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ABSTRACT
Brett MT, Ahopelto SK, Brown HK, Brynestad BE, Butcher TW, Coba EE, Curtis CA, Dara JT, Doeden KB,
Evans KR, Fan L, Finley JD, Garguilo NJ, Gebreeyesus SM, Goodman MK, Gray KW, Grinnell C, Gross KL,
Hite BRE, Jones AJ, Kenyon PT, Klock AM, Koshy RE, Lawler AM, Lu M, Martinkosky L, Miller-Schulze JR,
NguyenQTN, RundeER, Stultz JM,WangS,White FP,WilsonCH,WongAS,WuSY,WurdenPG, YoungTR,
Arhonditsis GB. Themodeled and observed response of Lake Spokane hypolimnetic dissolved oxygen
concentrations to phosphorus inputs. Lake Reserv Manage. 00:1–13.

Lake Spokane, a reservoir in eastern Washington State, was previously hypereutrophic due to phos-
phorus discharges from the City of Spokane wastewater treatment plant (WWTP). This reservoir sub-
sequently recovered to a meso-oligotrophic state after implementation of advanced phosphorus
removal. The present study tested whether the mechanistic Lake Spokane water quality (WQ) model
realistically represents the sensitivity of this reservoir’s hypolimnetic oxygen concentrations to phos-
phorus inputs. We compared the observed relationship between the mean summer input total phos-
phorus concentration (TPIN) and theminimum volumeweighted hypolimnetic dissolved oxygen con-
centration (DOMIN) to model values for conditions ranging from hypereutrophic to oligotrophic. Prior
to advanced phosphorus removal, TPIN and DOMIN averaged 86 ± 37 (SD) µg/L and 1.4 ± 1.3 mg/L,
respectively. Currently (2010–2014), these values average 14± 3 µg/L and 6.5 ± 0.8 mg/L, respectively.
By contrast, the model’s DOMIN response for similar TPIN concentrations was much less pronounced,
with hypereutrophic and contemporary DOMIN averaging 3.8 ± 0.4 and 4.7 ± 0.04 mg/L, respectively.
The model also has a structural DO deficit (saturated DO− DOMIN) of 5.3 mg/L that was evident when
all TP inputs to the reservoir were set to zero. Similarly, when all WWTP effluent sources were set to
TPEFF = 0 µg/L, the reservoir epilimnetic TP concentrations were �8 µg/L higher than the Spokane
River inputs. The water quality model indicates that even if effluent phosphorus concentrations are
reduced to zero, the dissolved oxygen goals for Lake Spokane cannot be met.

Mechanistic models are important tools for research-
ing and managing water quality in lakes, reservoirs,
and estuaries (Arhonditsis andBrett 2004). Thesemod-
els can be used to carry out detailed scenario analyses,
including how changing nutrient inputs or climate con-
ditions affect aquatic ecosystem properties. The valid-
ity of earth system models has been strongly chal-
lenged, however, and there have been several attempts
to rigorously address issues pertaining to model

CONTACT Michael T. Brett mtbrett@uw.edu
Supplemental data for this article can be accessed on the publisher’s website.

structure and input error (Oreskes et al. 1994).
Model input error mainly stems from the uncer-
tainty underlying the specification of model parame-
ters, initial conditions, and forcing functions as well
as the realization that all models are drastic sim-
plifications of reality that approximate the real pro-
cesses with spatially and temporally averaged param-
eter values (Rykiel 1996, Arhonditsis and Brett 2004,
NRC 2007).

© Copyright by the North American Lake Management Society 
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Model practitioners also commonly encounter the
problem that several distinct choices of model inputs
can lead to the same model outputs, and therefore
many parameter sets may fit the data equally well. This
non-uniqueness of model solutions is known in the
modeling literature as equifinality (Beven 2006). The
main reason for the equifinality (or poor identifiability)
problem is that the causal mechanisms and hypotheses
used for understanding how the system works inter-
nally are of substantially higher order than the data that
can be realistically collected from real systems. There-
fore, following specific best-professional-practices is
essential for evaluating environmental models, includ-
ing proper calibration, verification, sensitivity analy-
ses, and error quantification (Schladow and Hamilton
1997, Stow et al. 2003, Arhonditsis and Brett 2004,
NRC 2007, EPA 2009, Wellen et al. 2015). Although
it is impossible to show that any environmental model
is a correct representation of actual processes (Beven
2006), rigorous model evaluation can be used to show
a particular model is a poor representation of a specific
system (Oreskes et al. 1994).

The goal of this analysis was to determine whether
the Lake Spokane water quality model (henceforth the
Lake Spokane WQ model) addresses the key environ-
mental attributes on which to base the Spokane River
basin total maximum daily load (TMDL) decision. The
Lake Spokane WQ model is a site-specific parame-
terization of CE-QUAL-W2 (Berger et al. 2009). To
answer this question, we conducted a sensitivity analy-
sis to quantify how well the Lake Spokane WQ model
predicts the annual minimum hypolimnetic dissolved
oxygen (DO) concentrations for a range of summer
input total phosphorus (TPIN) concentrations span-
ning the highest in the observational record (TPIN �
140 µg/L) to the future input target (TPIN � 10 µg/L).
This study also quantified how well the Lake Spokane
WQmodel represents the mechanistic basis of the DO
TMDL (i.e., TPIN determines reservoir algal biomass,
which in turn determines minimum annual hypolim-
netic DO) based on model calibration data, as well
as assessed the quality of the Lake Spokane phospho-
rus data on which the model was based. Furthermore,
this study conducted a sensitivity analysis of the influ-
ence of a wide range of parameter values for the max-
imum phytoplankton growth rates, phytoplankton set-
tling velocities, organic matter decomposition rates,
and sediment oxygen demand on model DO outputs.
Our analysis showed the Lake SpokaneWQmodel had
a strong bias toward low late summer hypolimnetic DO

concentrations and mesotrophic epilimnetic TP con-
centrations, even when the wastewater treatment plant
(WWTP) effluent TP and riverine input phosphorus
concentrations were set to extremely low values. The
model indicates that even if effluent phosphorus con-
centrations were reduced to zero, the water quality
goals of the TMDL cannot be met.

Study site

Lake Spokane, Spokane County, Washington State,
has a history of severe eutrophication and subsequent
recovery. This case study is unique because there is
also an observational record for this reservoir spanning
extremely high historic to moderately low current TP
input concentrations (TPIN � 140 and 12 µg/L, respec-
tively) and corresponding summer minimum volume
weighted hypolimnetic concentrations of DOMIN �
1.4± 1.3 (SD) and 6.5± 0.8 mg/L, respectively (Welch
et al. 2015). During its hypereutrophic phase in the
early 1970s, TP discharges from upstream conven-
tional wastewater treatment plants (effluent TPEFF �
3500 µg/L) were identified as the critical driver of
eutrophication in Lake Spokane (Soltero et al. 1974).
In 1978, advanced phosphorus (P) removal was added
to the City of Spokane WWTP, which reduced efflu-
ent TP concentrations to TPEFF � 500 µg/L and caused
Lake Spokane to shift to a mesotrophic state (Soltero
and Nichols 1984) and ultimately to meso-oligotropic
(Welch et al. 2015). Currently, a total maximum daily
load (TMDL) is in place to control TP discharges to
Lake Spokane tomeet aDOstandard of “nomeasurable
(0.2 mg/L) decrease from natural conditions when dis-
solved oxygen levels are lower than aquatic life criteria
for core summer salmonid habitat (9.5 mg/L)” (Moore
and Ross 2010). Approximately $900million have been
spent in the previous decade and budgeted to be spent
in the coming decade to expand and modernize the
wastewater, stormwater, and combined sewer overflow
treatment infrastructure in the Spokane River Basin.
This cost estimate reflects total capital costs for these
facilities. Many, but not all, of these design upgrades
are a component of strategies to reduce P discharges to
meet the TMDL goals.

The TMDLmodel

The water quality model CE-QUAL-W2 has been
used as the central analytical tool to determine
which WWTP phosphorus removal targets are
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needed to comply with the DO TMDL, as well as to
determine “natural conditions” in Lake Spokane
(Moore and Ross 2010). CE-QUAL-W2 is a 2-
dimensional, laterally averaged, hydrodynamic and
water quality model. Because this model assumes
lateral homogeneity, it is commonly used to repre-
sent water quality characteristics of long and narrow
reservoirs (Cole and Wells 2003). The present study is
not designed to assess the utility of the CE-QUAL-W2
model in general; rather it is intended to assess whether
the version of this model currently parameterized for
the Lake Spokane DO TMDL (i.e., the Lake Spokane
WQ model) is a robust predictor of eutrophication
related phenomena in this reservoir. The field input P
data were collected at the Spokane River input to Lake
Spokane, which occurs at river mile 151 of the Spokane
River. The field DO data were collected at a sampling
site located near the deepest point in Lake Spokane
adjacent to Long Lake dam. This site is known as LL0
in the field sampling literature and Segment 36 in the
CE-QUAL-W2 model. Welch et al. (2015) provided a
map of this reservoir system.

Data quality

An unpublished memo detailed concerns related to
the validity of the field sample P determinations (see
Appendix 1 in the online supplemental file). During
the 2001 calibration period, P samples for the Spokane
River/Lake Spokane system were processed by 2 dif-
ferent laboratories, the Columbia Analytical Services
(CAS) and the Washington State Department of Ecol-
ogy Manchester Analytical Laboratory (Manchester
lab). The 2 labs each processed 32 samples in parallel,
and the agreement between these 2 sets of samples was
only modest (r2 = 0.61), with the CAS lab finding con-
centrations 32%higher on average than theManchester
lab. In 25 of 32 cases, the duplicate samples analyzed
by the 2 labs did not meet the Department of Ecol-
ogy ±15% precision criteria for field replicates for this
project (Cusimano and Carroll 1999). The CAS data
were also mostly reported at 10 µg/L increments: 10,
20, 30, 40, and 50 µg/L. Furthermore, the Manchester
lab changed its TP analysis methodology around this
time, and the method employed during 2001 gave TP
results 4–20 µg/L higher on average than subsequent,
more rigorous methods (Hallock 2012). The vertical
TP profiles to which the Lake Spokane WQmodel was
fitwere based on samples processed by theCAS lab, and

the model on average gave TP concentrations 3.2 µg/L
(or 19%) higher than the field data. From this series of
analytical and computational errors, it seems plausible
that the actual TP concentrations in the reservoir dur-
ing the calibration yearmay have been considerably less
than predicted by the model.

Model assessment

Because the Lake Spokane WQ model was designed
as the decision support tool for the TMDL, the main
emphasis in the model calibration assessment was
placed on TP and closely related constituents, such
as reservoir chlorophyll (Chl) and DO concentrations.
Vertical profiles for model calibration were collected
on 2 dates, 9 and 30 August 2001 (Berger et al. 2009).
Temperature and DO data were collected at 6 stations,
samples for Chl were collected from 3 stations, and TP
samples were collected from 2 stations. Model verifica-
tion data were also collected in 2000, but TP data were
not reported for that year, so only the calibration results
for 2001 are summarized in this analysis. All of the
model calibration data were extracted directly (using
the software DigitizeIt 1.6.1) from the vertical profile
plots reported in the original model calibration report
(Berger et al. 2009).

Similar to previous studies (Reckhow et al. 1990,
Schladow and Hamilton 1997, Stow et a. 2003,
Arhonditsis and Brett 2004), we used multiple statis-
tics to characterize model performance. The Qual-
ity Assurance Project Plan for the model (Wells and
Berger 2009) indicated scatter plots of model versus
observed data and best-fit linear regressions would be
provided, but these were not provided in the model
calibration report (Berger et al. 2009). For this analy-
sis, model performance was assessed using the Nash-
Sutcliffe model efficiency index, the root mean square
error (RMSE), the mean error (ME), the mean abso-
lute error (MAE), and the relative error (RE). We also
calculated a nonparametric r2 value, which is simply
the r2 of ranked observed and modeled values. The
Nash–Sutcliffe model efficiency index (McCuen et al.
2006) penalizes for both lack of fit and bias. It tests
the model results against a one-to-one objective and
is equivalent to the r2 value of a regression equation
with a slope of one and an intercept of zero. As with
a conventional r2, higher values suggest better fit, and
1.0 is indicative of perfect fit. A value of zero indicates
a model that predicts the observations as well as their
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corresponding average, whereas a negative value indi-
cates a model that predicts more poorly than the aver-
age of the observations. The RMSE, ME, MAE, and
RE are all measures of the magnitude of differences
between the modeled and observed values, with values
close to zero indicating agreement; however, ME val-
ues close to zero could also be due to large positive and
negative errors canceling each other out. Model bias is
indicated by ME values substantially smaller or larger
than zero. The RMSE is analogous to a standard devia-
tion of the model error.

We also tested the sensitivity of the Lake Spokane
WQmodel to hypothetical reservoir input TP concen-
trations (TPIN) across a gradient of values ranging from
the future input TP goal of 10 µg/L up to 200 µg/L.
In this study, TPIN refers to the P concentration of the
Spokane River where it enters Lake Spokane. Based
on the model input files, the Spokane River accounts
for �92% of the flow in Lake Spokane, with the Lit-
tle Spokane River accounting for another �7%, and
direct groundwater inputs contributing �1%. Eight
water treatment facilities discharge upstream of Lake
Spokane, including Coeur d’Alene WWTP, Hayden
publicly owned treatment works (POTW), Post Falls
sewage treatment plant (STP), Liberty Lake WWTP,
Spokane CityWWTP, Spokane CountyWWTP, Inland
Empire Paper treatment plant, and Kaiser Aluminum
treatment plant. The Spokane River P concentrations
were varied by modifying the WWTP effluent files in
the official TMDL version of CE-QUAL-W2 for 7 of the
facilities. The file for the Kaiser Aluminum treatment
plant was not changed because the effluents from this
facility have historically low P concentrations (TPEFF
� 25 µg/L). The 7 effluent files were modified so that
their variable TPEFF concentrations were 10, 35, 50,
75, 100, 250, 500, 750, 1000, 1500, 2000, 2500, 3000,
and 3500µg/L, with phosphate (PO4) contributing 36%
and P bound to organic matter (i.e., carbonaceous bio-
chemical oxygen demand [CBODP]) contributing 64%
of the TPEFF. All other constituents in these files were
left unchanged.

For the scenarios above, we calculated a mean
summer (June–October) reservoir TPIN value for the
Spokane River output file CWO_151 that represented
the boundary condition between the Spokane River
and Lake Spokane portions of the TMDL model.
The TP input concentration for the CWO_151
file was calculated as TPIN=PO4+�CBODP1-12,
where PO4 represents the modeled riverine phosphate

concentrations and CBODP1-12 represents the particu-
late P associated with organicmatter (i.e., CBOD) from
each of the 12 nutrient inputs to the model (Berger
et al. 2009). The minimum volume-weighted hypolim-
netic DO concentration (DOMIN) was then calculated
for reservoir Segment 36 in the model output file
SPR6 for depths below 15 m to be consistent with the
observational record (Welch et al. 2015). Segment 36
represents the Lake Spokane station closest to the dam
outlet and also tends to have the lowest DO in the
historical record. A hypsographic curve was applied
to the depth profiles of Lake Spokane to represent the
volume of each depth strata. Finally, we also compared
TPIN to the mean observed epilimnetic (0–8 m) TP
and Chl concentrations and phytoplankton biomass
(i.e., diatoms, chlorophytes, and cyanobacteria) for
the June to October period for Segments 9–36, which
represent all of the model segments deep enough to
have thermally stratified water columns in the summer.

We also carried out sensitivity analyses to elucidate
how the uncertainty of themodel outputs can be appor-
tioned to the following parameters: maximum phyto-
plankton growth rate, phytoplankton settling velocity,
organic matter decomposition, and sediment oxygen
demand (SOD) onmodel DOMIN outputs. These terms
were chosen for this initial sensitivity analysis because
previous research (Schladow and Hamilton 1997, Stow
et al. 2003, Arhonditsis and Brett 2005) and the TMDL
model itself (Berger et al. 2009) suggested they might
be influential. For the sake of simplicity, we imple-
mented a local or one-step-at-a-time (OAT) strategy
in which output variations were evaluated with respect
to fractional change of one input parameter while
the other parameters were held constant. Specifically,
these sensitivity analyses varied the parameter values
up and down by a factor of ∼2 and 4 relative to the
values used in the original Lake Spokane WQ model
(Berger et al. 2009). These analyses were also run for 3
effluent TPEFF concentrations: 50, 500, and 2000 µg/L.
The varied TPEFF corresponded with P input (TPIN)
concentrations for the Lake Spokane WQ model of
5.5, 28, and 112 µg/L, respectively. The maximum
phytoplankton growth rates used in the original model
averaged �1.6/d for the 3 phytoplankton groups. In
the present study, maximum growth rates of 0.8, 1.6,
3.2, and 6.4/d were tested. The original phytoplankton
settling velocities used in the model were 0.2 m/d for
diatoms and green algae and−2.0 m/d for cyanobacte-
ria (Berger et al. 2009), intended to represent a buoyant
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LAKE AND RESERVOIR MANAGEMENT 247

Figure . Bivariate plots of the model and field data for (a) temperature, (b) total phosphorus (TP), (c) chlorophyll (Chl), and (d) dissolved
oxygen concentrations reported in the CE-QUAL-Wmodel calibration report (Berger et al. ). The gray-filled square in the chlorophyll
plot represents an observed surface cyanobacteria scum.

cyanobacteria scum. In the present study, uniformphy-
toplankton settling velocities of−2.0, 0.05, 0.1, 0.2, 0.4,
and 0.7 m/d were tested. Uniform settling velocities
were used to simplify the interpretation of these model
sensitivity analyses. The original Lake Spokane WQ
model used an average organic matter degradation rate
(Kd) of �0.08/d for labile organic matter and 0.001/d
for refractory organic matter. The present study tested
Kd values of 0.005, 0.02, 0.08, 0.16, and 0.32/d for the
labile pool. For this series of simulations, the Kd value
for the refractory pool was always set to one-eightieth
of the corresponding labile pool. The Lake Spokane
WQ model used an assumed SOD of 0.25 g/m2/d of
O2, and this study tested SOD values of 0.0625, 0.125,
0.25, 0.5, and 1.0 g/m2/d.

Results

The model calibration assessment showed that the
Lake Spokane WQ model adequately simulated the

temperature and DO depth profiles in Lake Spokane
(Fig. 1, Table 1). Compared to a large compilation of
model fits for this class of models (Arhonditsis and
Brett 2004), the r2 value for temperature was between
the 30th and 40th percentiles, and the r2 for the mod-
eledDOdatawas between the 60th and 70th percentiles.
However, the model outputs had a strong bias toward
colder temperatures when the observed temperatures
were �15 C (ME = −2.5 C), but this bias disappeared
for observed temperatures �17.5 C (ME = 0.0 C;
Fig. 2). The modeled DO values had a strong system-
atic error, with the model tending to underestimate the
observed DO values in Lake Spokane by �2.0 mg/L
when the actual DO concentrations were �10.5 mg/L
(Fig. 2).

Compared to other studies that have attempted
to model nutrient dynamics, the model calibration
for TP was poor, with a TP r2 value <10th per-
centile (Arhonditsis and Brett 2004; Fig. 1, Table 1).
In the present case, the calculated r2 value for TP was
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248 M. T. BRETT ET AL.

Table . The results of the model calibration analysis based on the observations reported in Berger et al. (). The Nash–Sutcliffe model
efficiency index (r), nonparametric coefficient of determination (N-P r), the root mean square error (RMSE), mean error (ME), mean abso-
lute error (MAE), and relative error (RE) are reported.

Count Mean± SD Units MEI (r) N-P r RMSE ME MAE RE

Temperature  .± . C . . . − . . .
Total phosphorus  .± . µg/L − . . . . . .
Chlorophyll  .± . µg/L . . . . . .
Dissolved O  .± . mg/L . . . − . . .

negative because the model error sum of squares was
larger than the total sum of squares for the observed TP
data, indicatingmodel predictions worse than the aver-
age of the observed values. It is also noteworthy that the
RMSE value (i.e.,±12.2 µg/L) was larger than the stan-
dard deviation value for the observed data from Lake
Spokane (i.e.,±11.8 µg/L), and the MAE (±10.5 µg/L)
is only slightly less than the SD value. In addition,
the model TP data (21.6 ± 3.2 µg/L) had much less
dispersion than did the observed field data (18.2 ±
11.8 µg/L; Fig 1), and the modeled TP concentrations
were on average higher than the observed values (ME
= 3.4 µg/L; Table 1). The observed TP data also had a
multi-modal distribution, with most interpolated data
clustering within a few tenths of a microgram per liter
from 10, 20, 30, or 40 µg/L. This finding suggests the
observed TP datawere either rounded to 10µg/L incre-
ments or the method used to analyze the field samples
had a 10 µg/L detection limit. The model calibration
report (Berger et al. 2009) also left out a field sample
with a TP concentration of 50 µg/L and a correspond-
ing model value of 23 µg/L.

The modeled Chl data also poorly matched the
observed data (Fig. 1, Table 1). The r2 between mod-
eled and observed Chl data (r2 = 0.14) fell between the
10th and 20th percentiles for the compilation of model
fits (Arhonditsis and Brett 2004). Additionally, the
observed Chl data also included one extreme outlier
value (from a surface cyanobacteria scum) excluded
from our model performance evaluation. This single
value (70 µg/L Chl) was 3 times higher than the next
highest value in the observed dataset. If this single value
were included in the model evaluation, the r2 value
increased to 0.35; however, this inclusion caused the
RMSE to more than double to 10.8 µg/L (which is also
twice the mean Chl concentration) and the AME to
increase by 50% to 5.2 µg/L.

The relationship between summer TPIN and DOMIN
concentrations for the field data (Welch et al. 2015)
was compared with the same values from the model
for conditions ranging from the hypereutrophic era

Figure . The residual error (model value−observed value) for the
model predictions for temperature anddissolvedoxygen (DO). The
residual error is plottedagainst theobserveddata, andfit to a third-
order polynomial regression.

to the present meso-oligotrophic state (Fig. 3). Dur-
ing the hypereutrophic era, TPIN and DOMIN in Lake
Spokane averaged 86 ± 37 and 1.4 ± 2.7 mg/L, respec-
tively. Currently (2010–2014), these values average 14
± 3 and 6.5 ± 0.8 mg/L, respectively. By compari-
son, the Lake Spokane model’s DOMIN response for
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Figure . The modeled and observed relationship between
input total phosphorus concentrations (TPIN) and the minimum
hypolimnetic dissolved oxygen concentration (DOMIN) in Lake
Spokane. The Welch et al. () curve is based on field data col-
lected over the last  years spanning the time from when Lake
Spokane was hypereutrophic to the present. This statistical model
has an r of .. The CE-QUAL-W curve represents the reservoir’s
predicted response to WWTP effluent TP concentrations ranging
from  to  µg/L.

similar TPIN concentrations averaged 3.8 ± 0.4 and
4.7 ± 0.04 mg/L, respectively, for analogous hypereu-
trophic and contemporary conditions.

The June to October average TPIN concentrations
to Lake Spokane (from CWO_151) predicted by the
Lake SpokaneWQmodel was compared with the aver-
age June to October epilimnetic (0–8 m) TPEPI con-
centration at Segments 9–36 (from SPR6). As expected,
this comparison showed that when effluent TPEFF con-
centrations were at contemporary levels (�500 µg/L)
or higher, the reservoir TPEPI concentration was on
average�30% lower than the river TPIN concentration
(Fig. 4). The outcomes for effluent TPEFF concentra-
tions �100 µg/L were unexpected, however. In those
cases, the model predicted reservoir TPEPI concentra-
tions were∼8 µg/L higher than the river TPIN concen-
trations. Furthermore,when all of theTPEFF concentra-
tions were set to zero, the model predicted an average
TPEPI concentration of 12 µg/L (Fig. 4).

The average summer epilimnetic TP and Chl con-
centrations predicted by the model were compared
to a global compilation of TP versus Chl responses
for real lakes (Brown et al. 2000): log(median Chl)
= −0.44 + 1.10∗log(TP). The modeled Chl con-
centrations matched the global median values well.
At a TPEPI concentration of 50 µg/L, CE-QUAL-W2

predicted a Chl concentration of 20 µg/L compared
to the global median value of 25 µg/L. When TPEPI
was 12 µg/L, the model and global median Chl values
were 6.3 and 5.6 µg/L, respectively. We also compared
the percentage cyanobacteria output by the model to
the epilimnetic TPEPI concentration. Irrespective of TP
concentrations, the model predicted the phytoplank-
ton community was composed of 17 ± 1% diatoms,
69 ± 3% chlorophytes, and 14 ± 2% cyanobacteria.
There was a slight tendency for a higher percentage of
cyanobacteria at high and low P concentrations and
a lower percentage of cyanobacteria at intermediate
concentrations.

The sensitivity analyses showed the model was
rather insensitive to the maximum phytoplankton
growth rate assumed during the model run (Fig. 5).
On average, the highest assumed growth rates had
�0.5mg/L lowerDOMIN than the lowest assumedmax-
imum growth rates. The model outputs were not sen-
sitive to the assumed phytoplankton settling velocity
within the range of −2.0–0.0 m/d because the phy-
toplankton do not settle to the hypolimnion in these
cases, but the model was sensitive to this assumption
within the range of 0.05–0.70 m/d. Within the higher
range, larger settling velocities resulted in �1.4 mg/L
lower DOMIN. The model DOMIN outputs were
sensitive to the assumed organic matter degradation
rate within the range of 0.005–0.08/d and insensitive

Figure . The relationship between the modeled Spokane River
(CWO_) and Lake Spokane epilimnetic (SPR) TP concentrations
for the June to October period. The epilimentic TP concentrations
were the average – m values for model Segments –. The
results depicted for TPEFF = µg/L actually represent the outcomes
for the TPEFF =  µg/L simulations.
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250 M. T. BRETT ET AL.

Figure . The results of sensitivity analyses of the influence of parameter values on model DOMIN outputs for (a) the maximum phyto-
plankton growth rate, (b) phytoplankton settling velocity, (c) organic matter decomposition, and (d) sediment oxygen demand. The con-
centrations depicted in the upper right hand corner of panel b represent the  different effluent TP scenarios tested for the sensitivity
analyses.

to this assumption in the range of 0.08–1.28/d. Over-
all, higher degradation rates resulted in �3.9 mg/L
lower DOMIN concentrations. The model was insen-
sitive to this assumption at �0.08/d because in these
cases the degradation ratewas substantially higher than
the rate at which organic matter is advected from the
lake during the summer period (i.e., �0.03/d). The
model DOMIN outputs were also sensitive to the SOD
assumption within the range of values tested (0.0625–
1.0 g/m2/d of O2), and DOMIN declined by �2.4 mg/L
when higher SOD values were assumed.

Discussion

The Lake Spokane case presents a unique oppor-
tunity to test the ability of mechanistic models to

simulate natural conditions because it has a detailed
observational record of water quality conditions in
response to a wide range of input TP concentrations
(i.e., 12–140 µg/L). Furthermore, when mechanistic
water quality models are being used to establish impor-
tant public policies, it is a critical best-professional-
practice to quantify the extent to which a particu-
lar model is able to represent the key attributes of
the system on which management decisions are based
(Stow et al. 2003). Our analysis shows the current Lake
Spokane parameterization of CE-QUAL-W2 is not able
to sufficiently represent the TP–Chl–DO conditions in
Lake Spokane to accurately predict the effect of the
TMDL. Observed andmodeled TP and Chl concentra-
tions were not at all or only weakly correlated, and the
model poorly represented the sensitivity of this reser-
voir’s hypolimnetic DO concentrations to TP inputs.
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The model also has a strong bias toward mesotrophic
conditions (epilimnetic TP � 12 µg/L), even when the
effluent TPEFF concentrations were set to �50 µg/L
and the Spokane River concentrations (TPIN) were
<5 µg/L. The inability to reproduce the fundamen-
tal causal relationships underlying the eutrophication
problem suggests that the model fails the most criti-
cal test of its capacity to be used in the extrapolation
domain (Ramin et al. 2012).

Note, however, that our study has not shown that
the water quality model CE-QUAL-W2 is flawed. This
study was intended to test whether this model as cur-
rently parameterized for Lake Spokane is able to repre-
sent the key biogeochemical dynamics of that reservoir.
Perhaps a different parameterization of CE-QUAL-W2
would result in an improved representation of the TPIN,
phytoplankton biomass, andhypolimneticDOpatterns
in this reservoir. Furthermore, our sensitivity analyses
suggest the model outputs are highly influenced by the
assumptions used for several parameters.

Model performance

The Lake Spokane WQ model is based on the well-
established cause and effect relationships between P
input concentrations, lake or reservoir P concentra-
tions, algal biomass and species composition, and the
hypolimnetic oxygen concentrations of stratified sys-
tems (Cornett and Rigler 1979, Chapra and Canale
1991, Molot et al. 1992, Nürnberg 2004, Rucinski et al.
2014). Despite the extensive literature documenting the
basis for the TMDL (Welch and Jacoby 2004, Cooke
et al. 2005), the Lake Spokane WQ model was unable
to represent these processes in a realistic manner. Con-
versely, Lake Spokane’s recovery from severe eutrophi-
cation closely matched expectations based on research
conducted in other aquatic systems (Welch et al. 2015).
That is, when TPIN decreased from an average of 86 ±
37 µg/L (during the hypereutrophic era) to 14± 3 µg/L
(contemporary conditions), epilimnetic Chl concen-
trations decreased from 21 ± 4 to 4 ± 1 µg/L, and
DOMIN increased from 1.4 ± 1.3 to 6.5 ± 0.8 mg/L. In
summary, Welch et al. (2015) showed the real reservoir
responded as expected to changes in external nutri-
ent inputs, but the present study showed the modeled
reservoir did not.

Structural error

All numerical models in earth sciences have
varying degrees of structural error embedded within

their design (Oreskes et al. 1994). We conducted a
series of experiments to quantify the magnitude of
structural errors for the TPIN, TPEPI, and DOMIN con-
centrations. In these experiments, we first set the TPEFF
values for all of the municipal dischargers as well as
Inland Empire Paper to zero. This experiment yielded
TPIN, TPEPI, and DOMIN concentrations of 3.3 µg/L,
12.2µg/L, and 4.9mg/L, respectively. In the next exper-
iment, we set all sources of P to the Spokane River to
zero, including the Spokane River as it leaves Lake
Coeur d’Alene, Hangman Creek, Kaiser Aluminum,
stormwater, combined sewer overflows, groundwa-
ter, and various smaller discharges. This experiment
yielded TPIN, TPEPI, and DOMIN concentrations of
1.1 µg/L, 8.7 µg/L, and 5.1 mg/L, respectively, indicat-
ing a cryptic source of P in the model representation
of Spokane River. This source had a pronounced
diurnal sinusoidal pattern, which could indicate the
model included a pool of P that exchanged with
the river biofilm on a daily basis. Finally, we con-
ducted an experiment where the P concentrations
in the Little Spokane River and direct groundwater
inputs to Lake Spokane were also set to zero, yielding
TPEPI and DOMIN concentrations of 3.7 µg/L, and
5.1 mg/L, respectively. This experiment indicated
the Little Spokane River contributes �5.0 µg/L to
the modeled version of Lake Spokane and that the
Lake Spokane model has a cryptic P source that con-
tributed an additional �2.5 µg/L to the model TPEPI
concentrations.

As previously noted, the Lake Spokane field data
showed a 5.1 mg/L increase in the minimum hypolim-
netic dissolved DO concentration when this system
shifted from hypereutrophy to meso-oligotrophy
(Welch et al. 2015), whereas for the same TPIN levels
the model representation of Lake Spokane showed
only a 1.0 mg/L improvement in DOMIN (Fig. 3).
When all P inputs to Lake Spokane were set equal to
zero, the volume-weighted temperature <15 m and
DOMIN averaged 13.7 C and 5.1 mg/L, respectively.
Freshwater at 13.7 C has a saturated oxygen concentra-
tion of 10.4 mg/L, which indicates the Lake Spokane
model has a structural error of 5.3 mg/L relative to its
sensitivity to P inputs. Additionally, these results indi-
cate that according to the Lake Spokane WQ model,
the TMDL goal of DOMIN >9.3 mg/L cannot be met
regardless of P inputs. This limitation is a critical flaw
in the Lake Spokane model, especially because this
model is the central analytical tool for the Spokane
River basin TMDL. Furthermore, when the effluent
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TPEFF concentrations were set to zero, the model gave
a mean epilimnetic TPEPI concentration of 12 µg/L, a
problematic outcome because the TMDL goal for Lake
Spokane is TPIN <10 µg/L. Conversely, the trends from
Lake Spokane itself indicated continued reductions
in TPIN will likely lead to further improvements in
hypolimnetic DO, although at the current low input
concentrations the minimum hypolimnetic DO
concentrations in Lake Spokane may be equally
sensitive to water residence time (Welch et al. 2015).

Paradoxically, the 2001 calibration data for the Lake
Spokane WQ model suggest it adequately simulated
August vertical DO profiles (Fig. 1), whereas the TPIN
versus DOMIN analysis showed this model poorly char-
acterized Lake Spokane’s sensitivity to TPIN inputs
(Fig. 3). These contradictory results and the outcomes
of our sensitivity analyses suggest that the original
DO calibration may have been achieved by adjust-
ing the particle settling velocity and organic matter
degradation submodels within CE-QUAL-W2 until
the observed and modeled hypolimnetic DO con-
centrations matched. That is, the calibration process
achieved the correct answer for the wrong reasons.
Alternatively, we suggest the calibration process should
attempt to match the observed DO profiles via the
mechanistic basis of the TMDL (i.e., DO dependence
on TPIN), as the observed response showed. During
calibration, equal effort should be devoted to match-
ing the observed trends for the lake’s TP, Chl, and DO
concentrations.

In contrast to field studies showing that the per-
cent cyanobacteria increases dramatically with aver-
age TP concentrations (Downing et al. 2001), the Lake
Spokane model showed virtually no phytoplankton
community composition dependency on TPEPI. How-
ever, this model outcome and its relationship to Lake
Spokane is further complicated because whereas Lake
Spokane often has ephemeral cyanobacteria blooms
(Welch et al. 2015), Lake Spokanewas rarely dominated
by cyanobacteria, even when hypereutrophic (Soltero
and Nichols 1984). Based on the characterization pos-
tulated by the calibration vector, cyanobacteria can
gain a competitive advantage because of their higher
maximum growth rates, higher temperature optima for
growth, neutral or even negative settling rates (buoy-
ancy regulation capacity), and higher light saturation
intensity at the maximum photosynthetic rate (Berger
et al. 2009). Further, a post hoc adjustment assigned
a lower P stoichiometry to cyanobacteria, but the

half-saturation constant for P is set to 3 µg/L for all 3
algal groups considered. Simply put, themodel not only
treats cyanobacteria as (practically) equal competitors
for P uptake, but also the general designation of phy-
toplankton minimizes the likelihood of P limitation in
the system.

Sensitivity analyses

Our sensitivity analyses for DOMIN outputs show the
model is surprisingly insensitive to the assumed max-
imum phytoplankton growth rate, sensitive to the
assumed phytoplankton settling velocity, and sensitive
to the organic matter decomposition rate and SOD.
According to the Lake Spokane WQ model, a range of
TPIN values of 14–86 µg/L would give DOMIN values
that differed by 1.1 mg/L. By comparison, the observed
sensitivity for the maximum phytoplankton growth
rate was 0.5 mg/L, and the sensitivity for the phyto-
plankton settling velocity was 1.4 mg/L. The results for
SOD and the organic matter decomposition rate (sen-
sitivity = 2.3 and 3.9 mg/L, respectively) showed these
submodels potentially have a much greater influence
on model DOMIN concentrations than do the modeled
P inputs. This finding is important to consider dur-
ing an eventual model recalibration. Also note that the
local sensitivity analysis approach presented here may
not always be able to fully elucidate which parame-
ters are more influential because the individual effects
of a particular parameter are also conditional on the
parameter values assigned to additional elements of the
calibration vector or other assumptions made regard-
ing the model forcing functions (Arhonditsis and Brett
2005). Even if the parameters are independent of each
other, the results may still be different due to nonlin-
earities in model behavior, which cannot necessarily be
captured by single-parameter perturbations. Thus, our
proposition in the next iteration of the model is to con-
sider global sensitivity analysis methods that can more
effectively scrutinize the parameter space and obtain a
ranking of input parameters in terms of their impor-
tance, while accommodating any issues of nonlinearity
and/or interactions with other model inputs.

Recommendations

The Lake Spokane WQ model should be recalibrated
to a more appropriate dataset. Using only 2 sampling
dates in close temporal proximity is far below the
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norm for this type of model (Arhonditsis and Brett
2004). In a similar hypolimnetic hypoxia P loading
response model, Rucinski et al. (2014) used 10+ ver-
tical profiles per year over 19 separate years to calibrate
their model. The newmodel calibration dataset should
include at least monthly observations from at least 5
stations spanning at least 6 months preceding and dur-
ing the stratified period when hypolimnetic hypoxia
is of greatest concern. In this type of model, the SOD
submodel can account for a large fraction of the over-
all hypolimnetic oxygen demand (Rucinski et al. 2014).
SOD should also be dynamically coupled to P inputs
so that higher nutrient inputs and phytoplankton pro-
duction are associated with greater SOD and vice versa
(Rucinski et al. 2014).

The model performance goals should be specified
before initiating the model calibration process and
should effectively emerge as synthesis of the follow-
ing, sometimes conflicting, factors (Arhonditsis and
Brett 2004, NRC 2007, EPA 2009): (1) the performance
norms as reported in the modeling literature and the
challenge to achieve balanced error among multiple
model endpoints; (2) the credibility of the mechanis-
tic understanding of the modeled system, including
the available datasets; (3) the uncertainty characteriz-
ing the behavior of any natural system modulated by
an inconceivably wide array of “ecological unknowns”;
and (4) the management objectives being evaluated.

Considering these issues, we suggest goals of r2 >

0.5 against the Nash–Sutcliffe model efficiency index
(McCuen et al. 2006) for both TP and Chl for normally
distributed datasets. We also recommend an RMSE
goal of <3 µg/L for TP and <2 µg/L for Chl. We fur-
ther recommend r2 values of>0.9 for temperature and
>0.8 for DO, with RMSEs of <1 C and <1 mg/L,
respectively. The parameter values used to calibrate the
model should be based on representative literature val-
ues and not just legacy or “typical” values, as is cur-
rently the case (Berger et al. 2009). Recognizing that
even the most articulate models are associated with
some degree of uncertainty and error, we also advocate
for the adoption of a probabilistic approach to TMDL
assessment (Borsuk et al. 2002, Arhonditsis et al. 2011).
Probabilistic strategies offer percentile-based predic-
tions that explicitly incorporate residual variability
into assessments, leading to more appropriate evalua-
tion of the frequency of water quality standard viola-
tions. A rigorous assessment of model uncertainty pro-
vides decision-makers and stakeholders with a tangible

measure of the degree of confidence in model results
and provides an explicit basis for the choice of amargin
of safety in setting a TMDL (Arhonditsis et al. 2011).

Conclusions

Lake Spokane was previously hypereutrophic with a
strongly hypoxic hypolimniondue to Pdischarges from
several WWTPs in the Spokane River basin. The Lake
Spokane and Spokane River parameterization of the
water quality model CE-QUAL-W2 is the sole deci-
sion support tool for the DO TMDL (Moore and Ross
2010), projected to cost several hundred million dol-
lars in infrastructure upgrades for this region. Because
of the unique long-term dataset that exists for this
system, this case study is an excellent opportunity to
develop and implement themost scientific and credible
approach for eutrophication management. For exam-
ple, the model should be recalibrated to a much more
rigorous field dataset; model performance goals should
be determined prior to calibration; and finally, the
expected beneficial outcomes, if the TMDL goals are
achieved, should be specified, and these benefits should
be weighed against the greatly increased energy con-
sumption and greenhouse gas emissions associated
with advanced nutrient removal processes (Falk et al.
2013).

The Lake SpokaneWQmodel was poorly calibrated
to the field TP and Chl data, and the quality of the
field P data used in model calibration was problem-
atic. The model’s DOMIN response to a wide range of
TPIN concentrations indicated only small differences in
hypereutrophic and contemporary DO concentrations.
The model also indicated that no WWTP phosphorus
removal scenario will meet the 9.3 mg/L hypolimnetic
DO goal for Lake Spokane. By contrast, the observa-
tional record for the lake showed a sharp functional
response between TPIN and DOMIN, indicating that
further reductions in TPIN inputs will likely result in
improved hypolimnetic DO. Recent evidence suggests,
however, that Lake Spokane DO concentrations may
nowbe equally sensitive towater residence time (Welch
et al. 2015). The Lake Spokane case study is unusual
because a detailed observational record of this sys-
tem’s deterioration and recovery from severe eutroph-
ication exists. We suggest that the reservoir’s actual
response to TP inputs be given more credence in the
TMDL process than the model representation of this
system.
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