tified components of the system that require further re-
ture of environmental models in scientific hypothesis searchEranks, 1995 At the same time, the basic goal
testing and engineering practicdggswell, 1988 for the development of this biogeochemical model is
In aquatic science, there are simulation models that to support management-planners and decision-makers
have been developed for theoretical purposes in orderas a methodological tool for testing Lake Washing-
to explore aspects of system dynamics that are techno-ton’s resilience under various management scenarios.
logically or economically unattainable by other means Therefore, our model evaluation was based on the cal-
(Franks, 1995 These theoretical models also provide ibration and validation processes, as they were defined
a foundation from which one can analyze chemical or in a “limited technical sense” bRykiel (1996) Dur-
trophic dynamicsNorberg and DeAngelis, 199 %est ing calibration, we attempted to obtain a “sufficient”
new ecological theories for aquatic systedm@ensen,  description of the lake’s mean annual patterns by ad-
1999, couple physical processes with biological dy- justment and estimation of model parameters and con-
namics Kamykowski et al., 199¥or study their tran-  stants. Inevitably, given the lack of conventional and
sition towards chaotic behavidrinaldi and Muratori, widely accepted standards of model performance, the
1993; Scheffer et al., 2000The second category, characterization “sufficient” entails some subjectivity.
which is not always mutually exclusive with the pre- However, goodness-of-fit assessments were based on
vious theoretical class, includes models that have beencommonly applied diagnostic measures in modeling
constructed for management and forecasting purposes practice Mayer and Butler, 1993; Power, 199&nd
The performance of these models is constrained by thus the performance of our model can be compared
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with similar studies. We also considered two compo- tal nitrogen, dissolved oxygen and total organic car-
nents of the validation process, the conceptual and op-bon. The data were binned by month based on time-
erational validation. The former aims to provide justifi- weighted averages — bi-weekly or monthly field mea-
cation for the formulations used and the rationale forthe surements were linearly interpolated and the result-
simplifications adopted and was extensively discussed ing daily time series were averaged over the months.
in Part I. The later examines the engineering value of Epilimnetic and hypolimnetic volume weighted aver-
the model and demonstrates whether the model out-ages were calculated using lake morphometric data
puts meet the performance standards required for the(Edmondson and Lehman, 198and the depths defin-
model’s ultimate management purpose. [Note that here ing the range of the two spatial compartments were
we distinguish between model calibration and opera- consistent with the model physical segmentation. Sil-
tional validation.] As a part of the operational validation ica concentrations reported from 1986 to 1992 and
of the model, we explored the simulated internal struc- a long time-series of zooplankton data (1975-1999)
ture of the system (i.e., “structural validation” sensu were also used for model calibratioEdmondson,
Ziegler, 1976, and assessed its correspondence with 1997; Scheuerell et al., 20DZ'he carbon per volume
the actual processes or cause-effect relationships re-conversion for each zooplankton group was based on
ported in the Lake Washington literature. In addition, length—weight relationships provided Bypwning and
since the model’s intended application is for predic- Rigler (1984)and a mean carbon mass to dry weight
tive purposes, we included a series of perturbations ratio of 45%.
(nutrient loading, meteorological forcing) that repro- The eutrophication model was calibrated by tuning
duced past, current and future hypothesized states forthe model parameters within their observed literature
this system. The model showed a satisfactory behavior ranges, as derived and used in the model sensitivity
and produced realistic patterns. Ironically the present analysis. The parameter values found to give the best
model structure is not directly comparable with past fit between simulated data and the lake’s mean annual
conditions in Lake Washington, because during that patterns are reported in Appendix B of Part I. The
period Daphnia was not a prominent member of the comparison between simulated and observed values
zooplankton community. This supports the notion that for Lake Washington's epilimnion and hypolimnion
simulation models cannot replicate the enormous com- is shown inFigs. 1 and 21t can be seen that the
plexity of natural systemsReckhow, 199% and thus model provides a reasonable reproduction of the mean
the modeling procedure should be considered an iter- annual epilimnetic patterns for zooplankton biomass,
ative process where model formulation and validation chlorophyll a, phosphate, total phosphorus, total nitro-
criteria always evolve in a parallel manner with the gen, nitrate, dissolved oxygen and total organic car-
real systemRykiel, 199§. Finally, this paper empha-  bon concentrations. However, major discrepancies ex-
sizes the need for integrating the present eutrophicationist between the observed and simulated ammonium
model with a hydrodynamic model having a fine verti- concentrations. During most of the annual cycle the
cal resolution, and suggests aspects of Lake Washing-model results in very low ammonium concentrations
ton dynamics that should be incorporated into future (<10pgl~—1), which contrast with the observed values
monitoring programs. which range from 20 to 3@g |~ range. In addition,
the model silica cycle has a smoother transition from
the winter maxima#2 mg 1) to the spring minima
2. Model application and calibration results and overestimates summer values. The predicted hy-
polimnetic annual chlorophyll cycle is in agreement
The data-set used for model calibration was col- with the observed data, with the only exception being
lected on a bi-weekly (during the summer) or monthly the late spring (May—June) concentrations when the
(the rest of the year) basis from 12 inshore and off- model predicts a more rapid phytoplankton biomass de-
shore sampling stations from January 1995 to Decem- cline. Total phosphorus, total nitrate, dissolved oxygen
ber 2001 Arhonditsis et al., 2003Fig. 1). The envi- and total organic carbon dynamics in the hypolimnion
ronmental variables monitored included chlorophyll a, are also accurately simulated. Lake Washington sum-
phosphate, total phosphorus, nitrate, ammonium, to- mer nitrate levels £240pgl~1) are underestimated
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Fig. 1. Comparison between simulated and observed values for Lake Washington epilimnion. The dots correspond to the mean volume weightec
averages, while the error bars represent the standard deviations for the monthly parameter values for all stations and years (1995-2001) in th
King County monitoring program.
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Fig. 2. Comparison between simulated and observed values for Lake Washington hypolimnion. The dots correspond to the mean volume
weighted averages, while the error bars represent the standard deviations for the monthly parameter values for all stations and years (1995-2001)
in the King County monitoring program.

by the model (160-18@g|1~1). Moreover, the model  with greens and cyanobacteria accounting for 33%
predicts higher hypolimnetic phosphate20pg1~1) and 18%, respectively. In contrast, the summer phyto-
and ammoniumA#50pg 1~1) accumulation during the  plankton community is divided almost equally between
stratified period, than what is actually observed in the these three groups. Both results are very close to typ-
lake.Fig. 3shows the plankton succession patterns as ical patterns in Lake Washington, in its post-recovery
simulated by the model. During the spring bloom, the from severe eutrophication phas#rifonditsis et al.,
dominant phytoplankton taxa predicted by the model 2003. The model also describes the zooplankton
are diatoms (55% of the total phytoplankton biomass), annual cycle, with copepod dominance until May
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for the Lake Washington epilimnion, hypolimnion
and overall lake volume. We used three diagnostic
measures for this quantification: the mean error, the
relative error and the coefficient of determination. The
mean error (ME) is calculated as(observed value-
simulated valuelnumber of observations, and is
a measure of model bias which should be close
to zero Power, 1998 The relative error (RE)
characterizes model accuracy and is calculated
as)y _ |observed value- simulated valug/ > observed
value. The coefficient of determinatior?) is a sta-
tistical measure commonly used in model evaluation
(Mayer and Butler, 1993 Satisfactory agreement
is obtained for the epilimnetic (ME=0.Qigl~?,
RE=20%, r”=0.91) and overall lake volume
(ME=-0.38ugl™1, RE=22%, 2=0.93) chloro-
phyll levels, while the high hypolimnetic ME
(—2.32ug1™1) and RE (137%) values result from
the previously mentioned late spring-early summer
discrepancies. Generally, a fairly low bias and high
accuracy characterizes the model predictions for

Fig. 3. Seasonal phytoplankton and zooplankton succession patternsZ00plankton  abundance, dissolved oxygen, total

as simulated by the model.

nitrogen, total phosphorus, phosphate, and silica
concentrations. The lower? values for the hy-

fall.

there is much less annual variability to be explained

Table 1presents an assessment of the goodness_of_in these data. This is also true for the total Organic
fit between the simulated and observed monthly values Carbon concentrations{<0.10), since both the ME

Table 1

Goodness-of-fit statistics for the Lake Washington eutrophication model, based on the monthly values (1995-2000) of dissolved oxygen (DO),

total nitrogen (TN), nitrate (Ng), ammonium (NH), total phosphorus (TP), phosphate gp@hlorophyll a (chla), total organic carbon (TOC),

total zooplankton biomass (ZOOP), and total epilimnetic silica (Si)

DO TN NO3 NH4 PO, chla TOC ZO0P Si
(ma/l) (ol (rgfh) (rafh) (ol (ngfh) (rgfh) (ma/l) (rafl) (mgl)
Epilimnion
Mean error —0.09 —12.10 0.40 19.74 —-0.10 —-0.53 0.01 0.08 -1.61 -0.07
Relative error 5% 7% 11% 84% 12% 23% 20% 11% 25% 27%
2 0.77 0.90 0.95 0.01 0.79 0.71 0.91 0.10 0.88 0.49
Hypolimnion
Mean error —-1.23 46.67 95.33 22.12 2.76 4.06 —2.32 —-0.30
Relative error 14% 15% 36% 85% 17% 37% 137% 21%
0.91 0.72 0.43 0.10 0.32 0.43 0.69 0.00
Water columa
Mean error -0.47 3.39 33.98 15.65 0.03 0.07 -0.38 —0.03
Relative error 7% 5% 16% 65% 8% 15% 22% 12%
2 0.86 0.85 0.89 0.07 0.79 0.68 0.93 0.02

Details about the sampling network are providedihonditsis et al. (2003)

2 Averages weighted over the epilimnion and hypolimnion volume.
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(—0.30-0.08 mgt!) and RE (11-21%) values are

185

are 56.4, 7.8 and 6.4 10° kg year 1. According to the

satisfactory. A good agreement is obtained between model outputs, the net phytoplankton growth (uptake

the simulated and observed epilimnetic nitrate con-
centrations (ME=0.4Qg1"1, RE=11%,,2=0.95).

minus basal metabolism) utilizes 6%710° kg year®
of nitrogen and 4% 10%kgyear! of phospho-

However, model agreement notably decreases inrus. Zooplankton consumes 59610°kgyear?! of

the hypolimnion (ME=95.33gl"!, RE=36%,
r2=0.43) due to the previously mentioned summer
nitrate underestimation. This also affects the overall
lake results for nitrate (ME =33.98g1~1, RE = 16%,
r2=0.89). Based on the results of an individual state-
variable performance assessmentonditsis and
Brett (2004, see their Fig. 3 and Table Wk infer that
the fit for all the state variables (overall, epilimnion
and hypolimnion) is above the top 30th percentile for
this class of models. In contrast, ammonium is the
most poorly predicted state-variable with fairly high
ME (>15ugI~1), while both the RE (>65%) ane?
(<0.10) values were lying below the 50% percentile

nitrogen and 54 10°kgyear! of phosphorus
through phytoplankton grazing. Detrivory also ac-
counts for 1020 and 88 10°kgyear! of nitro-

gen and phosphorus, respectively. Both egestion of
the unassimilated material and zooplankton basal
metabolism recycle 1264 10° kg year ! of nitrogen
and 99x 10° kg year ! of phosphorus. Finally, the an-
nual fluxes of nitrogen and phosphorus to the sedi-
ments are 741 and 65610° kg year !, while 456 and

46 x 10° kg year ! of the nitrogen and phosphorus sed-
imenting particulate debris is regenerated in the water
column or the sediments.

of the same study’s reported ammonium performance 3.2. Nutrient recycling and sedimentation rates

(Arhonditsis and Brett, 2004

3. Lake Washington dynamics: simulated and
observed fluxes

3.1. Nitrogen and phosphorus budgets

The simulated annual nitrogen and phosphorus cy-

cles for the epilimnion and hypolimnion are presented
in Figs. 4 and 5As mentioned in Part |, external load-

The inclusion of an independent adjustment of zoo-
plankton C, N and P efficiencies, which kept somatic
elemental ratios constant, increased model sensitivity
to non-limiting elemental recycling. According to stoi-
chiometric theory, both grazer and food elemental com-
position influence nutrient release rates and ratios. In
addition, stoichiometric theory predicts that zooplank-
ton with low body C:P and N:P ratios recycle nutri-
ents at higher C:P and N:P ratios than zooplankton
taxa with high somatic C:P and N:P ratidslger and

ing was based on mean annual nutrient cycles over Urabe, 1999 The zooplankton C:N:P stoichiometries

the past 10 years for all important Lake Washington
tributaries Brett et al., in pregs The model considers
an annual hydrologic loading of 115210° m3year!
from fluvial and aerial sources. After a correction for

(by weight) used in the model were 35:5.8:1 for clado-
cerans and 50:10:1 for copepods. Based on the model
consideration that both prior assigned preferences and
relative concentrations of the four food-types deter-

evaporative losses at the lake surface, these inputs cormine zooplankton selectivity, the mean annual elemen-

respond to a hydraulic renewal rate of 0.384 yéar
Both fluvial and atmospheric total nitrogen inputs sup-
ply 1114x 10°kgyear !, and nitrate and ammonium
loading supplies are 561 and 3410° kg year?, re-

tal composition of the food ingested was 58:12:1 for

cladocerans and 58:11:1 for copepods. Consequently,
the elemental ratios of egested unassimilated material
were 77:17:1 for the P-rich cladocerans and 64:11:1 for

spectively. Moreover, the system losses 397, 238 andthe N-rich copepods. When using quantities, these ra-

12 x 103kgyear?® of total nitrogen, nitrate and am-
monium respectively through the Lake Union Ship

tios are interpreted as 5692 and 10640° kg year !
of excess carbon and nitrogen during zooplankton feed-

Canal outflow. The exogenous total phosphorus loading ing and correspond to 83% [egestion: (egestion + basal

contributes approximately 74:910° kg year*, while
23.9 and 17.% 10°kg year! entering the system as

metabolism)] of zooplankton recycling in the sys-
tem. During calibration, we assumed the same par-

dissolved phosphorus and phosphate. After account-ticulate/dissolved and inorganic/organic fractionation
ing for the outflows, the respective net annual inputs for both plankton basal metabolism and zooplankton
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Fig. 4. Annual epilimnetic and hypolimnetic nitrogen fluxes. The simulated processes are: (1) phytoplankton uptake, (2) herbivorous grazing,
(3) detrivorous grazing, (4) phytoplankton basal metabolism excreted 28NN and PON, (5) Nk, DON and PON excreted by zooplankton

basal metabolism or egested during zooplankton feeding, (6) settling of particulate nitrogen on the sediment, (7) settling of particulate nitrogen
in the hypolimnion, (8) water-sediment N(NH, and DON exchanges, (9) fluxes from the hypolimnion, (10) exogenous inflows gfiNid;,

DON and PON, (11) outflows of N§) NH4, DON and PON to Puget Sound, (12) PON hydrolysis, (13) DON mineralization, (14)shiRs

due to denitrification, (15) nitrification. The unit is 3Kg year L.
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Fig. 5. Annual epilimnetic and hypolimnetic phosphorus fluxes. The simulated processes are: (1) phytoplankton uptake, (2) herbivorous grazing,
(3) detrivorous grazing, (4) phytoplankton basal metabolism excreted <P and POP, (5) PQODOP and POP, excreted by zooplankton

basal metabolism or egested during zooplankton feeding, (6) settling of particulate phosphorus on the sediment, (7) settling of particulate
phosphorus in the hypolimnion, (8) water-sedimenR®d DOP exchanges, (9) exogenous inflows of HBDP and POP, (10) outflows of

PQy, DOP and POP to Puget Sound, (11) fluxes from the hypolimnion, (12) POP hydrolysis, (13) DOP mineralization. Thelkityean®.
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egestion. We found that the assignment of higher val-
ues to the dissolved nitrogen fraction, greatly increased
ammonium levels and particularly enhanced summer
hypolimnetic accumulation. These results reflect the
stoichiometric theory prediction that if homeostasis is
maintained via post-assimilation processing and dif-
ferential excretion of nutrients in dissolved form, then
zooplankton recycling will tend to increase the reten-
tion time of the non-limiting elements in the water
column Elser and Foster, 19980ne way to tackle
this problem is to increase nitrification rates, which

was also suggested as a possible explanation for ni-

trate accumulation in Lake Washington'’s hypolimnion
(Lehman, 1988 However, this was achieved by assign-
ing nitrification rates (>0.2mgN r? day 1) which
were higher than rates previously observed in eutrophic
lakes Gelda et al., 2000 Hence, the present model
calibration apportions the majority of the recycled ni-
trogen to the particulate fraction (65%), while the im-
plied system conceptualization is depictedFig. 6.
The resulting model nitrogen sedimentation rates var-
ied between 0.5 and 1.4 grAmonthr 1. Edmondson
and Lehman (1981pund similar rates using sediment
traps during a 6-year period from April 1971 to De-
cember 1977. It should be noted however that only the
last two years of this period coincide with thephnia
resurgence in Lake Washington, which is likely to have
caused increased nitrogen sedimentation. A careful in-
spection of Fig. 9 oEdmondson and Lehman (1981)
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Fig. 6. Conceptual model of the zooplankton elemental composition
effects on the N:P ratio of the excreted/egested material. During cal-
ibration, the assignment of higher values to the dissolved nitrogen
fraction (arrow 2), greatly increased ammonium levels and particu-
larly enhanced summer hypolimnetic accumulation. These results
reflect the stoichiometric theory prediction that if homeostasis is
maintained via post-assimilation processing and differential excre-
tion of nutrients in dissolved form, then zooplankton recycling will

tend to increase the retention time of the non-limiting elements in

(both the sediment trap measurements and their budgethe water columnElser and Foster, 1998In this study, the most
calculations) does not show changes in the sedimenta-effective calibration strategy was to apportion the majority of the re-

tion ranges (maximum and minimum values) over these
two years but does show a more uniform intraannual
deposition. The model’s net nitrogen flux to the sedi-

ments varies from-0.12 to 0.8 g m?2 month 1, while

the ammonium and nitrate release from the sediments

are in good agreement with past studies of this lake
(Devol, pers. commKuivila and Murray, 198%

The model’'s carbon recycling fractionation also
stems from the findings oQuay et al. (1986) It
was pointed out that most of the primary produc-
tion (>50%) was recycled in the epilimnion and a
smaller fraction, about a third, sedimented to the
hypolimnion. The model’s epilimnetic POC fluxes
were 0.87x 10°molCday ! on average and were
very close to the measurements Quay et al.
(1986) (0.91+0.13x 10° mol C day %). In addition,

the model's mean carbon deposition rate to the sed-

cycled nitrogen to the particulate fraction (arrow 1). This partitioning
corresponds to the hypothesis that zooplankton homeostasis is also
maintained during the digestion and assimilation process, i.e., by
removing elements in closer proportion to zooplankton body ratios
than to the elemental ratio of the food.

iments was about 0.12gTAday !, which is sim-

ilar to the Kuivila and Murray (1984)estimate of
0.15gnm2day 1. Based on the model's sedimenta-
tion and burial rates used biguivila et al. (1988) we
found a mean annual sediment oxygen consumption
of 232 mgnr2day-! which lies within the measured
range of 135-280 mgnfday ! by the same study.
The simulated sedimentation rates and net fluxes of
phosphorus to the sediments vary from 0.04 to 0.12 and
0.02 to 0.06 gm?2month 1, respectively. Moreover,
mean annual phosphorus releases from the sediments
are 38 mg m? month! and account for about 55% of
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the gross phosphorus deposition to surficial sedimentsited (fyhosphorusi < 0.25). Meanwhile, cladoceran tem-

(Edmondson and Lehman, 1981; Lehman, )98&-
cording to the model, the N:P ratio (by weight) of

perature limitation is lessenefl§pi) > 10°C) and their
higher maximum grazing rates allow them to domi-

the sedimenting material is 11 and lies between the nate the summer zooplankton commuriitig. 7shows
budget (12.74) and sediment trap (6.52) estimates of the simulated epilimnetic phosphorus fluxes in Lake

Edmondson and Lehman (198Ejnally, it should be

pointed out that the present calibration minimizes nitro-
gen hydrolysis and mineralization in the water column
and considers a uniform settling velocity for all particu-

Washington during the stratified period. The net phos-
phorus input from exogenous sources to the system is
10.3x 10% kg with 32% entering in the form of read-
ily available phosphate. Net phytoplankton production

late material. An alternative — more complex —strategy takes up 16.% 10° kg, while zooplankton sequesters
would have been to adopt a model that distinguishes be-11.7 and 7.% 10° kg of phosphorus through herbivory

tween the rapidly sinking (and therefore unmodified by

and detrivory. According to the model, the down-

bacterial processing) zooplankton egesta and the moreward epilimnetic particulate organic phosphorus flux
slow sinking and readily scavenged phytoplankton and accounts for 20.2% 10° kg, while phosphorus (phos-

detrital material Elser and Foster, 1998ig. 2).
3.3. Simulated Lake Washington seasonal patterns

During the winter period, low surface irradiance
(<200 Langleys day'), short day length (<9h),
and especially greater water column mixing (i.e., a
greater epilimnion depth) impose strong light lim-
itation (fiight(j) ~0.1-0.2) on phytoplankton growth.
The model’'s primary production rates vary around
100 mg C m2day 1, which is similar to field mea-
surements in Lake Washingtobé¢vol and Packard,
1978; Quay et al., 1996 Low food concentrations
and temperature limitation (especially for cladocer-
ans With fiemperature(clads 0.2) also control zooplank-

phate and dissolved organic phosphorus) intrusion
from the hypolimnion is estimated to be 39.0%kg.
This vertical transport is higher than the mean es-
timate of 0.0148 mgm?day ! by Lehman (1978)

but still is much smaller compared to other epilim-
netic sources. For example, phosphorus recycling con-
tributes 14.3< 10°kg and if we associate these fluxes
with zooplankton egestion and basal metabolism (es-
pecially for cladocerans), we can infer that a high pro-
portion of the phytoplankton phosphorus demands in
the mixed layer are met by zooplankton nutrient recy-
cling. This conclusion is similar to the findings of past
studies for this lakeliehman, 1978; Richey, 1979
During the period from June to October, fish predation
consumes on average about 3000° kg month ! of

ton abundance. The wider temperature tolerance of zooplankton (wet weight), which is also in accordance

copepodsfiemperature(copy 0.8) along with their higher
feeding rates (Kgop) < KZ(claq)) at low food levels al-
lows them to dominate the winter zooplankton com-
munity. Therefore, copepods respond to the initiation
of the spring bloom and reach their maximum abun-
dance £200pg C11) by the end of May. Develop-
ment of the model's spring phytoplankton bloom is
based on two driving forces, i.e., increased light avail-
ability (fight(;) > 0.2) and the onset of thermal stratifica-
tion. The latter was obtained by progressively lowering
the March diffusivity values (<50 Aday 1) and re-

with bioenergetic simulations of planktivorous fishesin
Lake WashingtonBeauchamp, 1996Based on both
food quality and quantity, zooplankton gross growth
efficiencies have their lowest values during the win-
ter period (0.35-0.4), highest values during the spring
bloom (>0.6) and vary within a fairly narrow range
(0.45-0.5) during the summer-stratified period. These
values are at the high end of the literature reported val-
ues for herbivorous zooplankto8tfaile, 1997, which
reflects the generally favorable biochemical composi-
tion of seston in Lake Washington vésvis zooplank-

ducing the epilimnion depth. Since diatoms have both ton nutritional demandsBallantyne et al., submitted

affinity (growthnaxg)/KP¢;)) and velocity (growthaxg)

for publicatior). The ability of copepods to actively

advantages as phosphorus competitors and also haveselect favorable food results in their diet consisting
lower temperature optima, they dominate the spring of less than 5% of cyanobacteria. Diatoms and detri-
phytoplankton community. The maximum phytoplank- tus each contribute about 35-40% to copepod diets,
ton biomass (>1Q.g chlat1) occurs in the mid-May,  while green algae account for the remaining 20% dur-
and by this time the system becomes phosphorus lim- ing the summer period. In addition, detritus dominates
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Fig. 7. Total phosphorus fluxes during the stratified period. The uniti&d.0(The numbers denote the same processes with thdgsg.d§)

the copepod diets during the winter periced80%) or data acquired from the real system after model cal-
when phytoplankton biomass is low. Diatoms account ibration. A common modeling practice is to split the
for 60% of the ingested food during the spring bloom. available data into two subsets, and use the first for
Cladocerans were modeled as filter-feeders with equal calibrating the model and the second for testing its pre-
nominal preferences and a food selection ability driven dictive ability (e.g.,Schladow and Hamilton, 1997
by the relative availability of the four food-types at However, if the second subset does not describe con-
any given time. Therefore, similar patterns were ob- ditions that differ significantly from those used during
served for diatom and detritus consumption indicating the calibration, then the validation steps may not con-
that food abundance is the main factor that determines firm whether the model can predict responses to new
zooplankton food selectivity. The main diet difference driving forces Omlin et al., 200). Lake Washington
between copepods and cladocerans involved cyanobacprovides an excellent case for testing a model’s robust-
teria, which accounted for as much as 20% of clado- ness in its extrapolation domain, since it was studied
cerans diet during the stratified period. extensively during the past 40 years during which time
nutrient loading varied greatly. The existing data cover
awide range of nutrient loading conditions, i.e., the pe-
4. Model performance under increased riod when the wastewater effluents were diverted from
nutrient loading the lake (1963-1968), the transient phase (1969-1974),
and current conditiond5§dmondson, 1997 In Part I,
One of the most desirable properties of an eutrophi- it was shown that the model is particularly sensitive to
cation model is its capability to predict how the system external nutrient loading, which accounted for most of
will respond to changes in external forces such as nu- the phytoplankton and cyanobacteria variability. This
trient loading.Power (1993)escribed this procedure analysis was based on perturbations that reproduced
as the predictive validation of the model, which basi- external loading interannual variability during current
cally assesses the model-fit with independent data setsconditions, and was mostly driven by meteorological
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forcing via river inflows. Hence, this test only verified 50 100%
that the model could simulate individual years within __ T Prenoie of cyansbactetia 7T T {e0%
the present Lake Washington post-eutrophication and™— 4° " 80%
Daphnia resurgence phas&@mondson, 1994 and 70%
indeed, the model successfully simulated the years 60%
1995-1997 (not presented in this paper). However, it 50%
does not provide insights into how the model would 0%
respond to nutrient enrichment similar to what Lake )
Washington experienced with the quantitative and qual- . zg;"

w
o

20

Chlorophylla (ug

10

Proportion of cyanobacteria

itative characteristics of sewage discharges during the § 8 5858 35 39 %38 38 8
pre-wastewater diversion period. e T® 020
00 L~ — Tgtal Nitrogen 240
4.1. Simulation of the 1962 nutrient loading = iate 200
conditions 'é, 450 =
= 160
We tested the model's performance (with the param- é’; 120 >
etervalues listed in Appendices A and B, Part|) relative % 400 g
to 1962 nutrientloading conditions, because during this g Z
year Lake Washington received the maximum input 2
of treated sewage effluerE¢mondson and Lehman, e s 33595535 338
1981, Tables 6-10). Thus, this year represents the mos Pe=2<=57<00 =20
extreme enrichment conditions previously encountered __ 66 - P hesphorus 40
by the lake. However it should be noted that the struc- “~ -- -
ture of the present eutrophication model is not directly S 8 ’ 35 =
compatible with the prediversion years, because dur- 3 =)
ing that periodDaphnia was not a prominent compo- % 09
nent of the zooplankton communitRaphnia was es- 8 57 s
tablished after 1976 as a result of bottom-up (due to § 25 §
the disappearance of the filamentous cyanobacteriun £ 54 p T
i.e., Oscillatoria) and top-down (due to reduced pre- . P : e 20
dation by mysid shrimp) biotic controEgmondson, s 22535283828

1994. Hence, we tested the model twice against the

1962 nutrient loading scenario. The first time after de- Fig. 8. Simulated epilimnetic chlorophyll, proportion qf cyanopac-
activating the cladoceran group, and the second uS_;erla, PQ, TP, NQandTN_annual cycles,_basedon nutrlentloaqlngs
. . rom the year 1962. Nutrient concentrations are averages weighted
ing the full model structurefig. 8 shows the model e the epilimnion and hypolimnion volume.

results without cladocerans, which was most similar

to 1962 Lake Washington plankton community. The

model predicted a chlorophyll annual cycle witha max- values during 1962. These discrepancies probably re-
imum of 38ug I~ and mean summer concentrations of - sult from a mis-characterization of sediment nitrate and
10pgI~L. In addition, cyanobacteria became the pre- ammonium fluxes. The likelihood that nitrification is
dominant phytoplankton group with their proportion of mostly localized to the sediments of deep freshwater
total phytoplankton varying between 30 and 95% dur- systems was also discussedRauer and Auer (2000)
ing the year. Total nitrogen, total phosphorus and phos- but the differences between their study system (Lake
phate levels were also fairly close to those reported by Onondaga, NY) and Lake Washington along with the
Edmondson and Lehman (1981, see their Table 11) lack of relevant data for Lake Washington make it in-
The model consistently underestimated nitrate levels appropriate to adopt their high sediment—-water inter-
(ME ~ 150p.g I-1), while the summer ammonium lev-  face nitrification rates (0.21-0.42 grthday 1). [Note

els were about 20-30g |1 higher than the observed  that higher sediment nitrification rates would have also
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improved the underestimation of the current summer et al., 2003a,b, 2004By replacing the rigid structure
hypolimnetic nitrate.] of the classic aquatic biogeochemical models with con-
The inclusion of both zooplankton groups in tinuously changing parameter values, this strategy has
the simulations resulted in a lower spring phyto- provided satisfactory simulation results of system dy-
plankton maximum (1gchll~1) and two lower namics under variant environmental conditions. Thus,
peaks (1Qugchll~1) during the summer and early this alternative framework warrants consideration for
fall period. Cyanobacteria still dominated the phy- getting reliable parameter estimates and more effec-
toplankton community, but their proportion varied tively featuring ecosystem response to perturbations.
between 40 and 50%. The summer-early fall phos-
phate and nitrate patterns were also dependent on thef.2. Scenarios analysis
phytoplankton—zooplankton oscillations. The model
overestimated total nitrogen concentrations, whichwas  We used the Lake Washington eutrophication model
an effect of increased nitrogen egestion during clado- to explore possible ecosystem structural shifts that
ceran feeding. A desirable model outcome would have might be induced by two alternative management sce-
been the extinction or at least a significant decrease narios relative to current simulated lake dynamics.
in cladoceran biomass, reflecting the filter-feeder sen- The two scenarios involved increased nutrient load-
sitivity to increasing concentrations of the lower qual- ing equivalent to 25% of the 1962 point source load-
ity food-type (cyanobacteria). One explanation for why ing levels (point loading1 2= 0.25x 1962 point load-
this did not happen is that our gross growth-efficiency ing). In the first case, the sewage treatment plant efflu-
parameterization is primarily driven by the food con- ents were discharged exclusively to the hypolimnion
centrations. The weighting scheme and more specifi- (scenario 1), and in the second scenario these efflu-
cally the calibration F@Qyan;) value is probably suffi- ents were discharged equally between the epilimnion
cient for describing the food quality of the currently and hypolimnion. In the first loading scenario, most of
dominant cyanobacteria genera of Lake Washington, the incoming nutrients would not be directly available
but is not representative for past conditions. During to phytoplankton uptake until fall mixing when physi-

the prediversion period)scillatoria rubescens dom- cal conditions (light, temperature) are not favorable for
inated the phytoplankton community, which inhib- phytoplankton growth. The second scenario considers
ited consumption of edible phytoplankton Baph- nutrient supply to the epilimnion during the summer-
nia by mechanical interference of the feeding appara- stratified period, when the phytoplankton community
tus (nfante and Abella, 1985 The existing formula- is nutrient limited and more susceptible to cyanobac-

tions used in our model do not directly account for teria dominance. The system dynamics were studied
such feeding interference, or at least this cannot be through a variety of meteorological conditions (tem-
obtained with the prescribed range (0-1) for the FQ perature, solar radiation, precipitation). In contrast with
index. Within the present modeling framework, the Part I, the present analysis considered both intra- and
potential impact of mechanical feeding interference interannual variability, by introducing perturbations to
by filamentous cyanobacteria can be explored by as- the monthly values for the model forcing functions. For
signing negative Fyan; values. For example, when example, a simulated year with an unusually cold and
the system was forced with the 1962 nutrient load- wet May (deeper epilimnion, increased fluvial nutri-
ings and a F@yan;) =—0.8, the spring phytoplankton  ents, lower water temperatures and reduced solar radi-
maximum was nearly 3@gchll~1 and the summer  ation) could be followed by a June with the opposite
phytoplankton—zooplankton oscillations were signifi- characteristics. Based on individual month variability,
cantly dampened. In addition, the cladoceran biomass we formed 150 sets (annual cycles) of meteorological
was notably (>40%) lower and the proportion of forcing that were used for identifying structural shifts
cyanobacteria increased to a range of 50—70%. Finally, in the lake patterns between the three nutrient loading
it should be noted that more successful reproductions of scenarios.

ecosystem adaptations and shifts in plankton commu-  Summary statistics for the annual values for the
nity composition were obtained in the lake modeling epilimnetic phytoplankton biomass, proportion of
literature with structural dynamic approach&héng cyanobacteria, TN, N& TP, and PQ are presented
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Table 2
Monte Carlo analysis of the model based on current nutrient loading conditions and the two scenarios of increased nutrient loading
Phytoplankton Proportion of Total Nitrate Total Phosphate
biomass cyanobacteria nitrogen phosphorus
Current conditions
Mean 199 21 354 171 17 74
Standard deviation 13 2 53 32 91 14
Maximum 234 25 470 237 22 116
Minimum 171 15 249 111 12 45
Scenario 1
Mean 244 27 346 144 28 108
Standard deviation 10 2 54 31 & 21
Maximum 273 35 465 210 32 165
Minimum 222 22 243 89 18 6.6
Scenario 2
Mean 252 28 346 138 23 109
Standard deviation 13 3 53 27 R 21
Maximum 292 40 463 196 33 169
Minimum 224 24 243 89 13 6.6

Summary statistics of the annual values of the epilimnetic phytoplankton biomgssIt?), proportion of cyanobacteria (%), total nitrogen
(ng N171), nitrate g N 11, total phosphorusuig P 1), and phosphateug P I1).

in Table 2 Both nutrient loading scenarios resulted in  peding identification of clear cause-effect relationships
an increase of the mean annual phytoplankton biomass(Jassby, 1999 Selection of significant principal com-

of about 40-5@ug C -1, and an epilimnetic cyanobac-  ponents (modes of variability) was based on the Monte
teria proportion that was 6—7% higher than the cur- Carlo technique “Rule N"@Qverland and Preisendor-
rent level. In addition, there were simulated years for fer, 1983, and significant modes were rotated using
the second scenario (effluents distributed between epil- the normalized varimax strategichman, 1988 The
imnion and hypolimnion), when epilimnetic cyanobac- PCA results were nearly identical between the current
teria comprised an average of 38—40% of the phyto- conditions and two nutrient loading scenarios. Three
plankton community and their proportion during the significant principal components accounted for about
summer-stratified period exceeded 50%. There was 94% of the total variance; correlation coefficients be-
also a decreasing trend for epilimnetic nitrogen, and tween the individual months and the principal com-
especially N@ concentrations which was about 10% ponents are presented Table 3 The first mode was
lower than current conditions. In contrast, annual TP most closely associated with November, December,
and PQ concentrations increased on average by 6 January and May. The months June—October were most
and 3ug P I"L. It should be noted, however, that phos-  strongly loaded on the second mode, while the third
phorus was still the limiting nutrient. Under the en- mode was associated with February—April conditions.
richment scenarios the system was characterized byOctober was almost equally loaded on the first and sec-

larger spring phytoplankton blooms:{5ug chil-1), ond principal components. The second mode describes
and more frequent late summer-early fall secondary phytoplankton dynamics during the thermally stratified
blooms &5—10ug chll~1). period. The third mode is associated with the period

We further explored the simulated epilimnetic phy- when light-limiting conditions recede, thereby trigger-
toplankton patterns by applying principal component ing the spring phytoplankton bloom. The first mode
analysis to a matrix of 12 (months of the year) and primarily reflects the winter period when light levels
150 rows (simulated years). The basic rational behind limit phytoplankton growth. However, the inclusion of
this application of PCA is that different phases of the May in this mode is perplexing. During this month, the
intra-annual cycle are driven by different mechanisms system is probably driven by all of the factors (mostly
and may behave independently of each other, thus im- temperature) that regulate cladoceran biomass which
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Table 3
Monte Carlo analysis of the model based on current nutrient loading conditions and two scenarios of increased nutrient loading
Months Current conditions Scenario 1 Scenario 2

First mode Second Third mode First mode Second Third mode First mode Second Third mode

(36%) mode (30%) (29%) (36%) mode (27%) (31%) (36%) mode (27%) (30%)
January 0.932 —-0.124 Q310 0.926 —-0.291 Q080 0.876 -0.325 Q277
February 039 —0.228 0.938 —0.579 -0.021 0.797 —0.518 —0.076 0.831
March -0.423 -0.078 0.876 —0.662 Q085 0.729 —0.644 Q048 0.747
April —0.150 Q041 0.920 —-0.259 Q026 0.925 -0.257 Q012 0.909
May 0.859 0.189 -0.343 0.883 —0.099 -0.419 0.904 —0.026 —-0.390
June -0.019 0.752 —-0.481 —0.452 0.668 -0.379 —0.445 0.684 —0.352
July —0.343 0.788 0.456 —0.206 0.825 0.427 —0.104 0.861 0.383
August 0291 0.898 —-0.199 —0.256 0.877 —0.303 -0.226 0.891 —-0.251
September @42 0.966 0.023 Q181 0.929 0.015 Q399 0.856 —0.080
October 0651 Q660 —0.340 Q577 0618 —0.455 0591 0626 —0.446
November 0.912 0.263 —0.303 0.959 0.021 —0.239 0.969 0.045 —0.199
December 0.975 0.094 -0.187 0.955 —0.226 Q063 0.968 -0.184 Q071

Component coefficients: & 150) for the principal components extracted from the PCA of the simulated epilimnetic phytoplankton biomass.
Months with significant loadings, which also form the respective modes of variability, are indicated with bold numbers.

is the dominant grazer and strongly controls the phy- found between phytoplankton, and TP andsRi{Dr-
toplankton standing crop. ing the summer-stratified period (second mode). The
Based on averages over the months for each of the positive correlation coefficients between phytoplank-
three independent modes of variability, we computed ton biomass and TR-§ 0.315) indicate that due to the
a correlation matrix between the epilimnetic phyto- low summer phosphorus levels (relative to the assigned
plankton biomass and water temperature; TN,sNO  KPy; values) the phytoplankton responds to concentra-
TP, and PQ@ concentrations, total zooplankton, clado- tion changes, and therefore most of the available phos-
ceran and copepod biomagable 4. The strong neg-  phorus is sequestered in phytoplankton cells. During
ative correlation coefficients between water temper- the present phosphorus-limiting conditions, this results
ature ¢<-—0.880), cladoceran biomass<{—0.820) in a negative correlation between algal biomass and
and epilimnetic phytoplankton biomass support the PO, (r=-0.267,p=0.001) which however is damp-
previous explanation about the ecological processesened and becomes insignificant for the fivst 0.009,
that drive the first mode of variability. In addition, p=0.916) and secondr€—0.069, p=0.403) nutri-
cladocerans depress phytoplankton biomass duringent loading scenarios. This relaxation in phosphorus-
the summer-stratified period€ —0.500), but respond  limitation during the summer-stratified period was
positively to the spring bloomr& 0.730). Significant ~ more evident between cyanobacteria biomass, and TP
positive correlations between phytoplankton and cope- and PQ (Table §. Being the weakest phosphorus com-
pod biomass were observed during most of the an- petitors, cyanobacteria benefit less from the small in-
nual cycle, which suggests copepod grazing will not creases in phosphorus concentrations, which are pri-
depress phytoplankton biomass given the model con- marily due to the meteorological forcing impacts on
figuration and the coefficients selected. The strong thermal stratification and external loading. Hence, un-
positive correlation coefficients between phytoplank- der current conditions the correlation for cyanobac-
ton biomass, and TP-$0.815) and P® (r>0.828) teria is non-significant H= —0.106, p =0.196) with
during the third mode (February—April) suggest the TP and significantly negative-£ —0.551,p <0.001)
importance of phosphorus concentrations for spring with POy. However, phosphorus supplied to Lake
bloom development. Generally, the phytoplankton cor- Washington in the two enrichment scenarios caused
relations with the remaining environmental variables cyanobacteria biomass to increase. Consequently, the
over the three modes were unaffected by the two nu- cyanobacteria correlation with TP increased signifi-
trient enrichment scenarios. Interesting trends were cantly for both the first{=0.170,p =0.037) and sec-



Table 4

Monte Carlo analysis of the model based on current nutrient loading conditions and two scenarios of increased nutrient loading

Water
temperature

Total nitrogen

Nitrate

Total
phosphorus

Phosphate

Zooplankton

Cladocerans

Copepods

Current conditions
First mode —0.886 (<0.001)
Second mode —0.273 (0.001)

Third mode 0801 (<0.001)
Scenario 1

First mode —0.932 (<0.001)

Second mode .74 (0.033)

Third mode 0906 (<0.001)
Scenario 2

First mode —0.931 (<0.001)

Second mode  .040 (0.624)

Third mode 0870 (<0.001)

0750 (<0.001)
526 (<0.001)
—0.229 (0.005)

0710 (<0.001)
70 (0.396)
~0.518 (<0.001)

729 (<0.001)
(187 (0.022)
—0.422 (<0.001)

0709 (<0.001)
(892 (<0.001)
~0.319 (<0.001)

(549 (<0.001)
—0.082 (0.321)
—0.571 (<0.001)

(513 (<0.001)
~0.002 (0.976)
—0.473 (<0.001)

~0.504 (<0.001)
(815 (<0.001)
(849 (<0.001)

—0.708 (<0.001)
0494 (<0.001)
849 (<0.001)

~0.593 (<0.001)
0443 (<0.001)
(815 (<0.001)

~0.756 (<0.001)
—0.267 (0.001)
(829 (<0.001)

—0.860 (<0.001)
@09 (0.916)
851 (<0.001)

~0.825 (<0.001)
—0.069 (0.403)
(828 (<0.001)

—0.272 (0.001)
0176 (0.031)

859 (<0.001)

~0.318 (<0.001)

—0.255 (0.002)

(894 (<0.001)

—0.246 (0.002)
—0.084 (0.305)

(867 (<0.001)

~0.820 (<0.001)
—0.512 (<0.001)
0737 (<0.001)

—0.874 (<0.001)
~0.751 (<0.001)
(826 (<0.001)

—0.870 (<0.001)
—0.678 (<0.001)
0795 (<0.001)

0.946 (<0.001)
0.480 (<0.001)
0.882 (<0.001)

0.888 (<0.001)
0.088 (0.286)
0.911 (<0.001)

0.915 (<0.001)
0.244 (0.003)
0.839 (<0.001)

Correlation matrix between the epilimnetic phytoplankton biomass and water temperature, total nitrogen, nitrate, total phosphorus, jpit@ispieégrikton, cladocerans and

copepods biomass. The correlation coefficients 150) were computed for each mode of variability based on averages over the respective months.

Table 5
Monte Carlo analysis of the model based on current nutrient loading conditions and two scenarios of increased nutrient loading
Water Total nitrogen Nitrate Total Phosphate Zooplankton Cladocerans Copepods
temperature phosphorus
Current conditions
Firstmode  —0.245 (0.003) 0600 (<0.001) (623 (<0.001) 081 (0.326) —0.187 (0.022) (B97 (<0.001) 89 (0.277) 0.763 (<0.001)
Second mode —0.774 (<0.001) (B54 (<0.001) 807 (<0.001) —0.106 (0.196) —0.551 (<0.001) 0750 (<0.001) (00 (0.996) 0.885 (<0.001)

Third mode 0773 (<0.001)
Scenario 1
First mode —0.549 (<0.001)

Second mode —0.273 (0.001)

Third mode 0942 (<0.001)
Scenario 2
First mode —0.591 (<0.001)

Second mode —0.231 (<0.001)
Third mode 0910 (<0.001)

—0.108 (0.190)

(572 (<0.001)
0416 (<0.001)
~0.490 (<0.001)

55 (<0.001)
(893 (<0.001)
—0.411 (<0.001)

—0.205 (0.012)

(894 (<0.001)
®93 (<0.001)
~0.543 (<0.001)

0142 (<0.001)
®25 (0.006
~0.457 (<0.001)

863 (<0.001)

—0.417 (<0.001)
Q170 (0.037)
(896 (<0.001)

—0.270 (0.001)
823 (<0.001)
876 (<0.001)

(807 (<0.001)

~0.580 (<0.001)
—0.273 (0.001)
898 (<0.001)

~0.529 (<0.001)
—0.131 (0.110)
02 (<0.001)

(857 (<0.001)

Q160 (0.051)
(153 (0.061)
51 (<0.001)

®17 (0.008)
163 (0.047)
®24 (<0.001)

0737 (<0.001)

~0.503 (<0.001)
—0.693 (<0.001)
(920 (<0.001)

—0.525 (<0.001)
~0.569 (<0.001)
(03 (<0.001)

0.872 (<0.001)

0.916 (<0.001)
0.482 (<0.001)
0.875 (<0.001)

0.940 (<0.001)
0.457 (<0.001)
0.763 (<0.001)

Correlation matrix between the epilimnetic cyanobacteria biomass and water temperature, total nitrogen, nitrate, total phosphorus, ptedggiogienkton, cladocerans and

copepods biomass. The correlation coefficients 150) were computed for each mode of variability based on averages over the respective months.
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ond (r=0.323p<0.001) scenarios. Thisisalso evident about the stability of the present trophic status and
for POy in the first {=—0.273,p<0.001) and sec- the possibility that Lake Washington might again shift
ond (=-0.131,p=0.110) scenarios. [Note that with  towards cyanobacteria dominance. In agreement with
the second scenario the correlation coefficient becomesinferences abovesdmondson (19973uggested high
non-significant, due to the constant discharge of nutri- wind velocities most likely promoted the 198®#ha-
ents to the epilimnion during the stratified period.] nizomenon bloom. He claimed strong and continuous
Finally, we tested the system'’s resilience to distur- summer winds caused greater water column mixing,
bances that resemble episodic mixing events during which in turn might have been the reason wip-
the summer-stratified period. We induced a wide va- anizomenon colonies were distributed throughout the
riety of pulses, i.e., continuous/semi-continuous, mod- epilimnion and did not solely accumulate at the surface.
erate/high frequency (8—365 yeaj, and low/high am- Moreover, the physiological literature suggegjsh-
plitude (K =0.17-0.80 rAiday 1) under the three nutri-  anizomenon has excellent nutrient storage capacities,
ent scenarios. Generally, the planktonic ecosystem did and can therefore gain a competitive advantage due to
not show major structural shifts due to nutrient pulses pulsed nutrient supplie®)ghlinger, 1981; De Nobel et
from hypolimnetic intrusions. As was expected, the al., 1997. Probably a coincidental combination of a fa-
highest summer phytoplankton peaks (gefchl I=1) vorable fine-scale hydrodynamic environment with an
were observed with the two enrichment scenarios, and unstable mixing depttHdmondson, 199Fig. 17), as-
these increases were proportionally allocated betweensociated with transient nutrient pulses enabgbani-
the three phytoplankton groups. There are several fac- zomenon to outcompetdficrocystis, Anabaena, Fragi-
tors that can affect the outcome of species competition laria andCryptomonas (the usual mid- and late summer
in the summer epilimnion, i.e., concentrations of the genera in Lake Washington), which also have a higher
three phytoplankton groups and phosphate levels at theP-affinity and higher maximum growth rateqmmer,
onset of the thermal stratification, herbivorous grazing 1985; Sommer, 1989; Grover, 199The coupling of
and also the hydrodynamic regime in the epilimnion. the present eutrophication model with a hydrodynamic
These factors dynamically regulate the growth-minus- model with appropriate resolution will make it possible
loss balance for each phytoplankton group and deter- to simulate similar conditions and test this hypothesis.
mine the “superior” competitor under any specific set
of conditions Grover, 199). Transient nutrient pulses
are thought to induce competitive advantages for “stor- 5. Future modifications and conclusions
age strategists”, such as the group that was labeled

“cyanobacteria” in the present modedtle et al., Our eutrophication model provided a good represen-
1987; Grover, 1991 The aforementioned results re-  tation of the key epilimnetic and hypolimnetic patterns
semble those obtained, when the model was forced with jn Lake Washington (USA). A satisfactory fit was ob-
1962 nutrient loadings and both zooplankton groups tained between simulated and observed monthly values
were activated. The explanation is probably similarand and the relative error was below 20% for the major wa-
is associated with the presence of the dominant graz- ter quality parameters (phytoplankton, phosphate, total
ers (cladocerans) which act as a “safety valve” and do phosphorus, total nitrogen, dissolved oxygen). Further-
not allow cyanobacteria to gain a competitive advan- more, the model was forced by the 1962 nutrient load-
tage. An additional condition is necessary to relax the jngs (when the lake received the maximum input of sec-
cyanobacteria competitive handicap in the phosphorus ondary sewage effluents) and accurately predicted the
limited-environment of the summer epilimnion. Pre- phytoplankton response (chlorophyll levels, cyanobac-
vailing physical (turbulence) conditions could proba- teria dominance) and the nitrogen and phosphorus an-
bly provide an additional support, but the reproduction nyal cycles. However, several issues were raised dur-
of their role is not feasible with the present model’s ing model calibration and validation that should guide

simplified physical structure. model modifications and future research on this lake.
Since wastewater was diverted from Lake Wash-

ington in the late 1960s a major cyanobacteria bloom - The model computed greater phosphate and ammo-
has only occurred once. This event invoked questions nium accumulation in the hypolimnion during the
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stratified period than was actually observed. Thiswas
most likely caused by the simple physical segmenta-
tion (epilimnion/hypolimnion) of the model which
did not allow for heterogeneity within the spatial
compartments. For example, the sediment fluxes are
instantaneously diluted over the entire hypolimnion
volume and the vertical temperature profiles are con-
stant from the thermocline to bottom. Considering
the model sensitivity to parameters related to the
temperature-dependence of biochemical processes
(Part 1) along with the increasing sediment nutrient
release rates during the summer, it can be inferred that
a multi-layer vertical characterization of the system
is important for simulating the hypolimnetic vertical
profiles during the stratified period. Although, our
explicitly prescribed mixed-layer monthly variations
were based on the lake’s measured vertical profiles,
they cannot represent the micro- and macroscale
physical processes in the water column. This is par-
ticularly important for large lakes such as Lake Wash-
ington, where water circulation is the combined ef-
fect of several factors e.g., river inflows, bottom fric-
tion, bathymetry, barometric pressure changes, con-
vective currents due temperature differences between
the inflows and the lake and wind action on the water
surface that can cause surface seiches and internal
waves (Johnson et al., 2003The integration with a
hydrodynamic component will also make it possible
to test several hypotheses about lake dynamics, e.qg,
the initiation of the spring bloom based on incom-
plete vertical mixing patterns (the so-called “critical
turbulence concept” biluisman et al., 199%r the
possible role of fine-scale hydrodynamic processes
for species competition (the 198®hanizomenon
bloom event).

As previously discussed, inclusion of independent
zooplankton C, N and P efficiencies, to maintain con-
stant somatic elemental ratios, increased the influ-
ence of the non-limiting element recycling on the
model outputs. A characteristic example was the
sensitivity of the simulated nitrogen cycle to plank-
ton basal metabolism and the zooplankton egestion
fractionation. The adoption of a higher dissolved
phase fraction (DON and Nl increased the am-
monium concentrations to much higher levels than
those observed in the system. During the calibration,
we pursued several approaches to solve this prob-
lem, i.e., increased ammonium inhibition to nitrate
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uptake {/ values), lowered remineralization rates
(KNrefgissolution KNrefminera) and increased nitri-
fication rates (nitrif,ax). None of these approaches
proved to be more effective than simply assuming a
higher particulate fraction during nitrogen recycling.
This partitioning corresponds to the hypothesis that
zooplankton homeostasis is also maintained during
the digestion and assimilation process, i.e., by re-
moving elements in proportion to zooplankton body
ratios as opposed to the elemental ratio of the food
(Elser and Foster, 1998A particulate fraction of
65% resulted in sedimentation rates that were within
the observed ranges from past studies of Lake Wash-
ington Edmondson and Lehman, 198However,

the fact that these observations only partially over-
lap with the period wheaphnia became a domi-
nant component of the zooplankton community, indi-
cates that further research is required to verify these
rates and probably a higher particulate fraction would
be more appropriate for simulating downward nitro-
gen fluxes during current conditions. Increased ni-
trogen sedimentation and accumulation to the lake
bottom might have also changed the relative magni-
tudes of the various sediment processes. For exam-
ple, the model results showed increased nitrification
rates improved the agreement between simulated and
observed hypolimnetic nitrate concentrations during
both the calibration and validation periods. If the sim-
ulated nitrate deficit is actually a result of increased
nitrification (sediments or water column) which is
unaccounted for by the model, this needs to be sup-
ported by field data. Moreover, greater particulate
deposition rates might have promoted sediment den-
itrification, which in turn can — at least in part — ex-
plain the significant alkalinity increase in the lake
(Edmondson, 1994Fig. 2E). Kuivila and Murray
(1984) indicated that denitrification occurred near
the sediment—water interface, but considered denitri-
fication’s contribution to alkalinity small compared
with the other organic matter diagenesis processes.
This study provided evidence that rapid reactions
taking place at the lake sediment interface were an
important source of alkalinity. Their pore-water es-
timates varied from 0.69 to 3.95 equiv.fday 1,

and Kuivila and Murray (1984) also reported esti-
mates of late summer-early fall alkalinity fluxes of
8.2 equiv. nT? day ! that cannot be accounted for by
river inputs. This deviates froBdmondson’s (1994)
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hypothesis that the observed lake water alkalinity Frodge, Curtis L. DeCasperi, Kevin Shock (King
increases were most likely induced by land-cover County, Department of Natural Resources and Parks),
changes in the watershed that altered chemical in- David A. Beauchamp, and Michael M. Mazur (School
puts to streams. Whether the relative magnitudes of of Aquatic and Fisheries Sciences, University of Wash-
nitrification/denitrification have changed in the lake ington) for helpful comments to earlier drafts of the
after the resurgence of P-ridbuphnia and their net two manuscripts. We are indebted to Wang Dan (De-
effect (decrease of alkalinity by nitrification and in- partment of Environmental Engineering, University of
crease by denitrification) can be associated with the Washington) and Chunyu Liang (Chinese Academy
observed alkalinity patterns, are issues that can beof Sciences-Guangzhou Institute of Energy Conver-
investigated in the current lake sampling program.  sion) for their help with the model sensitivity analysis.
- Finally, our primary focus in the present model cal- We also wish to thank Daniel E. Schindler (School of
ibration was to constrain the parameters through a Aquatic and Fisheries Sciences, University of Wash-
description of observed lake dynamics, and then test ington) for supplying zooplankton data.
the model’s utility, (i) as a heuristic tool for explor-
ing the internal structure of the simulated C, N, P
cycles, and (ii) as a predictive tool for simulating References
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