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Abstract
Phosphorus load reduction and dreissenid invasion are the two most important
factors that influence europhication dynamics in the Great Lakes. The 1978 amendments
to the Great Lakes Water Quality Agreement (GLWQA) between the United States and
Canada established target phosphorus loads for the lakes, leading to reductions in
external phosphorus loading to the Great Lakes. With diminished phosphorus levels,
further nutrient management was a minor concern until the proliferation of invasive
dreissenid mussels. Dreissenid mussels were first documented in the Laurentian Great
Lakes in the late 1980s. Zebra mussels (Dreissena polymorpha) spread quickly into
shallow, hard-substrate areas; quagga mussels (Dreissena rostriformis bugensis) spread
more slowly and are currently colonizing deep, offshore areas. These mussels have the
potential to modify biogeochemical processes and food web structure, altering nutrient
cycling and availability. Following the mussel invasion, cyanobacterial blooms and
nuisance benthic algal growth have reappeared in many nearshore areas of the Great
Lakes.
This dissertation characterizes long-term patterns of phosphorus loading and
mussel populations for Saginaw Bay, and estimates the effects of load reductions and
dreissenid invasion on several aspects of pelagic water quality, focusing on phosphorus
flux and cycling in Saginaw Bay. Bayesian approaches were used to quantify the impacts
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of load reduction and mussel invasion, while at the same time addressing model
parameter uncertainty and prediction uncertainty associated with long-term
observational data. Annual total phosphorus load estimates suggest a decreasing trend
until the late 1970s to early 1980s, reflecting the effectiveness of point source controls
implemented pursuant to GLWQA. Despite the decrease, however, the annual loads
have not likely met the 440 tonne yr-1 target established for Saginaw Bay. In 1990 zebra
mussels were discovered in the bay and by 1992 they were widespread and peaked with
densities of >30,000 m-2. Following the peak, mean densities dropped and modeling
results predict that the density will reach equilibria at ~600 m-2. When mussels appeared,
the proportion of tributary phosphorus retained in Saginaw Bay increased from ~0.5 to
~0.7, reducing phosphorus export to the main body of Lake Huron. The combined effects
of increased phosphorus retention and decreased phosphorus loading have caused an
~60% decrease in phosphorus export from Saginaw Bay to Lake Huron. The analysis of
long-term patterns of pelagic water quality highlights the sustained effects of mussel
invasion on altering water quality parameters in Saginaw Bay; there was a consistent
decrease in chlorophyll concentrations by ~46%, and total phosphorus concentrations by
~25%, and an increase in secchi depths by ~15% over ~20 year invasion of mussels. A
comparison of chlorophyll‒phospohrus relationship between pre- and post-invasion
periods suggest the reduced chlorophyll yield for a given phosphorus concentration
after the mussel invasion. Further, decreases in both total phosphorus and chlorophyll
v

concentrations were found in the majority of 24 mussel-invaded US lakes in addition to
Saginaw Bay, and modeling results predict less chlorophyll yields per unit phosphorus
level that ranges from oligo- to mesotrophic conditions. All lines of evidence presented
in the dissertation point to the important roles of load reductions and invasive mussels
affecting eutrophication dynamics in lake ecosystems.
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1. Introduction
1.1 Eutrophication: an ongoing challenge
Apart from recent progress in marine eutrophication science (Paerl et al. 2004,
Howarth and Marino 2006, Smith 2006), comprehensive studies about eutrophication in
freshwater lakes over the last half century have improved our understanding of nutrient
limitation (Beeton 1965, Schindler 1971, Schelske 1979, Lewis and Wurtsbaugh 2008,
Schindler et al. 2008, Conley et al. 2009, Elser et al. 2009), and links between nutrient
loading and algal productivity (Vollenweider 1968, Edmondson 1970, Dillon and Rigler
1974b, Lee et al. 1978, Hecky and Kilham 1988), underscoring the importance of both
point-source (Chapra and Robertson 1977) and diffuse-source (Dillon and Kirchner 1975)
controls. Accelerated human population expansion and industrialization accompanied
by a combination of stressors, such as changes in land-use (Soranno et al. 1996) and
climate (Schindler 2001), and invasive species (Vanderploeg et al. 2002), may lead to
multiplicative and unforeseen responses in lake ecosystems (Paine et al. 1998), hindering
the effects of established management strategies which usually focus on phosphorus
controls (Schindler 2006). Thus, despite our accumulated knowledge and technology,
eutrophication remains as one of the principal issues that should be tackled to maintain
sustainable surface water resources and healthy aquatic ecosystems.
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1.2 Load reduction effects on eutrophication
1.2.1 Phosphorus controls in the St. Lawrence Great Lakes
In the 1950s and 1960s, cultural eutrophication problems became hard to ignore
in the lower Great Lakes, and Lake Erie and Saginaw Bay in particular experienced
massive blooms of nuisance algae (Beeton 1965, 1969, Vollenweider et al. 1974).
Mounting evidence diagnosed phosphorus input as the primary cause of undesirable
eutrophication symptoms; noticeably, Vollenweider’s model (1968), which identified the
quantifiable relationship between nutrient input and eutrophication, became the basis
for eutrophication management in the Great Lakes. Also, a rapid recovery of Lake
Washington, Seattle, following sewage diversion from the lake, negated the argument
that the symptoms of cultural lake eutrophication cannot be reversed (Edmondson 1970).
Prior to phosphorus controls, there was a twofold increase in total phosphorus
concentrations in Lake Erie between 1942 and 1958 (Nicholls et al. 1977). In accordance
with the 1972 Great Lakes Water Quality Agreement (GLWQA) between the United
States and Canada, legislation on limiting levels of phosphates in laundry detergent was
introduced and sewage treatment facilities were upgraded. Further, 1978 amendments
to the Great Lakes Water Quality Agreement (International Joint commission 1978) set
up descriptive water quality goals to achieve desirable lake conditions. One of the goals
was to substantially reduce algal biomass production in Lake Erie and Saginaw Bay. To
attain these goals, target phosphorus loads were established for major portions of the
2

Great Lakes. Subsequently, regulations on wastewater treatment were reinforced and
diffuse source phosphorus controls were implemented. These efforts led to reductions in
external P loading to the Great Lakes (Bierman et al. 1984, Depinto et al. 1986, Nicholls
and Hopkins 1993), followed by significant reductions in the phytoplankton abundance
during the 1970s (Nicholls et al. 1977).

1.2.2 The role of internal recycling in eutrophication
Temporal patterns of water quality parameters in a single lake reveal that lake
responses to reduced loading may not be simultaneous. The delayed lake recovery
subsequent to load reductions is commonly found (Carpenter 2001), however, the delay
time varies substantially among lakes. Some lakes quickly recover, but more generally a
new steady-state is reached 10-15 years after the load reductions for a variety of shallow
and deep lakes (Nurnberg and LaZerte 2004, Jeppesen et al. 2005). The factors
determining the recovery period include hydraulic retention time and past external P
loading properties (Carpenter 2001, Jeppesen et al. 2007). The delayed recovery of lakes
is attributable to internal recycling processes (Nurnberg 2009). In inner Bay of Quinte,
Lake Ontario, reductions in external loading shifted the control of lake phosphorus to
internal loading (Nurnberg 1991). Numerous mechanisms, such as resuspension, redox
conditions, iron relative to phosphorus, and macrophyte structures, were proposed to be
the drivers of phosphorus recycling from sediment (Søndergaard et al. 2003).
3

1.2.3 Nearshore areas: subject to regime shifts
Nearshore segments of larger water bodies—bays, harbors, and estuaries,
constitute the majority of eutrophic portions of the Great Lakes. Large embayments,
such as Saginaw Bay (Lake Huron), Green Bay (Lake Michigan), and Bay of Quinte
(Lake Ontario), have been designated as Areas of Concern (Millard and Sager 1994).
These systems are highly productive naturally and prone to impairment, due to
localized inputs from rivers and direct discharges. On the other hand, bays couple
terrestrial and open lakes systems, intercepting, retaining, transforming, and exporting
inputs from riverine and terrestrial sources (Klump et al. 1997).
Ecosystems respond to environment changes, for example, climate changes,
habitat modification or overgrazing (Scheffer et al. 2001, Schindler 2006). It has been
evidenced that a shallow lake embayment can respond incrementally to the gradual
changes in stressors, while on the other hand it can also shift abruptly and dramatically,
suggesting the presence of alternative stable states (Carpenter 2001). Nutrient loading
can cause such shifts in lakes; once nutrient loading exceeds a threshold, shallow lakes
can shift from transparent, macrophyte-dominant to turbid, algae-dominant systems
without strong signals of warning (Genkai-Kato and Carpenter 2005). The changes in the
reverse direction, reduced loading, may not lead to the recovery of clear water with
vegetation; hysteresis sometimes prevents moving toward the recovery, significantly
lower nutrient loading than the threshold might have to be achieved to restore the
4

desirable state (Scheffer et al. 2001). For a lake without alternative stable states, the
presence of consistent changes can make it vulnerable to perturbation events (Scheffer et
al. 2001).
This has great implications for the management of nearshore areas, which are
constantly exposed to external nutrients and contaminants. With recent oligotrophic
conditions of offshore waters in the Great Lakes after dreissenid invasion, it was argued
that the regulations on phosphorus loading should be relaxed to promote demersal fish
populations. However, a sustained increase in phosphorus loading from the current
levels can make the lake ecosystems less vulnerable to exposure to the stressor, leading
them to unpredictable regime shifts, which could result in substantial economic and
ecological consequences.

1.3 Invasive mussel effects on eutrophication
1.3.1 Dreissenid colonization in the Great Lakes
Dreissenid mussels have been successfully established in Europe and North
American freshwaters. In the lower Great Lakes, zebra mussels (Dreissena polymorpha)
were first documented in Lakes Erie and St. Clair in the mid-late 1980s (Hebert et al.
1989). Zebra mussels had rapidly spread and were found all of the Great Lakes by fall
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1990 (Vanderploeg et al. 2002). In Saginaw Bay, zebra mussels were first discovered in
1990, and became abundant enough to be detectable by fall 1991 (Nalepa et al. 1999).
Quagga mussel (Dreissena bugensis), an analogous species to zebra mussel, was
identified in eastern Lake Erie in 1989 and spread to western Lake Erie and Lake Ontario
by 1993 (May and Marsden 1992, Nalepa et al. 2001). In the late 1990s, the arrival of
quagga mussels to northern Lake Huron and Lake Michigan was evidenced (Nalepa et
al. 2001, Vanderploeg et al. 2002). In the early-mid 1990s, quagga mussels were not
found in Saginaw Bay, but recent data (2008-2009) suggest that this species has been
established throughout the bay.
Both Dreissena species are small (with 25-35 mm of maximum length) and highly
prolific; densities commonly exceed 104/m2, reaching >105/m2 in some areas (Higgins and
Vander Zanden 2010). High filtering rate of zebra mussels, ~10 times that of native
unionid mussels, coupled with ability to filtering a broad size range of particles (~1 um
to 750 um) , contributed to successful invasion of dreissenids in the Great Lakes
(Vanderploeg et al. 2002).

1.3.2 Dreissenid impacts on nutrient cycles and food web structure
Due to their high filtration capacity, dreissenid mussels have the potential to
modify biogeochemical processes and food web structure, altering nutrient cycling and
availability (Figure 1.1) (MacIsaac 1996, Higgins and Vander Zanden 2010). Mussels
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filter seston that includes phytoplankton and microzooplankton (Figure 1.1), while
inhaling a large volume of lake water. Subsequent to dreissenid invasion, decreased
abundance of phytoplankton (Fahnenstiel et al. 1995a, Nicholls et al. 1999, Naddafi et al.
2007) and altered dynamics of zooplankton (Horgan and Mills 1999, Barbiero et al. 2009)
were reported in lakes. Further, selective filtration by mussels may result in a shift in
phytoplankton species composition; because mussels prefer a specific size range of
sestonic particles that are ingested at high rates, large phytoplankton species, such as
chlorophytes and cyanobacteria, would be rejected as pseudofeces (Gergs et al. 2009).
Thus, the increased frequency of cyanobacterial blooms and the algal composition shift
toward cyanobacteria, such as Microcystis, observed after the mussel invasion are likely
attributable to the selective mussel feeding (Bastviken et al. 1998, Bierman et al. 2005,
Sarnelle et al. 2005, Vanderploeg et al. 2009). Mussels assimilate some of the particles
they filter into their biomass, but they excrete a large proportion directly in soluble form
or indirectly in particulate form as feces or pseudofeces (Hecky et al. 2004). The
biodeposits produced by the mussels are further processed by deposit-feeders in the
benthic community (Ozersky et al. 2009), increasing the abundance of benthic animals,
especially amphipods and chironomids (Nalepa et al. 2001, Howard and Cuffey 2006),
and enriching the source of dissolved nutrients for benthic algae, such as Cladophora
(Pillsbury et al. 2002, Higgins et al. 2005, Zhu et al. 2006, Ozersky et al. 2009) (Figure 1.1).
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The effects of mussel filtration activities on the modification of benthic-pelagic
coupling have important consequences for phosphorus fluxes between the water column
and the sediment (Figure 1.2). Mussels would effectively intercept allocthonous
particulate phosphorus, including riverine inputs, and redirect them from the water
column to the sediment (Hecky et al. 2004). Much of this particulate phosphorus is
transformed into soluble form, either by direct mussel excretion, or through
remineralization of feces and pseudofeces by detritivores or decomposers in the benthic
community (MacIsaac 1996). It was also argued that the phosphate, which was
previously sorbed on oxides-hydroxides of iron or aluminum, might be released in the
water while the oxygenated minerals pass through a mussel gut under anoxic conditions
(Hecky et al. 2004, Turner 2010). As such, increased concentrations of phosphate or
soluble reactive phosphorus (SRP) in the water column were observed following the
mussel colonization (Arnott and Vanni 1996, Effler and Siegfried 1998, Conroy et al.
2005a, Turner 2010). However, SRP concentrations in Saginaw Bay remained unchanged
or rather decreased after the mussel invasion (Johengen et al. 1995), indicating that the
phosphorus released can be immediately used for the growth of benthic algae in a
phosphorus limited system. The low SRP concentration in Saginaw Bay coincided with
increasing abundance of benthic algal species (Lowe and Pillsbury 1995).
The intercepted phosphorus will be effectively retained within the system where
sustained colonization of the mussels occurs (Figure 1.2). Substantial amounts of
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phosphorus, which accounts for a significant portion of external input, can be contained
in the mussel tissue and shells, feces and pseudofeces, and associated biomass of
benthos (Johengen et al. 1995, Goedkoop et al. 2011). In addition to the living mussels,
accumulated empty shells can act as a phosphorus sink, also restraining sediment-water
interactions by increasing the roughness of the sediment substrate (Gergs et al. 2009,
Goedkoop et al. 2011). Further, particulate phosphorus included in feces or peudofeces
are bound in mucus; when expelled by mussels, thus, the particles are packaged into
larger aggregates, becoming less prone to resuspension (Hecky et al. 2004). The effects of
mussel invasion on such changes in the food web structure and nutrient cycles are more
pronounced in well-mixed, shallow or nearshore zones of lakes (Fahnenstiel et al. 1995b,
Makarewicz et al. 2000, Carrick et al. 2001, Higgins and Vander Zanden 2010).
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Figure 1.1. Potential direct (bold solid lines) and indirect (thin dashed lines)
effects of mussels on nutrient cycles interplayed by lower food web components.
Modified from Gardner et al. (1995).
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Remineralization
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Figure 1.2. Changes in the concentrations of total phosphorus and phosphate
in the water column (marked by + or ‒ signs, indicating an increase or a decrease of
concentration in the water column, respectively) driven by mussel filtration and
excretion activities. Arrows represent phosphorus fluxes redirected by mussels or
processed by benthos (mussels, detritivores, and benthic algae).
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1.3.3 The nearshore shunt
The nearshore shunt hypothesis was proposed to explain a seeming
contradiction occurred in the Great Lakes concurrent with the colonization of dreissenid
mussels (Hecky et al. 2004); while oligotrophic status of offshore zones remained
unchanged over 1990s, nearshore zones exhibited negative symptoms, which had
diminished with the implementation of phosphorus controls, including cyanobacterial
blooms and most notably, nuisance benthic algal growth. The nearshore shunt theory
contends that mussel filtration activities enhance nearshore interception and retention of
allochthonous nutrients, the majority of which were previously unapproachable for
benthic species, promoting the growth of benthic species such as Cladophora and
Spirogyra. Indirectly, dreissenids modify nearshore habitats to increase substrate
roughness and to increase benthic vegetation, also leading to enhanced phosphorus
retention in nearshore areas. Consequently, less phosphorus is exported offshore to
support primary production and less energy is available for the upper food web in the
offshore areas.
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1.4 Dissertation objectives
Phosphorus load reductions and invasive mussels are the two most crucial
factors that control the eutrophication dynamics in the Great Lakes, and Saginaw Bay in
particular. Subsequent to the potential ecosystem alterations caused by dreissenid
mussels, previous relationships between loading and lake responses may have been
changed. As a result, current management strategies based on water quality responses to
load reductions in the 1970s are no longer working. Thus, it is compelling to revisit
current management strategies that are based on loading controls, and targets for water
quality characteristics.
The main objective of my dissertation is to estimate the effects of load reduction
and invasive mussel on eutrophication dynamics in Saginaw Bay. Retrospective
analyses are performed 1) to estimate the probability of achieving target phosphorus
load as a result of phosphorus controls (chapter 2), 2) to characterize the temporal
demography of mussel populations (chapter 3), 3) to examine if load reductions and
mussel feeding altered the phosphorus retention function of the lake (chapter 4), and 4)
to estimate the changes in pelagic water quality characteristics in parallel with
dreissenid invasion (chapter 5). In addition, Saginaw Bay findings are expanded to
dreissenid-invaded lakes in the US in an attempt to generalize the effects of dreissenid
invasion on modifying nutrient cycles in lake ecosystems (chapter 6). Statistical
problems arise from treating long-term observational data; these issues are addressed by
13

employing Bayesian approaches that can account for spatiotemporal variability inherent
in environmental data, time-variant uncertainty stemming from differing sampling
schemes over time, and observation errors associated with summary statistics of data.

1.5 Study site: inner Saginaw Bay
Saginaw Bay is a large embayment of Lake Huron. Based on distinct
hydromorphological characteristics, the inner bay can be separated from the outer bay
by a path extending from Sand Point to Point Lookout. While the deeper outer bay
(mean depth=14m) exhibits water quality characteristics that are similar to main body of
Lake Huron, the shallow inner bay Saginaw Bay (mean depth=5m) is heavily influenced
by the Saginaw River. Saginaw Bay has been one of the most eutrophic portions of Great
Lakes, and designated as a Great Lakes Area of Concern (AOC) by the International
Joint Commission. The Saginaw River and Bay have been exposed to point and nonpoint pollution sources, including industrial facilities and wastewater treatment plants,
combined sewage overflows, and agricultural sources.
Inner Saginaw Bay is an ideal site to estimate lake responses to load reductions
and mussels due to several reasons: 1) phosphorus control has been implemented since
mid-1970s and mussel colonization has occurred in 1991 in Saginaw Bay; the available
data include pre- and post- periods of both events, spanning 1968-2010. Thus, long-term
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perspectives can be provided to estimate such responses; 2) the conditions of inner
Saginaw Bay are mainly influenced by the Saginaw River, with flow from the Saginaw
River accounting for approximately 90% of total flow to the bay (Bierman et al., 1984).
The heavy influence by riverine sources indicates that the entering phosphorus to the
inner bay are mainly particulate-associated, so particle removal and settlement by
mussels would be clearly displayed in the site; 3) the inner bay exhibits an enclosed
shape and is well-mixed with short retention time. This allows us to expect the
homogeneous impacts of mussel filteration throughout the inner bay, while at the same
time minimizing the impacts of confounding variables, such as thermal stratification; 4)
the shallowness of the inner bay relaxes light limitation to benthic communities,
accentuating the relative importance of benthic algal productivity compared with
pelagic productivity (Lowe and Pillsbury 1995).
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2. Phosphorus load estimation in the Saginaw River
2.1 Introduction
The Great Lakes Water Quality Agreement (International Joint Commission
1978) between the United States and Canada established target phosphorus loads for
the Great Lakes, including a 440 tonne/yr goal for Saginaw Bay, a shallow embayment
on Lake Huron (Figure 2.1). Consequently, efforts to control excessive phosphorus
inputs were implemented (Hartig and Horvath 1982, Michigan Department of Natural
Resources 1991) and early assessment indicated diminishing eutrophication symptoms
in response to phosphorus load reductions (Bierman et al. 1984, Depinto et al. 1986) The
apparent success of phosphorus abatement programs and a shift in the 1980s to concerns
about toxic compounds, along with declining resources for environmental restoration
efforts, all contributed to a demise of monitoring to assess phosphorus loading. Recently,
however, eutrophication symptoms, including harmful algal blooms and nuisance algal
beach deposits, have returned to Saginaw Bay (Bierman et al. 2005) and other coastal
Great Lakes areas, prompting studies into the problem of “reeutrophication” and
underscoring the need for continued long-term phosphorus load evaluation.
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Figure 2.1. Study area. The Saginaw River and Saginaw Bay, Michigan. TP
sample sites denoted 1-5.
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In principle, estimating tributary loads is simple, load (mass/ time) is the product
of concentration (mass/volume) and flow (volume/time); both quantities are relatively
straightforward to measure. However, complications arise when concentration and flow
vary rapidly relative to their measurement frequency, causing uncertainty in the load
estimates. Flow is usually measured continuously and summarized as daily averages for
load estimation. This discretization is a minor uncertainty source for higher-order rivers
that integrate over large areas, damping short-term variability. However, using a daily
average may cause imprecision in smaller, flashy streams. Infrequent concentration data
typically constitute the largest uncertainty source; often measurement is monthly or less
frequent. Additionally, over long time periods, watershed inputs to the tributary may
vary and sampling strategies may differ; few studies have evaluated methods that
capture these changes in time and their contribution to the load estimation uncertainty
(Littlewood et al. 1998, Stow et al. 2001). To avoid confusion, we point out that we use
the term uncertainty, to indicate the precision of a predictive distribution derived from a
Bayesian approach, while previous studies have used uncertainty to refer to the
precision and bias, with respect to a reference load, of estimates obtained using Monte
Carlo simulation (Johnes 2007, Moatar and Meybeck 2007). Uncertainty quantification is
important; loads are estimated to support decision-making and precise estimates
influence decisions differently than imprecise estimates (Reckhow 1994). For example,
with precise load estimates managers can confidently decide whether or not established
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target loads are or are not being met and whether or not additional management actions
will or will not be required. With imprecise load estimates the decision becomes more
difficult and other factors, such as the cost of implementing further management actions,
become increasingly important in the decision process. Thus, without information
regarding uncertainty the utility of mathematical predictions for management decisionmaking is unclear (Stow et al. 2007).
Previously published methods for estimating riverine loads can be divided into
three categories based on how unsampled concentration values are estimated: (1)
averaging (or interpolation) (Ferguson 1986, Littlewood 1995, Phillips et al. 1999, Quilbe
et al. 2006, Johnes 2007, Salles et al. 2008), (2) ratio estimators, namely, (i) flow-weighted
mean concentration (Littlewood 1995, Phillips et al. 1999, Moatar et al. 2006, Quilbe et al.
2006, Johnes 2007, Salles et al. 2008) or (ii) Beale’s ratio estimator―an expansion of (i) by
multiplying bias correction term that accommodates covariance between observed load
and flow values (Dolan et al. 1981, Richards and Holloway 1987, Young et al. 1988,
Littlewood 1995, Phillips et al. 1999, Quilbe et al. 2006, Johnes 2007) and (3) rating curve
(or regression) methods (Ferguson 1986, Cohn et al. 1989, Cohn et al. 1992, Phillips et al.
1999, Runkel et al. 2004, Quilbe et al. 2006, Mailhot et al. 2008, Shrestha et al. 2008). We
note that although (2)-(i) flow-weighted mean concentration is classified as an averaging
method it forms the basic equation of ratio estimation. Averaging methods use sample
concentrations as representative values over the interval between samples and do not
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usually exploit any relationship between concentration and flow that might provide
information about missing concentration values. In contrast, ratio and regression
estimators incorporate concentration‒flow relationships, implicitly in the former, and
explicitly in the latter. Ratio estimation predicts the aggregation of unsampled
concentrations by estimating the ratio of the sum of sampled loads to the sum of
sampled flow. Regression methods predict concentration as a function of flow (or flow
and additional covariates). When there is no observable concentration‒flow relationship
in the data then the three methods become similar, but the properties of their sampling
distributions may differ.
Numerous studies have compared these methods under differing hydrological
regimes, basin scales, and sampling frequencies to estimate annual loads for sediment
(Phillips et al. 1999, Quilbe´ et al. 2006, Salles et al. 2008) and nutrients including total
phosphorus (TP) (Dolan et al. 1981, Littlewood 1995, Kronvang and Bruhn 1996, Moatar
and Meybeck 2005, Quilbe et al. 2006, Johnes 2007, Salles et al. 2008). Generally, these
studies have indicated that even when there is little relationship between concentration
and flow, ratio estimation approaches are still unbiased and precise. However,
Kronvang and Bruhn (1996) and Moatar and Meybeck (2005), advocated an averaging
method (sample mean concentration and mean flow of the entire population) based on a
root mean square error (RMSE) criterion in which higher precision might offset high bias
(Ferguson 1987, Quilbe et al. 2006, Johnes 2007). Also, many studies have evaluated the
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effect of sampling frequency on the performance of load estimation methods; they
stressed that infrequent sampling substantially degrades the reliability of estimates
(Johnson 1979, Dolan et al. 1981, Littlewood et al. 1998, Phillips et al. 1999, Coynel et al.
2004, Johnes 2007, Moatar and Meybeck 2007). Nonetheless, ratio estimation approaches
tended to be reasonably unbiased and precise with changing sampling intervals as
compared to averaging estimation (Dolan et al. 1981, Littlewood et al. 1998, Johnes 2007,
Salles et al. 2008).
Because of their insensitivity to large sampling time intervals and maintenance of
desirable properties in the absence of a concentration-flow relationship, the ratio
estimator was selected to assess Saginaw River TP loading to Saginaw Bay. We
incorporated the ratio estimator into a Bayesian hierarchical/multilevel framework to
quantify the uncertainty associated with long-term estimation. Bayesian models yield
probability distributions (instead of point estimates) providing quantified uncertainty
measures for model parameters and predictions. Further, a Bayesian
hierarchical/multilevel approach allows us to disaggregate long-term data into smaller
time units, each of which possesses its own properties while simultaneously
“borrowing” information from the entire time-series.
This paper develops ratio estimation models through several stages: (1) we start
with an overview of the ratio estimator; (2) two simple Bayesian models are developed (i) a complete-pooling model, deriving a common ratio across the entire period of
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interest, and (ii) a no-pooling model, yielding separate ratio parameters for each year; (3)
temporal hierarchy is added to the simple Bayesian model structure, resulting in a
partial-pooling model, a compromise between the complete- and no-pooling models.
Our study focuses on the partial-pooling results, though we compare them to the
complete- and no-pooling models to underscore the advantages of using Bayesian
hierarchical/multilevel techniques. The remainder of our study explains how the
uncertainty estimated through partial-pooling can be used to assess target phosphorus
load compliance. Further, a variation of the partial-pooling model is shown; the annual
time frame is decomposed into quarters, and seasonal loads, instead of annual loads, are
estimated. For notation, we will use the term hierarchical to denote
hierarchical/multilevel and the term partial-pooling will be used to represent the
Bayesian hierarchical approach when compared with complete- or no-pooling
approaches.

2.2 Methods
2.2.1 Description of study area and data
The Saginaw River and Bay have been designated a Great Lakes Area of Concern
(AOC) by the International Joint Commission due to numerous use impairments
including symptoms of eutrophication (Figure 2.1). Historically, the Saginaw River and
Bay have been affected by both point and non-point pollution sources, including
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numerous industrial facilities and wastewater treatment plants, combined sewage
overflows, and agricultural sources. The Saginaw River accounts for approximately 90%
of the total nutrient load to the bay (Bierman et al. 1984).
To estimate TP loads, Saginaw River data for TP concentration were obtained
from STORET(U.S. Environmental Protection Agency) for the period from 1968 to 2005.
Data for 2006-2007 were provided directly by the Michigan Department of
environmental Quality and 2008 data were collected by the authors. The available data
were from five different stations along the river and their measurement frequency and
location differed over the period of record (Table 2.1).Though it is likely that there is a
longitudinal concentration gradient along this river section that would be discernible
with a careful sampling protocol, the available data were fairly haphazard over time and
exploratory analysis revealed no systematic differences among the sites. Thus, to
maximize sample size we included the data from all five sites in this analysis. On the
days when TP data were available from multiple stations we used the average value.
Flow data for the Saginaw River at sample site 4 (Figure 2.1) from 1968 to 2008 were
obtained from the USGS. However, intermittent absences were found at lower flows
(<283 m3/s) until the early 1990s (Figure 2.2). To estimate these missing values we
developed the following linear regression equation using flow data from two tributaries,
the Tittabawassee and Flint Rivers, for which data were complete during the
corresponding period:
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log(Qs) = 1.414 + 0.566 log(Qt) + 0.422 log(Qf) + ε
where Qs, Qt, and Qf represent flow (m3/sec) data at the Saginaw, Tittabawassee
and Flint Rivers, respectively and ε is the error term. The tributaries captured the most
variability of the Saginaw River flows with R2 = 0.86, residual standard error = 0.38 on
6,238 degrees of freedom. The estimated values were then exponentiated into the natural
metric with a retransformation bias correction (Cohn et al. 1989, Stow et al. 2006).
Because these missing flows were predicted fairly precisely we did not include the
uncertainty associated with their estimation in the TP load uncertainty.
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Table 2.1. Estimated total phosphorus loads from 1968 to 2008 with 95% predictive intervals, annual mean flows,
probabilities of exceeding target phosphorus load (440 tonnes/yr), and sample sizes
95%
Mean
predictive
flow
interval

(tonnes/yr) (tonnes/yr) (m3/s)

Probability
exceeding
440
tonnes/yr Total

1968

1108.9

327.4

115.9

1.00

13

13

0

0

0

0

13

1969

1541.7

342.1

123.4

1.00

12

12

0

0

0

0

12

12

0

0

0

0

12

Year

Estimated
load

Sample size
Station 1 Station 2 Station 3 Station 4 Station 5 Used in the models 1

1970

898.4

328.0

104.0

1.00

12

1971

742.1

366.1

104.1

1.00

11

11

0

0

0

0

11

1972
1973

960.4

619.0

127.3

1.00

7

7

0

0

0

0

7

1430.5

487.0

196.1

1.00

23

10

0

6

0

7

20

1974

1645.1

253.8

171.5

1.00

41

0

0

27

3

11

31

1.00

46

0

0

24

11

11

39

0

90

101

12

12

186

1975

1428.4

265.8

203.1

25

1976

1038.8

61.8

210.5

1.00

215

1977

616.8

177.6

88.6

1.00

47

0

0

23

12

12

35

1.00

254

0

206

24

12

12

217

0

150

24

11

12

165

1978

650.9

32.4

104.4

1979

474.5

48.8

110.7

1.00

197

1980

529.6

28.9

118.3

1.00

288

0

243

21

12

12

246

1.00

35

0

0

12

11

12

23

0

0

12

5

12

17

1981

885.2

284.0

168.9

1982

1397.9

315.9

162.6

1.00

29

1983

644.4

372.0

156.2

0.99

30

0

0

12

6

12

18

0

0

12

32

12

43

0

0

12

16

12

28

1984

763.3

126.6

140.1

1.00

56

1985

1356.7

424.2

244.4

1.00

40

1986

1287.3

370.7

251.5

1.00

28

0

0

12

4

12

15

0

0

12

0

14

14

0

0

12

1

12

13

1987

442.5

356.2

128.3

0.50

26

1988

660.0

368.4

134.2

0.99

25

1989

265.8

116.3

0.91

28

0

0

12

4

12

16

0

0

12

4

12

16

1990

547.1

421.6

168.9

0.83

28

1991

1103.6

216.9

193.2

1.00

64

0

0

32

4

28

37

1.00

74

0

0

35

4

35

48

0

0

13

4

13

16

1992

583.5

210.7

185.8

1993

631.9

379.8

167.1

0.97

30

1994

1012.8

421.1

159.8

1.00

8

0

0

2

4

2

6

0

0

0

4

0

4

0

0

7

4

7

11

1995

393.3

718.5

121.9

0.41

4

1996

704.2

530.9

167.5

0.97

18

1997

468.8

837.0

151.1

0.57

4

0

0

0

4

0

4

0

8

0

4

0

12

0

0

0

3

0

3

1998

503.9

577.8

125.4

0.66

12

1999
2000

379.1

448.6

78.2

0.30

3

423.9

473.5

87.8

0.46

4

0

0

0

4

0

4

0

12

0

3

0

15

0

12

0

4

0

16

26

2001

818.0

246.4

123.2

1.00

15

2002

623.6

256.0

119.6

1.00

16

2003

228.2

216.6

67.1

0.00

16

0

12

0

4

0

16

0

12

0

4

0

16

2004

740.1

267.5

146.4

1.00

16

2005

361.6

350.8

116.8

0.20

14

0

12

0

2

0

14

1.00

12

0

12

0

0

0

12

0

12

0

0

0

12

0

31

0

0

0

31

2006

1

529.5

1177.4

372.4

177.3

2007

411.5

344.1

121.9

0.36

12

2008

544.7

240.8

140.6

0.95

31

On the days when multiple TP concentrations were sampled at different stations, the average values were used.

Figure 2.2. Saginaw River flow depicting measured and estimated daily
average values.

2.2.2 Model development
2.2.2.1 Ratio estimation
Estimation of the annual constituent loads falls within the scope of finite
population theory in statistical inference (Royall 1970, Royall and Herson 1973). Given a
finite population, when an auxiliary variable X is available for a variable of interest Y,
the values of which are approximately proportional to those for X, ratio estimators
calculate a ratio of their sample means (or sums) to estimate the corresponding
population ratio. Assuming that X is known, the objective is to estimate the population
total of Y by multiplying the ratio estimator and the population total of X. In this
application X represents river flow (or discharge) and Y represents load.
Applying this concept to the case of estimating annual load, consider a finite
population consisting of multiple years each containing finite distinct units. The finite
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population is divided into M identifiable subpopulations (years in which load and flow
data are available), Uj, where Uj possesses Nj units and j = 1, 2, …, M. Individual Nj
numbers are equivalent to either 365 or 366 herein, while the number of units in the
entire population, U = (U1 , U 2 ,..., U M ) , can be expressed as N =

M

∑1

N j . Given the

variable of interest, daily load (L), and its auxiliary variable, mean daily flow (Q), let the
value of L and Q for unit i, of the subpopulation Uj be denoted by lij and qij , respectively,
where i = 1, 2, …, N j . Let s j be a sample of the subpopulation Uj and associated
sampled values be ( ls j , qs j ). Conversely, unsampled values of the subpopulation Uj are
denoted as ls% , where s% j = U j − s j . In addition, the size of samples in the entire
j

population s = ( s1 , s2 ,..., sM ) is n =

M

∑1

n j . In a sample s j of size n j , where the

corresponding number of l and q are observed, the ratio estimator for the subpopulation
total (annual load for a given year), T j =

Tˆj = βˆ
where βˆ =

nj

nj

∑ i =1 ls ∑ i=1 qs
j

j

Nj

∑i=1 lij , can be defined as:

(∑

Nj
q
i =1 ij

)

(2.1)

.

2.2.2.2 Bayesian ratio estimation
In contrast to the conventional randomization models, prediction, i.e.
superpopulation, models for finite populations consider the particular values
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l = (l1 j , K , l N j j ) as the realization of independent random variables,
{Lij :1 ≤ i ≤ N j ,1 ≤ j ≤ M } (Herson 1976). Under the prediction approach, Royall (1970)
suggested that the model structure corresponding to the ratio estimator can be
expressed as:

( )

Lij = β Qij + ε ij Qij

ε ij ~ No(0, σ y 2 )

1/ 2

(2.2)

for 1 ≤ i ≤ N j and 1 ≤ j ≤ M , where ε ij is residual error term and σ y is standard
deviation of ε ij . Equation 2.2, in which the variance of Lij, as well as the expected value,
is proportional to Qij, provides a framework to predict T j using weighted least squares.
Based on this, Bayesian approaches add an additional layer of probability
structure, with the prior probability distribution expressing a priori knowledge on the
unknown parameters, β and σ y , before sj is observed (Gelman et al. 2004). It is noted
that the dimension of β differs depending on whether the variation among the
subpopulations is acknowledged during model fitting; the parameter β is represented by
1 × M vector when a model, i.e. no-pooling, estimates separate parameters within each
subpopulation, while its dimension shrinks to a scalar when a model, i.e. completepooling, fits the data across all subpopulations without distinction.
The likelihood corresponding to s j of size n j can be expressed as:
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nj

{

}

p( Lij | Qij , β , σ y ) ∝ ∏ (σ y 2 qij )−1/ 2 exp (−1/ 2)(lij − β qij ) 2 /(σ y 2 qij )
2

i =1

(2.3)

For the prior probability distribution, a non-informative prior is assumed:

p ( β , σ y 2 ) ∝ σ y −2

(2.4)

Combining the prior knowledge and information entailed in the observations,
referred to prior distribution and likelihood, respectively, the joint posterior distribution
is notated as p( β , σ y 2 | Lij ) . The joint distribution can be factored into conditional and
marginal distributions: p ( β , σ y 2 | Lij ) = p ( β | σ y 2 , Lij ) p (σ y 2 | Lij ) . The distribution of
parameter β conditional on σ y 2 has the distribution,

(

)

(

p β | σ y 2 , Lij ~ No βˆ ,V σ y 2

(

T
where βˆ = Qij HQij

)

−1

)

(2.5)

Qij HLij , V = (QijT HQij ) −1 , and H is a diagonal matrix of which
T

diagonal components are supplied with q = (q1 j , K , qN j j ) .
The marginal distribution of σ y 2 is given by inverse- χ 2 distribution whose parameter
consists of the degree of freedom, ( n j − 1) :

p (σ y 2 | Lij ) ~ Inv-χ 2 (n j − 1, G 2 )

(

where G = Lij − Qij βˆ

) H (L
T

ij

− Qij βˆ

(2.6)

) (n − 1) , the sum of squared weighted residuals.
j

After observing the subset sj, a sequence of l j = (l1 j , K , l N j j ) derived from

{Lij :1 ≤ i ≤ N j ,1 ≤ j ≤ M } can be partitioned into sampled values, ls j , and unsampled
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values, ls% j . Subsequently, when a subpopulation total, T j , is partitioned into the
sampled total, Ts j =

nj

∑ i=1 ls

j

and unsampled total, Ts% =
j

N j −n j

∑i =1

ls% j , the problem

becomes to estimate the predictive distribution for Ts% by inferring the ls% j conditional
j

on ls j (Royall and Herson 1973). In this regard, a Bayesian approach offers a useful
analytical tool, with the posterior predictive distribution allowing for the explicit
analyses of predictive uncertainty (Ericson 1969, Kolehmainen 1981). The conditional
posterior predictive distribution follows a normal distribution (Gelman et al. 2004):

(

(

)

(

) )

N −n
N −n
2
2
T
−1
p T~s j | σ y , Ts j ~ No βˆ ⋅ ∑i =1j j q ~s j , ∑i =1j j I + Qij VQij σ y

(2.7)

where I = identity matrix.
Further, the predictive distribution for the subpopulation total has the same
distribution as equation 2.7 with a different mean as follows:

(

)

(

(

) )

N −n
N −n
2
2
T
−1
p T j | σ y , Ts j ~ No Ts j + βˆ ⋅ ∑i =1j j q ~s j , ∑i =1j j I + Qij VQij σ y

(2.8)

2.2.2.3 Bayesian hierarchical ratio estimation
A problem encountered in long-term data to be analyzed by years is that sample
size varies across the years, thus annual estimates generated from small sample sizes are
subject to large standard errors. One approach to address this is to allow these estimates
to borrow information from the estimates for the entire population. The underlying
assumption is that subpopulations within the population share common characteristics.
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As such, whereas simple Bayesian modeling assigns a non-informative uniform
prior to the ratio parameter, Bayesian hierarchical, i.e. partial-pooling, assigns the prior
an informative distribution as follows:

β j ~ No( µ , σ β 2 )

(2.9)

for 1 ≤ j ≤ M , where µ and σ β represent inter-annual mean and standard
deviation, respectively (Gelman and Hill 2007). Because of the common prior, the yearspecific parameter values are now estimated as a weighted average of the no-pooling
parameter estimates for individual years ( l s j q s ) and the overall parameter estimate
j

across years.

βˆ j ≈

(n

j

)(

σ y 2 ⋅ ls

(n

j

j

) (

)

qs j + 1 σ β µ

) (

σ y2 + 1 σ β 2

2

)

(2.10)

where l s j = the sample mean load for year j and q s = the sample mean flow for year j.
j

The weights are determined by individual year sample size (ni), within-year variance
( σ y 2 ), and the variance among the parameters of the different years ( σ β 2 ). When the
sample size of a year is large, the multilevel estimated year-specific parameter estimate
will be close to the no-pooling parameter estimate. When the sample size is small, the
multilevel estimated year-specific parameter estimate will be close to the overall
parameter estimate across years. If there are no data for a particular year, the multilevel
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estimate of the year-specific mean is the overall parameter estimate. In addition to the
sample size, the multilevel estimate also considers the levels of between and within year
variances. If the between-year variance ( σ β 2 ) is high, the weight on the overall
parameter will be small, and the individual year parameter will be weighted heavier,
and vice versa. This partial pooling of the data across years allows year-specific
estimates without requiring a large sample size for each year. Additionally, by pooling
data from multiple years, the uncertainty associated with year-specific prediction is
reduced.
Compared to the separate year estimates, the multilevel estimate of individual
year estimates are pulled towards the overall average. Years with larger sample sizes
are pulled less, while years with smaller sample sizes will be pulled more to the overall
mean. This pooling-effect represents a form of information discounting. If a year with
few observations, or a large variance, has a mean TP load ( Ts + βˆ ⋅
j

N j −n j

∑ i =1

qs% j ) much

higher than the overall mean, we are likely to doubt the validity of the estimate. The
multilevel approach provides a sensible way of discounting information that may be
considered less trustworthy.
Model parameter posterior distributions were simulated using Markov chain
Monte Carlo (MCMC) procedures in the software program WinBUGS (Lunn et al. 2000).
A model convergence was decided when the potential scale reduction parameter (R-hat)
for all parameters was not greater than 1.1 (Gelman and Hill 2007). We used the
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simulated posterior distributions along with the sum of flow data over a given year to
calculate the posterior predictive distribution of the annual load for the year using the R
programming language (Ihaka and Gentleman 1996); on the days when concentration
data were unavailable, to draw random samples from their posterior predictive

(

)

distribution, first parameters β , σ y 2 estimated by observations, Lij , were drawn from
the joint posterior distribution and then Ts% j was drawn as stated in equation 2.7. On the
days when concentration data were available we calculated point estimates for load
using the measured concentration and flow, and included these values instead of the
posterior predictive distribution in the annual load summation.

2.3 Results
With complete-pooling the predictive distributions of annual TP load show yearto-year variability but no systematic change with time, a result consistent with the
imposed time-invariant model structure (Figure 2.3a). The yearly variability depends
solely on the variability of the mean annual flow (Figure 2.3a and Table 2.1). Because TP
loads have changed over time, the complete-pooling results are misleading.
Additionally, given that complete-pooling fits a single ratio parameter over the entire
41-year time series, the resultant uncertainty about the ratio parameter is small.
Consequently the predictive intervals are deceptively small (Figure 2.3a).
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Figure 2.3. (a) Estimated mean annual Saginaw River TP loads (tonnes/yr)
1968-2008 using the simple and hierarchical Bayesian models with 95% predictive
intervals (vertical lines). The gray horizontal line represents the target phosphorus
load (440 tonnes/yr). (b) Estimated mean ratio parameter (K∙mg/L, where K =
conversion factor), from 1968 to 2008 using the Bayesian hierarchical model with
standard errors (vertical lines). The gray horizontal line represents the corresponding
value to meet the target phosphorus load at long-term average annual flow 1968-2008.

When the time-invariant structure is relaxed, using partialpooling, or removed,
using no-pooling, a slight decrease in TP load shows up early in the series (Figure 2.3a).
Since the late 1980s TP loads have varied from year to year with no obvious trend. The
partial-pooling and no-pooling results are similar in most years (Figure 2.3a), with the
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biggest differences occurring in years with few observations such as 1995 and 1997 (nj =
4). During these years the no-pooling estimated TP loads are unusually low, while in
comparison, the partial-pooling loads are closer to the overall mean. In contrast, despite
small sample sizes of 3 and 4, respectively, the partial-pooling results for 1999 and 2000
were less influenced because they were not as low as 1995 and 1997. This result
illustrates the idea that we are less likely to believe extreme estimates that are supported
by few observations. Partial-pooling accommodates this notion by pulling these lowdata years toward the center.
The estimated ratio parameters, β, show a clearer decrease than the annual loads
that also stabilizes in the 1980s (Figure 2.3b). β captures TP concentration changes with
time, damping the noise that yearly flow variation adds to the load estimates. For
example, the decisive role of flow level on load can be seen in 1985 and 1986. Although
the estimated ratios are close to the overall average (~15) (Figure 2.3b), the
corresponding loads are high due to extremely high mean flows in those years (Figure
2.3a and Table 2.1).
When sample size is small, the partial-pooling effect on the uncertainty of the
estimates is as important as the effect on the estimates themselves. Partial-pooling
decreases the uncertainties both in β (Figure 2.4a) and estimated load (Figure 2.4b),
reducing the maximum standard error (±61% of the mean) and 95% predictive interval
(±238% of the mean) in the no-pooling estimates to ±23% and ±91%, respectively. The
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pooling-effect rapidly decreases with increasing sample size; with sample sizes of less
than five the predictive intervals are reduced by nearly 160 tonnes/yr. In contrast, the
predictive intervals associated with sampling frequencies more often than monthly are
minimally affected. From a practical perspective, Figure 2.4 provides guidance
regarding the marginal value of increasing sample size. Consistent improvements in
precision regarding both model parameter (Figure 2.4a) and estimated load (Figure 2.4b)
with increasing sampling frequency indicate zero uncertainty under daily sampling
schemes.

Figure 2.4. (a) Pooling-effects on the standard errors of estimated ratio
parameter, and (b) pooling-effects on the width of the 95% predictive intervals vs.
sample size.

When daily load observations and mean predictions derived from completepooling and partial-pooling are compared (Figure 2.5a and b, respectively), we see that
37

partial-pooling results a slightly better goodness-of-fit (R2 = 0.80) than complete-pooling
(R2 = 0.73). On an annual basis partial-pooling appears unbiased (Figure 2.5d, R2 = 0.99)
and still outperforms complete-pooling (Figure 2.5c, R2 = 0.90). These figures provide a
reminder that bias is a long-term relative frequency property and that individual
realizations from an unbiased process may not track their corresponding observations
with complete accuracy. Equations 2.1 and 2.2 show that the ratio estimator models are
designed for aggregate estimation; using the results from these or similar unbiased
approaches at finer scales of temporal resolution should be done with this caveat in
mind.
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Figure 2.5. Predicted loads versus observed loads. Daily load observations
versus predictions (metric tons/day) using (a) the complete-pooling model and (b) the
partial-pooling model. Annual aggregates of daily load observations versus
aggregates of daily load predictions (metric tons/yr) using (c) the complete-pooling
model and (d) the partial-pooling model.

Our results indicate that it is unlikely that the Saginaw River alone has met the
440 tonnes/yr target TP load established for entire Bay, even in recent years (Figure 2.3a).
Bierman et al. (1984) reported that the Saginaw River constitutes approximately 90% of
the total nutrient load to the Bay thus, it is almost certain that target load for Saginaw
Bay is not currently being met. This study has not attempted to identify specific
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phosphorus sources; however, earlier work indicated a large agricultural component
(Chapra and Robertson 1977).
The probability that the TP load in any particular year has exceeded 440 tonnes
can be assessed from the posterior predictive distributions (Table 2.1). We chose four
years, one in each decade, to illustrate this idea (Figure 2.6). Each year has a different
mean; the degree of uncertainty is reflected by the variance of the distribution. Among
these four, the distribution for 1977 has the largest sample size (nj = 35) and is relatively
narrow with the highest peak (Figure 2.6a), while 1997 with the smallest sample size (n j
= 4) is flatter and wider (Figure 2.6c). The exceedance probability is dependent on both
the mean and the variance; even a very low mean may be associated with high
exceedance probability if a low sample size imparts high uncertainty. As such, in 1977,
1987, 1997, and 2007, the probabilities that the annual TP load exceed 440 metric tons/yr
are 1.00, 0.50, 0.57, and 0.36, respectively.
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Figure 2.6. Predictive distributions for the estimated annual TP loads and
probabilities of exceeding the target load, 440 metric tons/yr. Shaded areas represent
the proportion of the loads that exceed the target load in (a) 1977, (b) 1987, (c) 1997,
and (d) 2007.

We emphasize that the annual load and consequently the exceedance probability
are substantially determined by the annual flow; high flow years are more likely to
exceed the target load than are low flow years (Table 2.1). Because flow and TP
influence eutrophication both independently and interactively, years that violate the
target load due to unusually high flow are not necessarily years with the most severe
eutrophication symptoms (Borsuk et al. 2004). Additionally, the high inter-annual flow
variance makes it difficult to discern long-term patterns such as upward or downward
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trends. Previous studies have suggested alternatives to assess compliance with
pollutant load targets (Stow and Borsuk 2003); for Saginaw Bay the mean ratio
parameter, β, (Figure 2.3b) may provide a useful complementary metric that minimizes
the confounding influence of varying flow.
TP loads are commonly used as input to predict phosphorus levels and other
eutrophication symptoms (Brett and Benjamin 2008), and the predictive models are
typically fit using annual values. However, in some lakes seasonal loads or
concentrations may be considered more relevant drivers of eutrophication than annual
estimates (Stow et al. 1997, Lathrop et al. 1998). To examine seasonal loading changes
with time we refit the partial-pooling model and decomposed the time units from 41
years into 164 quarters; as such, the seasons are the units independent of one another
from year to year. The estimated seasonal TP loads suggest the importance of spring
loads as a contributor to the annual loads (Figure 2.7). Average spring flow is
approximately two to three times larger than flow in the other seasons, consequently
average spring load is comparably larger. Decomposition of the time frame into seasons
also suggests that most of the decrease over time that shows up in the annual loads has
occurred in the spring; the other seasons have been relatively stationary. Also, dividing
the sample size included in each group by four increased the relative uncertainty and
lowered the value of information conveyed by estimation; compared to the average
uncertainty estimate (95% predictive interval) for the annual estimation, ±26.5% of the
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average annual load, uncertainties in the seasonal estimation are estimated as: ±36.2%,
±48.5%, ±52.8%, and ±63.8% of the average spring, summer, fall, and winter loads,
respectively.

Figure 2.7. Estimated seasonal TP loads (metric tons/season) for (a) spring
(March – May), (b) summer (June-August), (c) fall (September – November), and (d)
winter (December – February) from 1968 to 2008.

2.4 Discussion
Our results demonstrate the advantages of using the Bayesian hierarchical model
over the simple Bayesian methods (complete and no-pooling models). Compared to
complete-pooling, the partial-pooling approach better matches the observed loads at
both aggregated and disaggregate time-scales. Moreover, the complete-pooling model
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obscures trends. Thus, although we included this method for comparison, completepooling is not appropriate for this or other systems that are changing with time.
Littlewood et al. (1998) pointed out that low sampling frequencies make
interpreting temporal patterns difficult. TP or any constituent observations obtained
with infrequent sampling often capture a limited (usually lower) range of concentrations
and coincide with low flows, subsequently underestimating the annual loads. In such
cases, the estimates from the no-pooling analysis, whereby the overfitting small number
of observations within each year is allowed, might lose reliability. In contrast, it is clearly
presented in our study that the partial-pooling model prevents the production of these
radical estimates by “borrowing strength” from the shared population among the years
(see 1995 and 1997 estimates on Figure 2.3a). Consequently, the uncertainties about the
parameters and predictions derived using the no-pooling model are reduced using
partial-pooling, especially when sample sizes are small.
The importance of uncertainty analyses in annual constituent load estimation
cannot be overemphasized. Previous studies have demonstrated that there is no
universally applicable method yielding unbiased precise estimates in all circumstances;
in fact, slight changes in sampling frequency, flow regime, degree of correlation between
flow and constituent concentration considerably influence the performance of a method.
Thus, the validity of any method cannot be assured when facing a long time-series, the
years within which were governed by different climate, hydrological conditions,
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management practices, and sampling strategies. In this regard, the ratio estimator that
gives point estimates without any measurement of precision is inappropriate in
addressing long period loads estimation. In contrast, the Bayesian hierarchical technique
gives the value of information conveyed by the annual estimates depending on sample
size. Our study results indicate that the predictive uncertainties are fairly large (±8–57%
of the mean annual load) under monthly to weekly sampling frequencies. Thus,
sampling frequencies can be selected to provide a level of precision that is consistent
with the precision required for effective decision-making.
From a practical perspective, point estimates can make it difficult to reconcile
conflicting results arising from different studies. For example, two previous studies, that
estimated annual TP loads for the Saginaw River (Bierman et al. 1984), and to Saginaw
Bay (Lesht et al. 1991), reported considerable disagreement for the 1975 estimate.
Although the load to Saginaw Bay is expected to be larger, the annual TP load in 1975
for the Saginaw River, 1267 tonnes/yr, exceeded the load to Saginaw Bay, 1118 tonnes/yr,
by 149 tonnes/yr. A credible accounting for the uncertainty in these point estimates
might help resolve this apparent discrepancy, if considerable overlap in the respective
predictive intervals was evident.
The Bayesian hierarchical framework we used to partially-pool data across years
also can be used with other methods to estimate constituent loads. Our study, with no
discernible relationship between concentration and flow, is just a special case of the
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regression approach. The intercept and slope parameters which characterize the
relationship between flow and concentration in a regression model can be estimated
using partial-pooling. In addition, the temporal hierarchy imposed in our study can be
replaced by a spatial or spatiotemporal hierarchy. In such cases, the precision of the
estimates derived from a site with small sample size can be enhanced by borrowing
strength from other sites.
Partial-pooling is based on an assumption that the model parameters are
exchangeable (Gelman et al. 2004). Generally, this assumption implies that there are no
leftover patterns among the parameters, given the model structure. In this example it
means that the ratios across years share a common distribution, having the same mean
with random effects being given. However, the slight decrease early in the series in
annual loads and ratio parameters indicates that the exchangeability assumption is not
strictly met. To test the consequences of this assumption we revised the model using
stratified-partial-pooling whereby the data are divided into two time groups, before and
after 1980, within each of which no discernable trend is found (Figure 2.8). Although the
annual loads with stratified-partial-pooling before 1980 are generally pulled upward
and vice versa (1995 and 1997 are exceptions, revealing the decreased pooling-effect for
the years with small sample size compared to partial-pooling), the stratified partialpooling and partial-pooling results are similar. These results indicate that the practical
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implications of this modest assumption violation are not very important in this
particular case.

Figure 2.8. Estimated mean annual Saginaw River TP loads (tonnes/yr) 19682008 using the partial-pooling and stratified-partial-pooling with 95% predictive
intervals (black vertical lines). Stratified-partial-pooling means that the partialpooling methods are separately implemented for two time groups, before and after
1980 (gray vertical line), within each of which no discernable trend is found.

Despite the certain gains, a few limitations on the interpretation of our model
results should be mentioned. We assumed that uncertainties in the flow estimates, as
well as spatial variations across the multiple sampling stations along the river would be
minimal. Though these assumptions are unlikely to be strictly true, they may be
partially accommodated by the residual error term with minimal consequences for
inference (Stow et al. 2006). However, their validity invites future research to quantify
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the uncertainties in predictor variables and include non-nested temporal and spatial
hierarchies in the model structure.

2.5 Conclusion
Our study demonstrates that the ratio estimator combined with Bayesian
hierarchical modeling provides a useful basis for riverine TP annual load estimation.
This methodological framework can be used to analyze the loads of any constituents
that do not show strong flow-concentration relationship. Also, annual time basis can be
decomposed into quarters or months when sufficient observational data are provided.
Using this approach, annual load estimates are presented with predictive intervals,
which explicitly acknowledge uncertainty about the model parameters and sample
variations. This uncertainty measure about the estimates can be used to calculate the
probability of exceeding a target load, the goal of many water quality control strategies.
Phosphorus has been recognized as a major limiting factor in the Great Lakes,
and riverine TP loads are common measures of nutrient inputs to a lake and related to
lake water quality parameters, such as phosphorus, chlorophyll, and dissolved oxygen.
Thus, we anticipate that the extended record of annual phosphorus loads produced by
our model would be a starting point to identify the dynamics of “reeutrophication” in
the Great Lakes area.

48

3. Long-term dynamics of mussel populations in
Saginaw Bay
3.1 Introduction
Dreissenid mussels have been successfully established in Europe and North
American freshwaters. In the lower Great Lakes, zebra mussels (Dreissena polymorpha)
were first documented in Lakes Erie and St. Clair in the mid-late 1980s (Hebert et al.
1989) ; the quagga mussel (Dreissena bugensis) was identified in Lake Erie in 1989 (May
and Marsden 1992, Vanderploeg et al. 2002), and in 1990 zebra mussels were detected in
Saginaw Bay (Nalepa et al. 1999).
Concurrent with the colonization of dreissenid mussels, dramatic changes in
water quality occurred throughout Great Lakes. Such changes include chlorophyll
decreases and increased water clarity (Holland 1993, MacIsaac et al. 1999),
cyanobacterial blooms and nuisance benthic algal growth (Higgins et al. 2005, Bykova et
al. 2006), which were observed in nearshore areas of the lower Great Lakes. It is
expected that dreissenids are the driver of the recent water quality changes, attributable
to their filtration ability to profoundly re-engineering aquatic ecosystems (Thayer et al.
1997, Strayer et al. 1999, Howard and Cuffey 2006). This re-engineering has led to
redirecting energy and nutrients from the water column to the sediment (MacIsaac 1996,
Hecky et al. 2004).
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Among benthic filter feeders, dreissenids exhibit unprecedented capacity of
population size and filtering activity. Biomass of mussels measured in nearshore areas of
the Great Lakes is 20-52 times larger than crustacean zooplankton, and the filtering rate
of zebra mussels can exceed that of unionid mussels by a few orders of magnitude
(Vanderploeg et al. 2002). The potential effects of mussel filtration on suppressing
phytoplankton biomass can be estimated by comparing mussel filtration capacity with
algal growth rates; in many Great Lakes, the filtration capacity exceeded or approached
the rate of algal growth rate, meaning that mussels can effectively remove sestonic
particles including phytoplankton from the water column(Bunt et al. 1993, Fahnenstiel et
al. 1995b, Vanderploeg et al. 2001).
Filtration activities of mussels affect the mechanisms underlying nutrient cycling
and energy flow, and estimation of the filtering rate requires information about
population abundance, which can be represented by biomass or density along with shell
length, is required (Fanslow et al. 1995). Thus, population size is a key factor that
determines the magnitude and extent of dreissenid impacts on any ecological variables.
Population size of dreissenids shows large variability among different aquatic
systems (Burlakova et al. 2006). Densities higher than 105/m2 and biomass higher than
5kg/m2 were reported (Millane et al. 2008). Among the Great Lakes and adjacent lakes,
average population densities in western Lake Erie and Oneida were higher than those in
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the other Great Lakes by an order of magnitude (Nalepa et al. 1999). Even within a lake,
dreissenid density varies site-to-site (Ramcharan et al. 1992a).
Ramcharan et al. (1992a) suggested that calcium, phosphate, and nitrate ions and
pH account for spatial variability of dreissenid populations, predicting presence and
density in a lake; high calcium along with high pH is required to develop shell of
mussels. Mellina and Rasmussen (1994) set the calcium threshold, which limits the
presence of mussels in the St. Lawrence River, at 15mg/L, and argued that substrate
types of the sediment is a more important predictor of mussel density, with larger
substrate size resulting in higher mussel density.
In addition to large spatial differences, dreissenid densities can vary temporally
to a great degree. In some European lakes populations drastically decreased by over two
orders of magnitude in a few months, while they varied by only l0-30% over 5 to 10-yrinterval in the other lakes (Ramcharan et al. 1992b). Strayer and Malcom (2006)
summarized the long-term patterns of invasive species populations into five kinds: 1)
boom-and-bust pattern, with the ‘peak’ period maintaining high densities for several
years and subsequent declined densities for a long time, 2) stable pattern that shows
regular fluctuations depending on dominant year-class structure, 3) equilibrial pattern,
with an insignificant long-term tendency to increase or decrease, 4) irregular pattern,
which can be characterized by distinct, non-systematic fluctuations with their driver
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being unknown, and 5) lag pattern, with a long lag of population growth followed by
limitless increases.
In Saginaw Bay, zebra mussels were first detected in 1990 and became abundant
in 1991 (Nalepa et al. 1999). Earlier Saginaw Bay studies (Nalepa and Fahnenstiel 1995,
Nalepa et al. 1999), which analyzed annual mussel densities during 1991-1995,
suggested that the mussel populations reached a peak in 1992, and a rapid collapse led
to an equilibrium by fall 1993. As such, the temporal dynamics of mussel densities in the
inner bay are likely to exhibit the boom-and-bust pattern. Combining the published data
with recently attained mussel densities in 1996, 2008-09, we analyzed the spatial
distribution and temporal patterns of mussel densities in inner Saginaw Bay. Further,
we developed and evaluated a Bayesian model that characterizes the temporal dynamics
of dreissenid populations with a boom-and-bust pattern, accounting for spatiotemporal
variability.

3.2 Data description
Late summer/fall of 1991-1996, and 2008-2009, zebra and quagga mussels were
sampled at six sites using SCUBA divers (Figure 3.1). The habitats of these sites mainly
consist of hard substrates (Table 3.1). To measure density (no. /m2), divers randomly
sampled three replicates at each site, with being replicates 2-3 m distant from each other
(Nalepa et al. 2002). Biomass (tissue ash-free dry weight, AFDW. /m2) was determined
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from length-weight relationships. At least 23 individuals among the samples were
weighted each year. Length-weight conversions were conducted based on the samples
collected at Station 5 and Station 19 every year. Lengths were measured directly or
estimated (Nalepa et al. 2002).

Figure 3.1. Locations of mussel sampling sites in inner Saginaw Bay, 1991-1996
and 2008-2009. Dashed line separates the inner bay from the outer bay.
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Table 3.1. Sampling depth and substrate type at six sampling sites in inner
Saginaw Bay (Nalepa et al. 2002)
Station
5
6
13
14
15
16

Depth (m)
3.5
4.0
3.0
3.5
3.0
3.5

Substrate
Cobble, sand, gravel
Sand, gravel, some cobble
Sand, gravel, some cobble
Sand, gravel, some cobble
Sand, some cobble
Sand, gravel, some cobble

3.3 Data analysis
On an annual basis, mussel densities in inner Saginaw Bay showed large year-toyear differences (Table 3.2; Figure 3.2). Although large adult individuals sampled and
analyzed in 1991 suggest the presence of 1990-year-class, the first large recruitment of
zebra mussel occurred in 1991, resulting in dramatic initial population increases (Nalepa
et al. 1995). Following the increases in 1991, mean densities at four sampling sites
peaked in 1992 except for Stations 6 and 15 (Table 3.2; Figure 3.2). Densities at Stations 6
and 15 peaked in 1994 and 1991, respectively. One year after the peak, mussel
populations rapidly crashed, with the mean yearly density in 1993 lower than that in
1992 by an order of magnitude. At 4 stations (Stations 5, 14, 15, and 16) densities
appeared to be rebounded in 1996, however, significantly low densities at the other
stations (Stations 6 and 13) dampens the increase in the corresponding annual density.

54

In the recent years (2008-2009) the mean yearly densities further decreased by an order
of magnitude compared to 1996.
On a spatial scale, large site-to-site variability was found given a year in the early
colonization period, while in 2008 and 2009 the variability decreased with decreasing
density levels (Table 3.2; Figure 3.2). Spatial patterns were not systematic over the study
period; densities were not consistently higher or lower at a specific site compared with
other sites.

Table 3.2. Mean density (no./m2) of dreissenid mussels at sampling sites in
inner Saginaw Bay. Mean per station and year was calculated from three replicates.
Station

1991

1992

1993

1994

1995

1996

2008 2009

5
6
13

28,244
4,453
-

75,296
3,620
8,956

237
3,557
376

2,959
10,725
855

1,019
2,291
211

3,067
61
150

847
1,076
140

775
364
253

14
15
16

209
43,117
27

63,243
5,556
46,360

7,507
7,341
4,831

3,900
9,725
1,727

2,564
6,728
60

5,427
17,600
6,981

394
327
-

326
404
-

Mean1 15,210 34,975 3,975
4,982
1 means over triplicates and stations

2,146

5,548

557

425
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Figure 3.2. Mean annual densities (no./m2) measured at six sites in inner
Saginaw Bay.

Biomass of Dreissena showed temporal patterns similar to density (Table
3.3;Figure 3.3). Mean annual biomass across inner sampling sites also peaked in 1992,
followed by substantial decreases until 2009. A rebound of density in 1996 was also
found for biomass. As a result, biomass is strongly related to density, with the density
explaining most of the variability in the biomass (R2=0.91).
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Table 3.3. Mean and standard deviation of density (no./m2) and biomass
(AFDW/m2) of dreissenid mussels at six sampling sites in inner Saginaw Bay.
Standard deviations were calculated from station means.
Year
1991
1992
1993
1994
1995
1996

Density
15,210 ± 19,493
34,975 ± 31,851
3,975 ± 3,213
4,982 ± 4,204
2,146 ± 2,472
5,548 ± 6,523

Biomass
12.3 ± 7.6
58.6 ± 28.1
4.5 ± 2.1
9.2 ± 2.4
4.9 ± 1.6
14.7 ± 6.4

2008
2009

557 ± 389
425 ± 204

2.0 ± 0.4
1.5 ± 0.6

Figure 3.3. Density (no./m2) vs. biomass (AFDW/m2) in inner Saginaw Bay.
Each circle depicts annual mean across sampling sites in the inner bay. The solid line
represents density-biomass relationship, Log(mean biomass) = −4.15 + 0.73 ∙ Log(mean
density), R2=0.91.
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3.4 Bayesian modeling of temporal dynamics of mussel
populations
3.4.1 Methods
Surveys of mussel densities in inner Saginaw Bay were conducted from 1991-96
and reinitiated in 2008-09, resulting in 11 consecutive years without density
measurements. Subsequent to the density peak(s) in the early years of colonization, the
mussel populations were decreased in the following years and continued decreases were
observed in 2008-2009. As such, it would be reasonable to assume that the temporal
changes would follow a boom-and-bust pattern. The random variable (D) representing
mussel density is described with a log-normal distribution as:
D ~ Lognormal (Ct, σ2)

(3.1)

Mussel densities are characterized by a linear increase until the peak year (1992
at most stations), followed by an exponential decrease with a non-zero asymptote. Thus,
the mean density can be expressed:
Ct = b ∙ t , for t ≤ tc
Ct = c0 ∙ exp{k(t – tc)} + c1 , for tc < t,

(3.2)

where Ct is the mussel density in year t (1000 no./m2), tc is the peak year after
which the mussel density pattern would decrease, b is the rate of linear mussel density
increase until tc, c0 is the mussel density in tc (= b0 + b1· tc – c1), c1 is a non-zero asymptote,
and k is the exponential decrease rate of the mussel density. The non-zero asymptote (c1)
was imposed with the expectation that the mussels will persist at approximately stable
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densities. We used non-informative prior distributions for all model parameters except
k, which was expressed as: k ~ Uniform (-10, 0).

3.4.2 Results
The long-term dynamics of mussel populations of inner Saginaw Bay can be
characterized by a boom-and-bust pattern with rapid increases in the early years of
invasion followed by consistent decreases in mussel densities over the subsequent years
(Figure 3.4). Our model successfully captures the density peak year, 1992 (Figure 3.4).
Further, the modeling results illustrate that median estimates represent the observed
densities fairly well, with the peak density at 33,100/m2 and decrease below 1,000 first in
1995. However, the model underestimates the density level in 1991. The converged
median asymptote is estimated to be ~600, meaning that the mussel densities would be
maintained approximately 600/m2 in the future. The distributions of mussel densities for
individual years exhibit non-negativity, positively-skewness, and increasing variance
with increasing densities. Thus, using the log-normal as the error distribution seems
reasonable. The variability of observed mussel densities within years is large; although
using the log-normal distribution increase the predictive uncertainty at high densities, a
number of high and low density observations are not confined in 95% predictive
intervals (Figure 3.4).
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Figure 3.4. Observed versus modeled mussel densities in inner Saginaw Bay,
1991-2009. The dots represent observed mussel densities (no./m2) at six sampling sites
in the inner bay. The gray lines indicate 95% predictive intervals from the Bayesian
modeling with log-normal error distribution, and the black lines indicate medians.

3.5 Discussion
Wide annual fluctuations of mussel densities commonly occur especially during
the years of initial mussel colonization (Ramcharan et al. 1992b, Nalepa et al. 1995,
Burlakova et al. 2006), as observed in Saginaw Bay. The dreissenid populations in inner
Saginaw Bay have developed into three stages: 1) sharp initial increases, 2) a population
collapse and subsequent decreases, and 3) relatively constant density levels. The boomand-bust dynamics, which are well supported by the density samples of the inner bay,
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appear to be a common pattern that dreissenid mussels exhibit over time. The boomand-bust dynamics have been also found in inner Long Point Bay, Lake Erie (Petrie and
Knapton 1999), eastern Lake Erie (Depew et al. 2006), Lake Naroch, Belarus (Burlakova
et al. 2006), and several European lakes (Strayer and Malcom 2006).
Zebra mussels were first introduced into Saginaw Bay probably in 1989 to 1990.
The first large recruitment occurred in 1991 and in a year after, the population
abundance reached a peak in most of the sites in the inner bay (Table 3.2; Figure 3.2).
The latency period, which can be defined as, the time spent from initial detection to
initial colonization, in inner Saginaw Bay of ~1-2 years is comparable to the latency
period in Lake Naroch (~3 years) (Burlakova et al. 2006). Also, the time between initial
detection and maximum population density in the inner bay, ~2-3 years, falls into the
range of the corresponding period (typically 2-3 years) in other European and North
American lakes (Burlakova et al. 2006).
The population collapse subsequent to the peak density can be explained by
several hypotheses. Nalepa et al. (1995) suggested that poor food quality led to low
survival rate at larval settling stage, resulting in decreases of populations in inner
Saginaw Bay; the poor food quality was evidenced by decreased rates of mussel weight
to shell length from 1991 to 1993. A recent Saginaw Bay study (Vanderploeg et al. 2009)
also demonstrated that the negative feedback between selective mussel feeding and
phytoplankton community structure promoted the summer dominance of Microcystis
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aeruginosa, lowering the seston quality during summer. This perspective is consistent
with the simulation results, indicating that high mortality at the settling stage can cause
substantial decreases after high density (Casagrandi et al. 2007). In inner Long Point Bay,
along with inadequate food supplies, waterfowl predation was suggested as the cause of
population reductions. Predation by benthic fish species, roach (Rutilus rutilus), was
found to compress zebra mussel population in Lake Erken, Sweden (Naddafi et al. 2010).
Also, invasive fish, round gobies (Neogobius melanostomus), now observed in all five of
the Great Lakes, are known to negatively influence on mussel populations through
predation (Depew et al. 2006, Lederer et al. 2006).
Burlakova et al. (2006) argued that biomass is a better predictor of ecological
impacts than density is. Further, presence of a strong year-class makes the biomass
weakly correlate with the density, at the same time leading to cyclic population
dynamics with a peak-to-peak interval similar to lifespan of mussels. However, the
positive relationship between biomass and density in Saginaw Bay was tight (Figure 3.3),
which suggest the short lifespan or limited growth of individual mussels in Saginaw Bay.
The weak sign of year-class structure contributes to the aperiodic patterns and the
population crash shown in the inner bay.
Although bottom areas of the sampling sites in the inner bay consist of hard
substrates (Table 3.1), density levels of the inner bay during the early colonization are
lower compared to those measured in the corresponding period in rocky areas of the
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other lower Great Lakes (Nalepa et al. 1995). Nalepa et al.(1995) demonstrated that
limited distribution of cobble, a preferable substrate type, prevented zebra mussels from
maintaining high densities over years. Thus, suitable substrate might be a primary factor
that determines the carrying capacity of Dreissena in a lake. This is consistent with the
finding that substrate size successfully predicted mussel densities in lakes (Mellina and
Rasmussen 1994).
Despite the low densities along with low spatial variability in 2008 and 2009, it is
not certain if the mussel populations in Saginaw Bay reached equilibrium. Large spatial
variability, along with discontinued monitoring of mussel densities over a decade,
makes the decision more difficult. Irregular population crashes or peaks, similar to the
rebound in 1996, might have occurred during the years without measurements. In
addition, it is still possible that another ‘boom’ appears in the future; in a Polish lake,
two different peaks, which have comparable densities each other, were recorded with
the interval of 16 years (Casagrandi et al. 2007). Thus, ongoing monitoring efforts on
mussel abundance and biomass are required to fully understand the population
dynamics and changes in ecological impacts of Dreissena in Saginaw Bay.
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4. Mass balance model evidence that invasive mussels
restrict offshore phosphorus transport in Lake Huron
4.1 Introduction
Though currently recognized as an important nutrient limiting primary
productivity in freshwater ecosystems (Schindler 1977, Schindler et al. 2008),
phosphorus was scarcely mentioned in early work discussing eutrophication in the
Laurentian Great Lakes (Beeton 1965). Subsequently, phosphorus was identified as the
key limiting nutrient for primary producers in the Great Lakes and, amid considerable
controversy, phosphorus reduction was identified as the management option necessary
to control eutrophication (Schindler and Vallentyne 2008). Consequently, the 1978
amendments to the Great Lakes Water Quality Agreement (GLWQA) between the
United States and Canada (International Joint Commission 1978) established target
phosphorus loads for the lakes, resulting in a phosphate detergent ban and enhanced
sewage treatment. These efforts led to reductions in external phosphorus loading to the
Great Lakes (Depinto et al. 1986) including Lake Huron (Bierman et al. 1984).
With diminished phosphorus levels, further nutrient management was a minor
concern until the proliferation of invasive dreissenid mussels (Hebert et al. 1989). Zebra
mussels (Dreissena polymorpha) and quagga mussels (Dreissena rostriformis bugensis)
modify biogeochemical processes and food web structure, altering phosphorus cycling
and availability (Thayer et al. 1997, MacIsaac et al. 1999, Strayer et al. 1999, Vanderploeg
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et al. 2002). Although some water quality characteristics, such as clarity, improved
following the dreissenid invasion (Holland 1993, Johengen et al. 1995, MacIsaac et al.
1999) other eutrophication symptoms that had diminished with the implementation of
phosphorus controls, including cyanobacterial blooms and nuisance benthic algal
growth, have reappeared in nearshore areas (Bykova et al. 2006, Vanderploeg et al. 2009,
Higgins and Vander Zanden 2010). To explain this “re-eutrophication” despite lower
phosphorus loads, the “nearshore phosphorus shunt” hypothesis contends that
dreissenid mussel filtration and excretion have increased phosphorus retention and
availability in nearshore areas; consequently, less phosphorus is transported offshore to
support primary production and therefore less energy is available for the offshore foodweb (Hecky et al. 2004).
Saginaw Bay is a large embayment (~2,700 km2) on the western side of Lake
Huron (Figure 4.1). The bay is separated into an inner and outer region due to water
circulation patterns and other physical features that make the two sections distinct. The
inner bay (mean depth ~ 5 m) is warm, eutrophic, turbid, and experiences only
intermittent vertical stratification. Input from the Saginaw River comprises
approximately 70% of the flow into the bay and strongly influences the water quality
characteristics of the inner bay. Approximately 70% of the inner bay bottom consists of
sand, gravel, and cobble; the remainder is mud and silt. The outer bay (mean depth ~14
m) is colder, clearer and essentially an extension of the main body of Lake Huron which
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is generally nutrient-poor and oligotrophic. The eastern shore of the outer bay is rocky,
the western shore sandy, most of the offshore consists of silty sand (Nalepa et al. 1995).
In 1990 zebra mussels were discovered in the bay (Nalepa et al. 1995) and by
1992 they were widespread and peaked with densities of > 30,000 m-2 (Nalepa et al. 2003).
Following this peak, mean densities dropped and ranged from approximately 2,0005,500 m-2 from 1993-1996 (Nalepa et al. 2003). Johengen et al. (1995) estimated that the
mussel soft-tissue, standing-stock of phosphorus ranged from 52-682 tonnes (1991-1993)
indicating a high potential for phosphorus retention, though the long-term fate of
phosphorus in mussel tissue, feces, or pseudofeces is unknown.
The nearly 20 year presence of mussels in Saginaw Bay provides an opportunity
for a retrospective analysis to examine the long-term effect on mussel phosphorus
sequestration and their influence on nearshore-to-offshore phosphorus transport. We
use a mass balance model, with both historical and recently collected data, to estimate
the annual phosphorus sedimentation (1968-2008) in Saginaw Bay, and the phosphorus
export to Lake Huron, to examine if changes in these processes concurrent with the
dreissenid invasion are discernible.
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Figure 4.1. Map of the Canadian/United States Laurentian Great Lakes. Inset
depicts Saginaw Bay, located on the southwestern side of Lake Huron. Contours
depict depth (m).
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4.2 Methods
We estimated annual phosphorus budgets using a mass balance model
developed for Saginaw Bay (Chapra 1979, Chapra and Reckhow 1983). Net phosphorus
sedimentation is determined by three components: external phosphorus inputs, changes
in phosphorus storage and total phosphorus output as:
sedimentation = input ± ∆content – output (4.1)
where total phosphorus output consists of advective and diffusive mass transport. In
expanded form, net phosphorus sedimentation is calculated as:
St = Wpt – K · {Vt · ∆Pt + Qoutt · Pt + E’t · (Pt – Poutt)} (4.2)
where subscript t denotes the year, S is net phosphorus sedimentation rate (tonnes yr-1),
Wp is external phosphorus input (tonnes yr-1), V is the volume of the inner bay (m3), ΔP
is the difference in total phosphorus concentration of the inner bay from the previous
year (mg L-1 yr-1), Qout is the hydrologic outflow from the inner bay (m3 yr-1), P is the
total phosphorus concentration of the inner bay (mg L-1), E’ is bulk diffusion coefficient
(m3 yr-1), Pout is the total phosphorus concentration of the outer bay, K is a conversion
factor (10-6), t is the index indicating annual mean values in year t, 1968-2008. Wp was
calculated using a Bayesian hierarchical ratio estimation method (Cha et al. 2010). We
incorporated unmonitored tributaries by increasing Saginaw River flow by 25% which
approximates the ratio of the entire drainage area to the Saginaw River basin (Canale
and Squire 1976, Bierman et al. 1984). We calculated V, by multiplying the inner bay
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surface area (1,400 km2) by the mean depth. Because annual water level fluctuations
since the 1970s have been substantial relative to the depth of the bay we adjusted the
mean depth used by Chapra (1979) with the annual water level information previously
reported (Sellinger et al. 2008). We estimated Qout based on annual mean inflow (Qin)
and the annual difference in the amount of water contained in the inner bay:
Qoutt = Qint – ∆Vt + As · (Prect – Evapt)

(4.3)

where ΔV is the difference in V from the previous year. E’ was estimated using the
chloride difference between the inner and outer bays and incorporating more recent
information indicating chloride is not at steady-state (Chapra et al. 2009). E’ was
calculated as:
E’t = {Wct – K · (Vt · ∆Clt + Qoutt · Clt)}/ (Clt – Cloutt)

(4.4)

where Wc is annual mean external chloride input (tonne yr-1), Cl and Clout are mean
chloride concentrations of the inner and outer bay, respectively, (mg L-1), and ΔCl is the
difference in chloride concentration of the inner bay from the previous year (mg L-1 yr-1).
Wc was estimated with the Bayesian hierarchical ratio estimation (Cha et al. 2010).
We only estimated values in years for which both inner and outer bay total
phosphorus data were available, thus we made no estimates from 1981-84, 1990, 1997-98,
2001, 2003, and 2005-06 (Table 4.1). No inner bay chloride data were available from
1987-89 and in these years we used the overall chloride mean from 1980-1990. Outer bay
chloride data were not available from 1986-1989 and 1999-2007 and in these years we
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used the overall mean from the entire time period. Outer bay chloride concentrations
were consistently low (< 10 mg L-1) and minimally variable.
To estimate the uncertainty of the annual net sedimentation values we generated
10,000 Monte Carlo estimates for each year by drawing samples from independent
distributions representing the annual mean total phosphorus concentrations and the
annual total phosphorus inputs. This estimated uncertainty largely reflects the sample
size in each year; some years were monitored intensively and others sparsely (Table 4.1).
Chloride estimates within years were minimally variable and were not included in the
uncertainty estimates.
Phosphorus and chloride concentration data (Table 4.1) were obtained from the
United States Environmental Protection Agency’s online STORET database (1969-2005),
the Michigan Department of Environmental Quality (2006-2007), previously reported
(Bierman et al. 1984) information (1974-1980), and the National Oceanic and
Atmospheric Administration Great Lakes Environmental Research Laboratory (NOAA
GLERL) (1991-1996 and 2008-2009). Lake Huron annual average water level data are
compiled by NOAA GLERL. The United States Geological Survey provided Saginaw
River flow data.
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Table 4.1. Sources and samples sizes of Saginaw Bay total phosphorus and
chloride data. Data sources were numbered by 1= Legacy STORET, 2= Modern
STORET, 3= MDNRE, 4= NOAA GLERL, and 5= Bierman et al. (1984).
Year

1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008

Inner bay
TP
3
2
10
5
2
91
119
117
5
76
90
120
0
0
0
0
4
8
8
8
8
0
141
142
76
64
56
62
16
19
20
16
39
53
45
54
38
56
42
17

Cl
3
2
6
5
2
10
23
18
5
5
4
9
0
0
0
0
3
1
0
0
0
0
143
142
76
64
56
27
16
19
20
16
39
53
45
54
38
56
42
20

Sample size
Outer bay
TP
1
1
12
6
1
30
31
26
4
16
16
24
2
0
0
0
3
5
2
2
4
0
21
17
12
9
7
7
0
0
4
4
0
2
0
1
0
0
2
3
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Data source
Cl
1
1
6
6
1
9
1
4
4
4
2
5
1
0
0
0
2
0
0
0
0
0
17
17
9
7
7
7
0
0
0
0
0
0
0
0
0
0
0
3

1
1
1
1
1
1,5
1,5
1,5
1
1,5
1,5
1,5
1
NA
NA
NA
1
1
1
1
1
NA
4
4
4
4
4
4
1
1
2
2
2
2
2
2
2
3
3
4

4.3 Results
Annual total phosphorus load estimates reflect the effectiveness of point source
controls (Chapra and Robertson 1977) implemented pursuant to the GLWQA as well as
yearly tributary discharge variability (Figure 4.2). Due to inputs from point sources prior
to regulation in the late 1970s, and several unusually wet years in the mid 1980s, the
overall mean phosphorus load to Saginaw Bay was 1172 (± 88) tonnes yr-1 before the
dreissenid invasion (± denotes one standard error). Since the invasion in the early 1990s,
the overall mean load has been 775 (± 100) tonnes yr-1. Only during unusually dry years
have annual loads come close to meeting the 440 tonne yr-1 target established by the
GLWQA.
Net phosphorus sedimentation differs yearly, but the overall mean was virtually
unchanged after the dreissenid invasion, dropping slightly from 587 (± 98) to 561 (± 117)
tonnes yr-1 (Figure 4.3a). However, because phosphorus loading has been lower in the
post-mussel era, the input phosphorus proportion retained in the sediments increased
from 0.46 (± 0.05) to 0.70 (± 0.06) (Figure 4.3b). Consequently, total phosphorus export
from the inner bay decreased from an overall mean of 624 (± 69) tonnes yr-1 pre-invasion
to 247 (± 82) tonnes yr-1 post-invasion (Figure 4.3c). As a proportion of phosphorus load
the export dropped from 0.55 (± 0.05) to 0.33 (± 0.06) (Figure 4.3d). Our estimates
indicate that export by turbulent diffusion exceeds advective export (Figure 4.3e and
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4.3g, respectively) consistent with previously reported results (Chapra 1979). Diffusive
export dropped from a mean of 430 (± 70) to 154 (± 83) tonnes yr-1 pre to post-invasion
while advective export dropped from 194 (± 15) to 93 (± 15) tonnes yr-1. Relative to total
phosphorus load these values represent pre to post-invasion drops from 0.38 (± 0.05) to
0.22 (± 0.06) and 0.17 (± 0.01) to 0.11 (± 0.01) for diffusive and advective export,
respectively.

Figure 4.2. Estimated annual Saginaw Bay total phosphorus loads. Black dots
depict mean estimate, error bars depict ± one standard deviation of the predictive
distribution. Black horizontal lines depict overall means for pre and post mussel
periods; grey shading represents ± one standard deviation of predictive distribution.
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Figure 4.3. Annual estimates of net total phosphorus sedimentation (a), net
total phosphorus sedimentation divided by total phosphorus load (b), total
phosphorus export (c), total phosphorus export divided by total phosphorus load (d),
diffusive total phosphorus export (e), diffusive total phosphorus export divided by
total phosphorus load (f), advective total phosphorus export (g), and advective total
phosphorus export divided by total phosphorus load (h). Error bars indicate ± one
standard error and reflect the uncertainties in the annual mean total phosphorus
concentrations and the annual total phosphorus inputs. Horizontal lines represent
overall means ± one standard error pre (red) and post (blue) mussel invasion.
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4.4 Discussion
Retrospective analyses typically have caveats arising from influences that are
confounded during the period of record as well as differing data sources and sampling
strategies over time. In this analysis differentiating the mussel influence from the effects
of decreasing loads is difficult; data in the transitional period during the implementation
of phosphorus regulations and preceding the dreissenid invasion (1979-1990) are
particularly unevenly distributed with a gap of four years from 1981-84 (Table 4.1).
Additionally, proportional phosphorus sedimentation in the pre-mussel period (19691990) was variable with high values occurring in the pre-phosphorus control period
(before 1979) that are similar to values since the mussel invasion, and low values in the
mid-late 1980s, after phosphorus control measures were implemented (Figure 4.3b). This
pattern is likely due to the changing nature of the phosphorus inputs in response to
control measures, and may reflect sediment phosphorus release as external inputs
declined, but the available data do not support a definitive interpretation of the
processes that caused the observed changes.
Nevertheless, in most years for which mussel density data are available the
proportional phosphorus sedimentation during the mussel era has been minimally
variable and above the average proportional sedimentation, suggesting that the mussels
have stabilized the phosphorus retention efficiency at a relatively high level (Figure 4.4).
In the post-invasion years there is no apparent relationship between mussel density and
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phosphorus proportion retained. The lack of relationship is not too surprising; based on
filtration rates reported by Fanslow et al. (1995), even at the lower densities observed in
2008 the mussels would have the capacity to filter the entire volume of the inner bay > 10
times during the reported hydraulic residence time of 120 days (Johengen et al. 1995).
Our results indicate that the combined effects of decreased phosphorus loads and
a proportional increase in nearshore phosphorus retention are associated with an
approximate 60% decrease in phosphorus export from the inner to the outer portion of
Saginaw Bay. This estimated decrease is significant; Saginaw Bay is estimated to supply
approximately 22-40% of the Lake Huron total phosphorus load, averaging
approximately 28%. Concurrently, offshore phosphorus concentrations in Lake Huron
have decreased and become comparable to those of oligotrohic Lake Superior.
Since the mussel invasion, Lake Huron has suffered a collapse of the demersal
fish community (Riley et al. 2008a). More recently, key components of the zooplankton
and benthic invertebrate communities have experienced a similar demise (Nalepa et al.
2007, Barbiero et al. 2009). Bottom-up nutrient limitation has been implicated as the
likely cause of these food-web changes (Barbiero et al. 2011). Our results support the
hypothesis that decreased offshore phosphorus transport is contributing to ongoing
food web shifts. Dreissenid mussels enhance phosphorus retention in nearshore areas
through the accumulation of particulate biodeposits in the sediments (feces and
pseudofeces), and the excretion of bioavailable phosphorus that is sequestered by
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benthic primary producers that have benefited from increased water clarity (Ozersky et
al. 2009). The decline of these food web components in Lake Huron may be exacerbated
by the proliferation of the quagga mussel in the offshore region (Nalepa et al. 2007),
further reducing water column nutrient availability. While phosphorus retention in
Saginaw Bay is associated with ongoing eutrophication symptoms including
cyanobacterial blooms and decaying benthic algae on beaches (Higgins et al. 2008), the
offshore food web is collapsing because of nutrient starvation. Thus, increased nearshore
phosphorus retention, facilitated by the dreissenid invasion has led to a growing
dichotomy between nearshore and offshore regions and a dilemma for resource
managers. Analogous changes are underway, in differing degrees, in Lakes Michigan,
Erie, and Ontario as well (Barbiero et al. 2006, Watkins et al. 2007, Evans et al. 2011).
Policy-makers must consider these regime shifts when evaluating target loads that were
established prior to the dreissenid invasion, particularly as Canada and the United
States renegotiate the terms of the Great Lakes Water Quality Agreement.
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Figure 4.4. Annual mean net phosphorus sedimentation divided by annual
total phosphorus load vs. annual mean inner bay mussel density measured in NOAA
GLERL diver surveys (1991-1996 and 2008). No mussels were present before 1990.
Horizontal red line depicts overall average. Summary data are as follows:

Year
1991
1992
1993
1994
1995
1996
2008

Density (#/m2)
9,308 ± 6,389
31,334 ± 15,627
3,803 ± 1,592
5,633 ± 1,945
2,562 ± 1,126
5,261 ± 3,242
538 ± 103
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Biomass (g/m2)
12.3 ± 7.6
58.6 ± 28.1
4.5 ± 2.1
9.2 ± 2.4
4.9 ± 1.6
14.7 ± 6.4
2.0 ± 0.4

5. Long-term responses of pelagic water quality in
Saginaw Bay to phosphorus control and dreissenid
invasion
5.1 Introduction
Dreissenid mussels are filter feeders that assimilate some of the particles that
they filter from the water column, while rejecting a portion and depositing on the lake
bottom as pseudofeces (Hebert et al. 1989, Mellina and Rasmussen 1994, Howard and
Cuffey 2006). Coupled with high filtering rates and high densities, the filtering activities
of dreissenids may alter the nutrient dynamics and food web of a lake ecosystem,
redirecting energy from the pelagic to the benthic area (Vanderploeg et al. 2002, Hecky et
al. 2004, Burlakova et al. 2006).
Concurrent with the first large recruitment of zebra mussels (Dreissena
polymorpha) in summer 1991 (Nalepa et al. 2003), an abrupt decrease in phytoplankton
productivity was reported in inner Saginaw Bay (Fahnenstiel et al. 1995a), while at the
same time an increase in benthic algal productivity (Lowe and Pillsbury 1995) as well as
macrophyte abundance (Skubinna et al. 1995) was noted associated with enhanced
underwater light conditions. Also, the shift in a dominant algal community from diatom
to filamentous green algae, and the increased abundance of benthic algae, such as
Cladophora and Spirogyra, indicate the altered food web and resource allocation in the
littoral zones of Saginaw Bay (Lowe and Pillsbury 1995, Skubinna et al. 1995).
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Regarding the pelagic water quality parameters, the changes after the mussel
invasion were abrupt and dramatic. Fahnenstiel et al. (1995) reported the significant
difference in chlorophyll (Chl) and total phosphorus (TP) concentrations of inner
Saginaw Bay between pre-invasion (1979, 1980 and 1990) and the 1991-1993 periods for
all seasons (April to November). Overall, Chl and TP decreased 59% and 43%,
respectively, and Secchi depth values increased 60% for inner bay stations. Compared to
1991, the observations in 1992 and 1993 exhibited a large reduction in particulate
nutrient concentrations (total suspended solids, particulate organic carbon, particulate P,
and particulate silica) and an increase in dissolved nutrient concentrations (nitrate,
ammonium, and silica) in the inner bay (Johengen et al. 1995).
The increased dissolved nutrient levels can be explained when associated with
the effects of dreissenids filtering activities (Fanslow et al. 1995, Heath et al. 1995);
indirectly, the requirement of dissolved nutrients in the water column may decrease
consequent to the reduction in Chl (or phytoplankton abundance). Directly, the mussel
excretion of ammonium and dissolved P in the form of feces or pseudofeces on the lake
bottom could contribute to the increase in dissolved nutrient concentrations. Despite the
dreissenid excretion, however, soluble reactive phosphorus (SRP) concentrations in the
inner bay remained unchanged or rather decreased during the same period (Johengen et
al. 1995). A moderate to severe P limitation, which has been generally accepted in
Saginaw Bay (Heath et al. 1995), can be a possible explanation for this result. Moreover,

80

dreissenids tend to excrete nutrients at much higher N:P ratio than the Redfield ratio,
potentially intensifying the P limitation in the bay (Johengen et al. 1995).
However, these changes at initial invasion by dreissenids could be transitory and
the long-term responses may be different. The extended decrease in underwater light
attenuation, which positively affects not only benthic algal productivity but also pelagic
algal productivity (Fahnenstiel et al. 1995a), makes it hard to predict the change in Chl
levels over a long-term time span. The long-term restructuring of a food-web after
dreissenid invasion may be different than the short-term restructuring, leading to the
different magnitude and direction of changes from what we observed within the short
period of time. Moreover, recent invasion by quagga mussels (Dreissena rostriformis
bugensis), which have expanded the habitat of dreissenids into soft substrates and deeper
areas, has the potential to complicate the physical and biochemical processes that affect
the water quality and ecological responses of Saginaw Bay. Fortunately, efforts to
monitoring water quality characteristics of Saginaw Bay continued after the early years
of mussel invasion (1991-1993), offering a long-term perspective to examine the postinvasion changes in a 20-year time frame (1991-2010).
The filtering impact of dreissenids is associated with clearing particles and
phytoplankton from the water column, indicating the major changes in TP and Chl
levels, as well as Chl-lake TP relationship. Benthic filter feeders are located between
“top” and “bottom” of the food web structure, so dreissenid invasion has the potential
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to disrupt the previously defined Chl-lakeTP relationship, which was based on “bottomup” control of phytoplankton production in Saginaw Bay. To account for the lower Chl
concentrations for a given TP concentration observed in lakes Erie and St. Clair
following dreissenid appearance, Mellina et al. (1995) suggested “decoupling”, referring
to less Chl yield per unit TP, which involves the possibility that the grazing pressure by
dreissenids can substitute for the role of limiting nutrient in controlling epilimnetic
primary production. Thus, the established relationship could have been modified after
the colonization of dreissenid mussels in Saginaw Bay.
P load has been considered as a primary predictor of P levels and other
indicators of trophic status in a lake. The 1978 amendments to the Great Lakes Water
Quality Agreement (GLWQA) between the United States and Canada established target
phosphorus loads for Saginaw Bay at 440 tonnes/yr, and previous model results suggest
that this load corresponds to ~15ug/L of average TP concentration in inner Saginaw Bay
(Thomas et al. 1980). The established relationship between P load and TP level might be
no longer valid given the profoundly altered ecosystem function and structure mediated
by dreissenids. Enhanced P sequestration concurrent with dreissenid invasion (see
Chapter 4) indicates that an increase or decrease in P load is likely to be less responded
in the corresponding change of TP level.
This study focuses on the long-term responses of pelagic water quality and
phytoplankton production in Saginaw Bay to decreased P load and dreissenid invasion.
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Based on the long-term observations spanning three distinct periods, 1) pre-P control
(late-1960s to mid-1970s), 2) post-P control (1980-1990), and 3) post-invasion (1992-2010),
annual means and overall means for a given period of several water quality
characteristics are compared to assess the effects of P load abatement and the combined
effects of P load abatement and dreisssenid invasion. Also, the empirical models based
on lake TP to river TP input, and Chl to lake TP relationships before the dreissenid
invasion are developed, and lake TP and Chl concentrations are predicted from the
models to test if the predicted values exhibit significant departures from the
corresponding observations during the post-invasion period.

5.2 Methods
5.2.1 Saginaw Bay long-term data
We integrated multiple data sources to extend the time scale of analysis from
pre-P control, through post-P control, and into post-invasion periods. Data for inner
Saginaw Bay water quality parameters were obtained from the United States
Environmental Protection Agency (EPA)’s online STORET for the period from 1969 to
2005. Data for 2006-2007 were provided by the Michigan Department of Environmental
Quality (MIDEQ) and for the periods from 1991-1996 and 2008-2009, data were collected
by the National Oceanic and Atmospheric Administration Great Lakes Environmental
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Research Laboratory (NOAA GLERL). The compiled data set includes observations
collected during the growing season (April-November) over the years from 1969-2010 at
between 2 to 18 sites in inner Saginaw Bay (Figure 5.1).
We checked the compiled data set for the availability of water quality
parameters, which are associated with dreissenid filtration impacts and/or likely to
affect nutrient cycling and phytoplankton dynamics in lakes. Consequently, TP, Chl,
Secchi depth, water temperature, and pH data were found to cover all three periods. On
the other hand, the observations for SRP, light attenuation coefficient (kPAR), total
suspended solids (TSS), and for silica, carbon, and nitrogen parameters were not
available during 1980s.
Saginaw River data for TP concentration were obtained from STORET for the
period from 1969 to 2005. Data for 2006-2007 were provided by the MIDEQ and 2008
data were collected by NOAA GLERL. The available data were from five different
stations along the river and we included the data from all five sites in this analysis. On
the days when TP data were available from multiple stations we used the average value.
The United States Geological Survey provided Saginaw River flow data (1969-2008).
Saginaw Bay annual P loads were derived from the results estimated in Chapter 4.
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Figure 5.1. Map of Saginaw Bay. Solid squares represent the locations of
sampling sites for water quality data. The dashed line delineates the boundary
between the inner-outer bays.

5.2.2 Comparison of pelagic water quality parameters for pre- and
post-invasion periods
For six variables (TP, Chl, PO43−, Secchi depth, water temperature and pH), we
divided the data set into pre-invasion (1980-1990) and post-invasion (1992-2010) periods.
To prevent P load effects from confounding dreissenid effects, we decided that the pre-
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invasion period began in 1980, assuming P load as well as within-lake P and Chl levels
between 1980 and 1990 did not exhibit systematic patterns. Also, note that the
observations from 1991 were not included in this analysis, because 1991 was the year
when the initial large recruitment occurred and should be treated as a transient period.

5.2.3 Bayesian modeling of chlorophyll concentration
5.2.3.1 Exploratory Analysis
A regression model that predicts the response of algal biomass expressed as Chl
concentration to changing P levels was developed. Many studies regarding the Chl
prediction model use temporal aggregates, such as annual means or seasonal means, of
individual observations for lake TP and Chl concentrations. However, P-limited
freshwater lakes are known to have a short residence time of dissolved phosphate
during the growing season, indicating the rapid cycling of phosphate between the lake
water and biota including phytoplankton (Pomeroy 1960, Rigler 1964). Saginaw Bay has
been regarded a P-limited system and phosphate turnover times in Saginaw Bay were
short (~20 min) (Heath et al. 1995). Thus, we use the individual observations rather than
temporal aggregates.
In addition to TP, potential covariates (pH, Secchi depth, and nitrogen) were
considered to be included in the model. However, most of these were not closely related
to Chl concentration. Water temperature was considered as a covariate in an attempt to
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take seasonality into account; however, it did not significantly decrease the unexplained
variability in the response variable when used with TP in the regression (Figure 5.2);
when water temperature was included as a predictor R2 increased insignificantly (from
0.50 to 0.51) and there was a marginal decrease in root mean square error (from 0.73 to
0.72). Also, we checked if it is necessary to account for the spatial heterogeneity in the
model. Although Chl-lake TP relationship differed by station (Figure 5.3), we could not
identify systematic patterns of slope or intercept estimates across space (Figure 5.4), with
station number increasing from low (near to the Saginaw River mouth) to high latitude
(near to outer Saginaw Bay). Also, in all stations Chl concentrations showed moderate to
strong positive relationship with TP concentrations (Figure 5.3 and Figure 5.4).
Therefore, we did not include the station as a categorical variable in the regression.
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Figure 5.2. Relationship between residuals from regression of Chl (ug/L) on TP
(ug/L) concentrations (both on logarithmic scales) and water temperature (°C) in
Saginaw Bay (1974-2010). Horizontal line denotes the residual value equivalent to
zero.
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Figure 5.3. Regression of ln(Chl) (ug/L) on ln(TP) (ug/L) for individual stations
in Saginaw Bay (1974-2010). Red solid line represents estimated relationship from the
simple linear regression. Open dots represents observed values. The number inside
each plot indicates R2 value.
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Figure 5.4. Slope and intercept estimates from regression of ln(Chl) (ug/L) on
ln(TP) (ug/L) for individual stations in Saginaw Bay (1974-2010).
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5.2.3.2 Model development
The objective of this modeling is to compare Chl-TP relationship before and after
dreissenid invasion and examine if the differences in the relationship for those periods
are significant. Therefore, in addition to TP concentration, the status of mussel invasion
is included as a predictor variable. Assuming the log-log relationship between Chl and
TP, the model equation can be expressed as:
ln

ℎ

+

=

∙ ln "# $ ∙ % m' +

()*

+

()*

∙ ln "# $ ∙ % −m' , , - .

for i = 1, …, n
I ∗ =1

1
0

(5.1)

if ∗ = 1 =
otherwise

where α = intercept term and β = slope term; n = number of observations used in the
regression; m = categorical variable with a value of 1 if observed before mussel invasion
and -1 otherwise; subscripts pre and post denote pre- and post-invasion, respectively; σ
= standard deviation of the model residual error term.
Bayesian approach was employed with non-informative prior distributions.
Markov chain Monte Carlo (MCMC) simulations were performed in the software
program WinBUGS to draw random samples from the posterior distributions for the
model parameters (α, β, and σ), which were used for inferences and predictions.
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5.2.4 Bayesian hierarchical modeling of lake total phosphorus
concentration
5.2.4.1 Exploratory analysis
P loading has been commonly used to predict in-lake P levels in cross-sectional
studies (Dillon and Rigler 1974b, Schindler 1978, Reckhow and Chapra 1983). However,
this composite response of multiple lakes may not properly direct the manner in which a
single lake responds. In a single lake, the relationship between river P concentration and
flow may vary due to changes in land use or hydrological condition over time. For
Saginaw Bay, weak correlation between Saginaw River flow and the river TP
concentration (Figure 5.5), combined with large annual load variability added by flow,
indicates that P load from the watershed may be poorly reflected in the P level of the
lake. Thus we related both river TP concentration and TP load to lake TP concentration,
attempting to decide which one is a better predictor of lake TP concentration (Figure 5.6
and Figure 5.7). Linking lake TP concentration to either river TP concentration or TP
load, a problem arises because individual observations do not properly reflect the time
lag between input from the river and response of the lake. Temporal aggregation of river
TP and lake TP concentrations, thus, intended to explain the distance between the river
sampling sites and the lake sampling sites. Based on the residence time of inner Saginaw
Bay (~120 days) we averaged the concentrations on two different time scales, 1) mean
spring (April-June) river TP and mean summer (July-August) lake TP, and 2) annual
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means for both river and lake TP concentrations. River TP concentration generally
showed a stronger relationship with lake TP concentration, and we selected mean
annual river TP concentration, which explained the most of the variability in lake TP (R2
= 0.73), as a predictor variable (Figure 5.6 and Figure 5.7).

Figure 5.5. Relationship between flow and TP concentration for the Saginaw
River 1968-2008.
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Figure 5.6. Relationship between TP load and lake TP concentration in
Saginaw Bay 1970-2008. Both variables are on logarithmic scales . Red lines represent
the mean result of simple linear regression, a) ln(mean annual lake TP) = -9.63 + 0.87 ∙
ln(annual TP load), R2 = 0.47, and b) ln(mean summer lake TP) = -4.03 + 0.06 ∙ ln(spring
TP load), R2 = 0.04.
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Figure 5.7. Relationship between river TP and lake TP concentrations in
Saginaw Bay 1970-2008. Both variables are on logarithmic scales. Red lines represent
the mean result of simple linear regression, a) ln(mean annual lake TP) = -2.11 + 0.82 ∙
ln(mean annual river TP), R2 = 0.73, and b) ln(mean summer lake TP) = -2.32 + 0.68 ∙
ln(mean spring river TP), R2 = 0.40.

5.2.4.2 Model development
In steady-state lake models, aggregate measures, for example summer P level,
are often true variables of interest, which cannot be observed directly; in such cases, it is
commonplace that summary statistics such as seasonal means or annual means are used
to infer on the aggregate measures (Stow et al. 1997, Biggs et al. 2009). However, when
the sample means are used to represent true values of a lake system without
incorporating their variance into the model, biased estimation of model parameters
arises (Fuller 1987, Carroll 2006). To see why the bias occurs, we consider the simple
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regression model that relates true unobservable response, μ?@ , to true unobservable
predictor, μA' : μ?' = a + b ∙ μA' + ε' , for i = 1, …, n and where a and b represent
intercept and slope, respectively, and E ~ N 0, , - . Assuming that Yi and Xi are
observed variables for μ?' and μA' , respectively:
Yi = μ?' + wi

and Xi = μA' + ui

where wi and ui indicate the additive observation errors of Yi and Xi, respectively, and
H ~ N 0, ,I - and J ~ N 0, ,K - . Without accounting for the observation errors we
essentially model:
L ' = a + b ∙ M ' + ε' ∗

where E' ∗ = −N ∙ J + E' + H . This violates the standard regression assumptions because
E' ∗ is correlated with M ', and the mean of E' ∗ is not likely zero (Buonaccorsi 2010). When
we assume that only the predictor variable involves observation errors, while the
response variable does not, the direction of the bias associated with the slope estimate is
straightforward:
NO = P

Q

Q

R S

T∙N

where ,U - represents the variance of μA' . Because ,K - > 0, VbOV < |b|. Therefore, ignoring
the observation errors in the predictor leads to the slope biased toward zero
(Buonaccorsi 2010). However, when the observation errors in both variables are taken
into account, then the bias in the estimated slope can go either direction.
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The degree of the bias would depend on certain characteristics of the variables
that are modeled, for example the variability of the variable (Biggs et al. 2009). To
explore the effects of the uncertainty in predictor and response variables on parameter
estimation and model prediction, we employed the Bayesian hierarchical approach. By
imposing the temporal hierarchy, this method avoids the need to aggregate individual
observations on annual (or seasonal) basis and ignore the uncertainty in the variables
being modeled. Also, the model structure is expected to accommodate both within-year
variance and between-year variance of predictor and response variables.
Based on data availability, we have j = 1, …, J years with J = 40. Across the years,
i = 1, …, n (n = 1,632) are units for lake TP concentration observations, and k = 1, …, m (m
= 1,460) are units for river TP concentration observations. The response variable, which
represents lake TP concentration in the log metric, is denoted as y = (y1, …, yn). The
predictor, which represents river TP concentration in the log metric, is denoted as x = (x1,
…, xm).
Response variable uncertainty can be incorporated into the model structure by
assuming that within each year, the individual observations of lake TP concentration in
the log metric are normally distributed:
Y ~ N Z[\ , ,[ - ,

(5.2)

and analogously, for the predictor variable:
] ~ N ZU\ , ,U - ,
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(5.3)

where Z[\ and ZU\ are the means of the observations for a given year j, ,[ - and ,U - are
the within-year variance in the observations of lake TP and river TP concentrations,
respectively. We could also vary ,[ - and ,U - by year (then within-year variances would
be labeled as ,[\ - and ,U\ -) but for the sake of prediction they are assumed constant
over the years .
In a simple linear regression, the mean annual lake TP concentration is modeled
as a function of the mean annual river TP concentration:
Z[\ = ^ + N ∙ ZU\ + E\

E\ ~ N 0, ,_ - ,

(5.4)

where E is model residual error term, ,_ - is the variance among the mean log lake TP
concentrations of the different years. Intercept and slope parameters are represented by
a and b.
Further, μxj are normally distributed:
ZU\ ~ N Z` , ,` - ,

(5.5)

where μβ and σβ2 are hyperparameters that represent the overall mean and variance of
mean annual log river TP concentrations, respectively.
We term the model that incorporates the predictor variable uncertainty
(Equation 5.3) ‘predictor error’ model, which is commonly referred to as ‘errors-invariables’ model. The modeling procedure (Equation 5.2), whereby the response variable
uncertainty is considered, accounts for the unequal variances among the sample means,
and avoids the biases caused by log transforming the sample means. Especially when
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dealing with a long-term data set, the unequal variances, which are likely associated
with differing sample sizes by year, should be addressed in the model. The model that
incorporates the uncertainty in both predictor and response variables is termed
‘observation error’ model. To assess the effects of the uncertainty in the variables on
parameter estimation and model prediction, we compare these models with a ‘simple
model’ where its structure parallels Equation 5.4 of the observation error model except
that the unknown true means (μxj and μyj), which are modeled in the observation error
model, are replaced by sample means (]ba and Yba ):
Yba = ^ + N ∙ ]ba + E\

E\ ~ N 0, ,_ -

(5.6)

Bayesian approach was employed with non-informative prior distributions.
Markov chain Monte Carlo (MCMC) procedures were performed in the software
program WinBUGS to simulate random samples from the posterior distributions for the
model parameters, which were used for inferences and predictions.
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5.3 Results
5.3.1 Long-term changes of water quality parameters in response to
phosphorus control and dreissenid invasion
Comparison of annual means illustrates the apparent effects of P load reductions
on improved pelagic water quality parameters; from the mid 1970s, mean annual lake
TP and Chl concentrations gradually decreased until the early 1980s (Figure 5.8a and
5.5b), indicating the shift in trophic status from eutrophic to mesotrophic conditions.
However, the corresponding increase in the Secchi depth was less pronounced (Figure
5.8c).
Further decreases in mean annual lake TP and Chl concentrations were found
subsequent to establishment of mussels, but were less dramatic than the decreases
following P control (Figure 5.8a and 5.5b). Increases in mean annual Secchi depth have
been consistent throughout years since 1991 (Figure 5.8c).
Compared to pre-invasion period, overall mean TP concentration for postinvasion decreased by ~25% from 24.6 (± 1.0) to 18.5 (± 0.4) ug/L (± denotes one standard
error) (Figure 5.9). The corresponding Chl concentration decreased by ~46% from 12.0 (±
0.8) to 6.5 (± 0.2) ug/L, while Secchi depth increased by ~15% (1.8 ± 0.15 to 2.1 ± 0.05 m)
(Figure 5.9).
Overall post-invasion mean temperature during the growing season (16.8 °C ±
0.19) (Figure 5.8d) is adequate to support dreissenid feeding activity by zebra mussel
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which occurs at a temperature range of 8-25 °C (Zhu et al. 2006). Note that temperature
and pH may confound the effects of dreissenid filter feeding on changing TP and Chl
levels. Increased temperature below a threshold benefits algal growths, synergistically
interacting with light intensity (Wetzel 2001). High temperature can facilitate lake
bottom hypoxia especially in summer, sediment P release, contributing to increased P
level in the lake water. Therefore, consistently high water temperature over postinvasion period compared to pre-invasion (15.3 ± 0.46) indicates that decreases in TP and
Chl levels may not be related to confounding effects of temperature (Figure 5.8d).
Variations in pH affect phytoplankton abundance and species composition (Chen
and Durbin 1994), while at the same time, phytoplankton consumes CO2 in the water,
leading to increased pH level. Therefore, high pH is likely to be observed with high
phytoplankton production. Also, pH tends to increase in response to increasing
temperature. Overall mean pH (8.4 ± 0.02) during post-invasion was not significantly
different from the mean (8.5 ± 0.04) during pre-invaion period (Figure 5.9). An
increasing pattern found in the annual means after 1991 (Figure 5.8e), given the high
dependence of pH on temperature (ρ = 0.78), may be explained by high temperature in
that period.
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Figure 5.8. Long-term patterns of a) TP concentration (ug/L), b) Chl
concentration (ug/L), c) Secchi depth (m), d) water temperature (°C), and e) pH from
1968-2010 in inner Saginaw Bay. Dots depict annual mean (April-November) and error
bars represent ± one standard error of the mean. Gray shading represents the time
period when the patterns were transient due to the effects of P control. Red arrows
indicate the time of zebra mussel invasion.
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Figure 5.9. Comparison of TP concentration (ug/L), Chl concentration (ug/L),
Secchi depth (m), water temperature (°C), and pH between pre- (1980-1990) and postinvasion (1992-2010) periods. Bars depict overall means before (left panel) and after
mussel invasion (right-panel). Error bars represent ± one standard error of the overall
mean.
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5.3.2 Comparison of chlorophyll-lake total phosphorus relationship
for pre- and post-invasion
Both observations and regression results illustrate heavy reliance of Chl on TP
(Figure 5.10). Interesting, Chl-lake TP relationship is strong during the post-invasion
period on the contrary to anticipation of “decoupling” of the relationship; a wide range
of overlapping between posterior distributions of slope parameter (β) for pre- and postinvasion suggests that the slope estimated using post-invasion observations (βpost = 1.0 ±
0.04; mean ± one standard deviation) is not significantly different from the slope for preinvasion (βpre = 0.88 ± 0.04) (Figure 5.11b), and the dispersion around the mean
regression line does not seem to increase (Figure 5.10).
The difference from pre-invasion Chl-lake TP relationship lies not in the
decreased slope, but in lowered Chl yield for a given TP level due to decreased intercept
(Figure 5.10 and Figure 5.11b). A comparison of posterior distributions demonstrates
that the intercept estimate for post-invasion (αpost = -1.3 ± 0.11) is considerably lower than
the intercept for post-invasion (αpre = -0.4 ± 0.21). Consequently, for a given TP level,
post-invasion Chl levels predicted from estimated αpost and βpost are higher than preinvasion predictions from αpre and βpre (Figure 5.12).
The altered Chl-lake TP relationship can have important implications for
management decisions. The modeling results, which provided scientific basis for water
quality objectives proposed in accordance with the GLQWA, estimated that 3.6 ug/L of
Chl concentration is projected from 15 ug/L of TP concentration (Thomas et al. 1980).
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This quantitative relationship was derived from the cross-sectional Great Lakes data, so
it may not adequately describes the relationship at a particular lake. Our modeling
results, in fact, suggest that at 15 ug/L TP concentration, the corresponding Chl level in
Saginaw Bay almost certainly exceeded 3.6 ug/L (85%) in the pre-invasion period (Figure
5.13). However, a striking contrast is likely to be seen in the post-invasion period; at 15
ug/L TP concentration, the estimated probability of exceeding 3.6 ug/L Chl concentration
has been dropped to 60% (Figure 5.13).
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Figure 5.10. Chl (ug/L) – lake TP (ug/L) relationship on logarithmic scales for
pre-invasion (red) and post-invasion (blue) periods. Dots depict the observed values
and lines indicate the fitted model relationship.
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Figure 5.11. Posterior distributions of a) intercept (α) and b) slope (β)
parameters for lake TP-Chl model. Red curves denote the distributions derived from
pre-invasion observations, while blue curves are derived from post-invasion
observations. Vertical lines represent the mean estimate of the parameters.

Figure 5.12. Comparison of pre- and post-invasion periods for predicted Chl
(ug/L) values. Open dots denote the median and gray solid lines denote the 90%
interval of the predictive distributions for a given TP value. Red dashed line indicates
one-to-one line.
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Figure 5.13. Comparison of probabilities (Pr) for exceeding a lake Chl level (3.6
ug/L) for pre-invasion (red line) and post-invasion (blue).

5.3.3 Effects of uncertainty in predictor and response variables on
parameter estimation and model prediction
Annual means for river and lake TP concentrations exhibit large uncertainty
especially at high concentration levels relative to the entire range of the variables
sampled (Figure 5.14). The assumption underlying regular regression fitted by ordinary
least squares (OLS) that the values of the independent variable are revealed without
error, therefore, cannot be justified in this case. Also, the uncertainty associated with the
sample mean of the response variable differs considerably by year (Figure 5.14),
necessitating the use of an approach which addresses the unequal variances.
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We calibrated the observation error, predictor error, and simple models based on
the data collected from the period 1969-2008. The long-term data span a wide range of P
inputs and lake P levels, presenting an apparent pattern of lake TP–river TP relationship
(Figure 5.14). Three models yield an acceptable fit to the data; given the errors in both
directions of the predictor and response variables, however, it is hard to evaluate the
relative fitness based on a visual comparison (Figure 5.14). Model results differ at high
ranges due to the differences in the posterior distributions for intercept (a) and slope (b)
(Figure 5.15). The mean slope estimate for the prediction error model (0.90) is steeper
than that for the simple model (0.83). This indicates that the simple model biases the
slope estimate towards zero because the sample means without error are more variable
than the true mean values of the predictor variable. When the errors of response variable
interact with predictor errors as in the observation error model, the effect of the error on
slope estimation is less clear. The less steep slope estimate (0.81) for the observation
model compared to the simple model (Figure 5.15b) can be explained by the greater
shrinkage of response variable variability than the shrinkage of predictor variability, as
indicated by larger ,[ (0.59) than ,U (0.39).
The parameter estimates for the observation error model are less certain (with
one standard deviation of 0.23 for intercept and 0.12 for slope posterior distributions)
than those for the predictor error model (0.20 and 0.10) because the error of response
variable is accounted for in addition to the predictor error, while the parameter
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estimates for the simple model were most certain (0.18 and 0.09). Conversely, because
the uncertainty of predictor and response variables are allocated to the model residual
error term in the simple model, the corresponding variance of model residual error (,_ - )
is largest (with the mean of 0.056), while the residual term variance is smallest (0.035)
when the uncertainty of both variables is considered (Figure 5.16).
Predictive distribution reflects the combined uncertainty originated from both
the parameter and the model disturbance term estimations. Compared to the simple
model, the increase in the parameter variance is offset by the decrease in the residual
term variance in the observation error model, resulting in a net decrease in the
prediction uncertainty; on the other hand, the decrease in the prediction uncertainty is
less pronounced in the predictor error model (Figure 5.17).
The probabilities of achieving a hypothetical target lake TP level for Saginaw Bay
for a given annual TP load (tonnes/yr) were calculated using the three models (Figure
5.18). The hypothetical target level was determined at 15 ug/L given the previous
modeling results that linked the target TP load for Saginaw Bay, 440 tonnes/yr, to 15
ug/L of TP concentration, and based on the literature which states that nuisance algal
growth begins at about 15 ug/L. The TP load value was calculated multiplying river TP
concentration by overall mean annual flow value over the time of analysis (1969-2008).
Interesting, the estimated probabilities were very close in the predictor error and
observation error models over the entire range of TP load, while the simple model
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estimated the probabilities lower at ~300-500 tonnes/yr of TP load, and higher at ~600800 of TP load (Figure 5.18). The range of 300-500 tonnes/yr for TP load is the one of
importance for management, so the considerable difference at this range indicates that
the effect of accounting for observation errors on prediction uncertainty can have
important consequences for management decisions; at the target TP load the probability
of compliance in the predictor error and observation models is ~70%, while the
corresponding probability in the simple model is ~60% (Figure 5.18).
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Figure 5.14. Observed sample means and comparison of mean model values
for the observation error (thick orange line), predictor error (dashed red line), and
simple (solid blue line) models. Solid dots depict annual mean values and error bars
(gray vertical and horizontal lines) indicate one standard error of the mean.
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Figure 5.15. Comparison of posterior distributions for a) intercept (a) and b)
slope (b) parameters in the observation error (thick orange line), predictor error
(dashed red line), and simple (solid blue line) models.

Figure 5.16. Comparison of posterior distributions for variance of model
residual error term (
) in the observation error (thick orange line), predictor error
(dashed red line), and simple (solid blue line) models.
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Figure 5.17. Comparison of prediction uncertainty conditional on specific river
TP concentrations (mg/L) in the observation error (thick orange line), predictor error
(dashed red line), and simple (solid blue line) models. Prediction uncertainty is
expressed as one standard deviation of predictive distribution for mean annual lake
TP concentration (mg/L).
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Figure 5.18. Comparison of probabilities (Pr) for complying a hypothetical
target lake TP level (15 ug/L) using the observation error (thick orange line), predictor
error (dashed red line), and simple (solid blue line) models.

5.3.4 Comparison of lake total phosphorus–river total phosphorus
relationship for pre- and post-invasion
To test if lake TP-river TP relationship has changed after mussel invasion, the
observation error model was calibrated using pre-invasion period data (1969-1990) and
the predicted mean lake TP concentrations from the model were compared with the
corresponding observations made during post-invasion years (1992-2008). The analysis
reveals that there is a tendency of overprediction, suggesting the altered relationship
since the mussel invasion (Figure 5.19). However, substantial amounts of uncertainty
involved with both predictions and observations do not validate the significance of this
finding (Figure 5.19).
115

Figure 5.19. Comparison of observations (annual means for lake TP
concentrations observed during post-invasion) and predictions (mean values of
predictive distribution derived from the observation error model calibrated using preinvasion observations). Orange vertical lines indicate one standard deviation of
predictive distribution, while gray horizontal lines indicate one standard deviation of
the annual mean. Dashed diagonal line represents one-to-one line.
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5.4 Discussion
Continued efforts of monitoring during 20-year establishment of dreissenid
mussels in Saginaw Bay enabled us to examine the long-term changes in water quality
characteristics possibly associated with mussel filtration. Our analysis proposes that the
clear patterns of decreased TP, and Chl levels and increased water transparency,
reported after early colonization years (Johengen et al. 1995), have extended into recent
years. Despite large year-to-year variability, TP and Chl levels have decreased by ~25%
and ~46%, respectively, while Secchi depth increased by ~15% since the mussel invasion.
Post-invasion changes in a variety of aspects, albeit circumstantially, all point to
the important role of mussels in altering ecological relationships and processes for
Saginaw Bay ecosystem. In addition to the decreased TP and Chl levels in the water
column, the mechanism regarding filtering activities of dreissenids involves the
enhanced P retention function of lakes (as shown in Chapter 4). The model prediction
reveals that TP load that enters Saginaw Bay may be less reflected in the TP level of the
water column after mussel invasion, although the significance this tendency could not
be confirmed due to high uncertainty (Figure 5.14).
Grazing by mussels indicates the clearance of both Chl and TP from the water
column; however, further mussel excretion of dissolved P, which may affect both
phytoplankton and TP levels in a complicate manner, makes it difficult to predict how
Chl-lake TP relationship would change after the mussel invasion. The model results
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demonstrate that phytoplankton production has lowered for a given TP level, although
the strong dependence on P is still seen. The proportional decreases in Chl and TP and
“bottom-up” control of Chl level found post-invasion may be related to well-mixed
hydrology of Saginaw Bay; the inner bay rarely experiences stratification even in
summer days (Skubinna et al. 1995), so the redirected P to the sediment can be easily
returned to the water column during wind-driven turnover events, further affecting
phytoplankton abundance.
The prolonged decrease in Chl and TP concentrations during the post-invasion
period does not imply a reversal of eutrophication in Saginaw Bay. The estimation of
daily production suggested that increased benthic primary productivity was comparable
to the decrease in phytoplankton productivity for the period from 1991 to 1993
(Fahnenstiel et al. 1995a, Skubinna et al. 1995). Accordingly, it was estimated that the
change in primary productivity was insignificant on the whole-lake scale during the
corresponding period (Fahnenstiel et al. 1995a), suggesting a major shift in energy flow
from pelagic to benthic regions (Skubinna et al. 1995). Moreover, reoccurrence of
cyanobacterial blooms began with the initial colonization of zebra mussels (Bierman et al.
2005). Vanderploeg et al. (2001) suggested that mussel’s selective rejection of
cyanobacteria in peudofeces led to the shift in phytoplankton species composition of
Saginaw Bay toward greater abundance of cyanobacteria, including Microcystis.
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Despite the plausibility, however, the changed ecological relationships
characterized in this study should be interpreted with caution. The effects of dreissenid
invasion can be confounded by differing data sources, sampling locations and
frequencies over time. Due to absence or lack of data in the 1980s, we were not able to
assess the decreasing patterns of water quality accurately. As such, the early 1980s,
which we included to compare with post-invasion period, may be the transient years
with decreasing P load. Therefore, it is possible that we overestimated the mussel
influences on changes in the water quality parameters and part of the differences may be
attributable to decreasing P load.
Fahnenstiel et al. (1995) reported despite the rapid drops of zebra mussel density
from the fall 1991 through the fall 1993 in Saginaw Bay, Chl and TP concentrations did
not rebound. With a few more years’ mussel density data (see Chapter 3), we still found
no apparent relationship between density and changes in water quality parameters
(Figure 5.20), confirming a threshold rather than a density-dependent effect of grazing.
This stresses the great filtration capacity of mussels (Fanslow et al. 1995), while at the
same time revealing an underlying mechanism between mussel filtration and
phytoplankton abundance. The filtration capacity can also explain why, despite the
patchy distribution of mussels, the changes were homogeneous across the bay (Johengen
et al. 1995).
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Figure 5.20. Relationship of mean annual mussel density (/m2) with a) mean
annual TP (ug/L), b) mean annual Chl (ug/L), and c) mean annual Secchi depth (m).

Mussel excretion has been shown to produce great amounts of ammonium and
phosphate with high N to P ratio. Nutrient supply rates can alter nutrient dynamics and
have a fundamental impact on algal species composition. We tested if the algal
dependence on P has shifted toward N and P co-limitation in the recent years of mussel
colonization (1999-2010). There is no strong relationship between Chl and TN
concentrations regardless of TP levels, while Chl and TP show strong relationship
regardless of TN levels (Figure 5.21), suggesting the primary limitation by TP. An
experimental study also supported this observation; with the presence of mussels rapid
phosphate uptake rate in Saginaw Bay indicated moderate P limitation (Heath et al.
1995).
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Figure 5.21. Relationship of Chl (ug/L, ug/L) with a) TP (ug/L) conditional on
different levels (low, mid, and high) of TN, and b) TN (mg/L) conditional on different
levels (low, mid, and high) of TP (1999-2010).
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5.4.1 A Bayesian perspective on modeling
Interpretation on model results often encounters statistical issues that stem from
in the process of data treatment, such as log-transformation and averaging data points.
We addressed these issues by employing Bayesian approaches. The modeling of Chllake TP relationship involves log-transformation of both variables to assume the
normality of error distribution and linearity of relationship. The problem arises in the
fact that retransformation back to the natural metric is subject to bias on the mean
estimate of Chl concentrations. The Bayesian method, where the inference is done over
the entire predictive distribution, not at the retransformed point estimate, avoids the
retransformation bias problem (Stow et al. 2006).
An annual mean, which is calculated from a definite number of samples,
involves a certain extent of natural variability, associated with spatial heterogeneity and
temporal fluctuations, and measurement errors. Thus, the assumption that summary
statistics, such as annual means, represent the true unknown values of a lake cannot be
justified without understanding how important a role the observation errors in
parameter estimation and predictions. In this regard, we compared posterior
distributions for the model parameters and predictive distribution depending on
whether the errors on the variables are considered or not in the model. The Bayesian
hierarchical modeling is a suitable approach to address the observation errors; the
Bayesian method allows for the inferences regarding model parameters and parameter
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uncertainty from posterior distributions. Moreover, a temporal hierarchy imposed on
the structure makes it possible to model the unknown mean parameters (ZU and Z[ ) and
explicitly quantify the uncertainty in predictor and response variables (,U and ,[ ).
The model results point out that the incorporation of predictor uncertainty leads
to a steeper mean estimate for slope parameter (Figure 5.15b). When response variable
uncertainty is considered in addition to the predictor uncertainty, however, whether the
slope would be steeper or less steep depends on the relative magnitudes of ,U and ,[ .
The comparison of model results shows that the parameter variances are largest in the
observation model, and smallest in the simple model (Figure 5.16). In other words, there
is a tendency to underestimate the variance of the posterior parameter distributions
when the uncertainty of the variables is ignored. On the contrary, a fraction of error,
which should be assigned to model residual term otherwise, is explained by parameter
uncertainty in the predictor error and the observation error models, resulting a
reduction in the residual term variance (,_ - ) in those models. A seemingly substantial
enhancement of parameter precision, associated with large ,U and ,[ , in the simple
model can be deceptive and lead to a misunderstanding of quantitative relationship
between response and predictor variables.
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5.4.2 Management implications
The Chl-lake TP relationship has served as a basis for management decisions on
P control. However, our model results indicate the predicted response of Chl levels in
Saginaw Bay to P management strategies has changed since the invasion of mussels.
That is, for a given level of TP, the specific levels of Chl predicted have lowered
significantly in the post-invasion compared to pre-invasion period. Despite the apparent
change, this should not be interpreted in the matter that the current P regulations could
be relaxed, because the lake P level is still a main factor that controls phytoplankton
abundance in Saginaw Bay after the mussel invasion. Due to selective filtration and
redirection of particulate nutrients by dreissenid, now blooms of cyanobacteria and
benthic algae occur with stabilized P loads and low P levels.
Prediction uncertainty is a function of both parameter uncertainty and model
uncertainty. The trade-off between a decrease in parameter precision and an increase in
model precision, therefore, can yield either a decrease or an increase of the net
prediction precision in the predictor error and the observation error models. A popular
notion claims that incorporating predictor uncertainty, commonly referred to as
“measurement error”, puts a minimal importance in terms of prediction. In fact, the
difference in prediction uncertainty between the predictor error and simple models
seems marginal despite the considerable uncertainty contained in the predictor variable
(Figure 5.14 and Figure 5.17). However, our finding suggests that, even under conditions
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where normality in the error distribution of predictor variable and linearity in
parameters are met, the effect of predictor uncertainty can have practical implications;
from a management standpoint, ignoring the errors in predictor variable can result in a
overly stringent target level (Figure 5.18), adding an unnecessary economic burden to
local society.
The model results on lake TP- river TP relationship agree closely with the
mathematical models which were used to establish the Saginaw Bay target load
(Bierman 1980). Conditioned on 440 tonnes/yr TP load, the observation error model
projects 14 ± 2.9 (mean ± one standard deviation) ug/L of mean annual lake TP
concentration, which does not differ from previous modeling results. Bayesian
(hierarchical) models, however, allows for an explicit calculation of probability of
exceeding or complying target water quality level, while prior models describe the
average relationship between variables. Water quality goals attempt to be conservative
in case of extreme conditions, so for example, to meet 90% of complying15 ug/L, the
observation error suggests that the target TP load should be adjusted to ~360 tonnes/yr.
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6. A synthesis analysis of dreissenid invasion impacts
on chlorophyll and total phosphorus in 24 US lake
ecosystems
6.1 Introduction
Indigenous to the Ponto-Caspian region, dreissenid mussels have dispersed into
Eurasia and North America, and were first documented in the United States in 1988 in
Lake St. Clair (Vanderploeg et al. 2002, Higgins and Vander Zanden 2010). Zebra
mussels (Dreissena polymorpha) spread quickly throughout the Great Lakes, reaching the
peak density in the early 1990s, while quagga mussels (Dreissena rostriformis bugensis)
spread more slowly but have replaced zebra mussels warm, nearshore areas, previously
dominated by zebra mussels. The distribution of quagga mussels has expanded
southwestward, with the population infestation seen by 2007 in Lake Mead, NevadaArizona (McMahon 2011). As of March 2011, these mussels have been detected in 612
freshwater lakes, including the five Great Lakes, in 26 US states (USGS 2011).
Characterized by rapid dispersal and effective adaption to new environmental
conditions, dreissenid invasion is expected to have long-term impacts on the US lake
ecosystems.
Following the mussel invasion, many lakes have experienced declines in total
phosphorus (TP) and chlorophyll (Chl) concentrations. Higgins and Vander Zanden
(2010) estimated that in ~45 lakes, TP concentration decreased by 18% and 21% in littoral
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and pelagic regions, respectively. Decreases in Chl concentrations were larger (58%) in
littoral regions, than the decreases (38%) in pelagic regions. In the Great Lakes, the
corresponding changes were more pronounced and consistent in shallow, well-mixed
portions, such as Saginaw Bay of Lake Huron, and the west basin of Lake Erie, whereas
the offshore regions showed more variable responses (Fahnenstiel et al. 1995b,
Makarewicz et al. 2000). These disproportional decreases between nearshore and
offshore regions reduced the nearshore-offshore nutrient gradients in Lakes Huron
(Fahnenstiel et al. 1995b), Erie (Makarewicz et al. 2000) and Michigan (Carrick et al.
2001), and Ontario (Hall et al. 2003).
The measurable suppression of TP and Chl levels on the whole lake scale is
attributable to substantial filtration capacity (FC), the fraction of the water column
filtered per unit time, of dreissenids that frequently exceeds or approaches algal
community growth rate (Vanderploeg et al. 2002). Estimated based on both water
residence time and mussel abundance, the FC can vary by over an order of magnitude
over time due to large variability of mussel densities. Mussels could filter the entire
water volume of inner Saginaw Bay a few times a day, peaking with densities in 1992;
despite the population collapses in the following years, however, FC (0.2-0.8 /day) was
comparable to the estimated phytoplankton growth rate of 0.20-0.25, far exceeding the
typical FC of crustacean zooplankton <0.03 (Vanderploeg et al. 2002).
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The FC represents the direct effect of mussels on removing phytoplankton in the
water column but is unknown for the majority of lakes due to scarcity of mussel density
data. Moreover, the FC may not reflect the indirect, long-term effect of mussel filtration
which involves modifying nutrient cycles and light conditions. In comparison, altered
Chl-TP relationship, although prone to be confounded, provides insight into the
integrative response of a lake to mussel filtering activities. The relationship between Chl
and TP concentrations have been used worldwide for lake management purposes,
assuming the resource driven phytoplankton growth and species composition, “bottomup” control (Dillon and Rigler 1974a, Smith and Shapiro 1981). However, mussels’ great
FC suggests that the grazing pressure can replace P level as the dominant factor that
controls primary production (referred to as “top-down” control). Melina et al. (1995)
found the lower post invasion Chl level for a given TP level in Lakes Erie (western
basin) and St. Clair, but not in Lake Oneida, indicating that turnover rate associated with
lake depth may be one of the factors that influence the relative strength of top-down
force.
The objective of this study is to assess the effects of dreissenid invasion on
altering TP and Chl concentrations, and Chl-TP relations in mussel-invaded US lakes.
Further, we examined if lake morphology and hydrology (lake depth, surface area, and
presence of seasonal stratification), which are known to influence the effectiveness of
mussel feeding, can explain the variations in responses of TP and Chl concentrations,
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and Chl-TP relationship among lakes. Not only across lakes, may the effects of mussel
invasion vary over time; through accumulative P excretions which replenish P pool in
the water column and reduce filtration rates (Mellina et al. 1995), prolonged colonization
of mussels may alter nutrient cycling in a different manner than the initial colonization
does, and possibly allow phytoplankton biomass to rebound. Thus, we also investigated
if the magnitude of mussel filtration impacts continue or diminish over time.
Many lake eutrophication models, which use cross-sectional data to delineate a
pattern over a broad spectrum of lakes, assume that phytoplankton yield for a given TP
level would be more or less similar among lakes. However, hydromorphological
conditions that also affect Chl-TP relationship are lake-specific, indicating that Chl-TP
relationship in a single lake may be deviated from or systemically differ from the
relationship derived from cross-sectional data (Smith and Shapiro 1981). Thus, we
calibrate the model to multiple pre- and post-invasion years of data from individual
lakes to identify the changes in Chl-TP relationship in parallel with the mussel invasion
into the lakes. Another common procedure for developing this type of models is to
average TP and Chl concentrations over a year or season. However, averaging the data
can hinder the natural variability of the variables (Prairie 1995). Further, phosphate
residence time, which reveals the time scale of dissolved phosphate cycling between the
lake water and biota including phytoplankton, is measured to be only a few minutes
during the growing season in P-limited freshwater lakes (Pomeroy 1960, Rigler 1964).
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Based on the assumption that P limitation on phytoplankton growth in the pre-invasion
period, we do not use temporal averages in this study and instead use individual
observations in the regression.

6.2 Methods
6.2.1 Data description
TP and Chl concentration data availability was checked for all 612 lakes that
were reported to be mussel invaded (by March 2011) using the US Environmental
Protection Agency’s online legacy and modernized STORET databases. For Oneida Lake
data were provided by Cornell University Library DataStaR database. Saginaw Bay data
were obtained from STORET (1969-2005), the Michigan Department of Environmental
Quality (2006-2007), Bierman et al. (1984) (1974-1980), and the National Oceanic and
Atmospheric Administration Great Lakes Environmental Research Laboratory (19911996 and 2008-2009). We extracted TP and Chl concentrations that were sampled during
the growing season (April through November) in the pelagic regions at one or more sites
within a lake. To avoid the potential effects of decreasing P load, among the preinvasion years, we excluded the time period that showed significant and consistent
changes in TP or Chl concentrations.
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For 70 lakes with lengthy records (~10 years) the information on the year of
dreissenid invasion was obtained from personal contact (Amy Benson at US Geological
Survey). As a result, we included 24 lakes (Table 6.1) which have data spanning longer
than two years before and after the invasion, respectively, and have ≥ five observations
in each of the pre- and post-invasion period. A number of lakes that are recently
invaded by mussels (for example, Lake Le Homme Dieu, MN, where mussels were first
detected in 2009) had to be excluded from the analysis despite intensive sampling
history; ongoing monitoring efforts in those lakes will help validate the model over a
broader geographical range.
For each of 24 lakes, mixing status (i.e., mixed or stratified) was determined
based on mixing depth that was predicted using lake surface area (Hanna 1990). Lakes
were classified as mixed if ≥ 80% of lake area was above mixing depth (Higgins and
Vander Zanden 2010).

6.2.2 Statistical analysis
6.2.2.1 Comparison of chlorophyll and total phosphorus levels for pre- and
post invasion
Through this analysis we compare lake-wide differences in Chl and TP
concentrations between pre- and post-invasion periods, and examine if the differing
responses of Chl and TP concentrations among lakes can be explained by their
131

hydromorphological characteristics. However, Chl and TP levels are highly variable
among lakes, and sample size varies substantially by lake and period, all making it
difficult to compare the decrease (or increase) in concentrations for a specific period and
lake with that for another period and lake. To resolve this, we use a log response ratio
(LR) along with Monte Carlo simulation, whereby full distributions rather than point
estimates are compared, and the extent to which post-invasion level is different from
pre-invasion level is expressed as a probability.
For each lake TP and Chl concentrations were divided into two time groups
based on pre- and post-invasion periods. A LR (Higgins and Vander Zanden 2010) can
be defined as:
LR-X = ln(Post-X/Pre-X)

(6.1)

where Post-X and Pre-X are the vectors of TP or Chl concentrations observed in the lake
during the post- and pre-invasion periods, respectively. Post-X and Pre-X are assumed
to follow lognormal distributions and log-transformation of Post-X/Pre-X normalizes the
distributions of Post-X and Pre-X. LR-X is normally distributed as:
LR-X ~ N (μX2 – μX1, σX22 + σX12)

(6.2)

where ln(Post-X) ~ N (μX2, σX22) and ln(Pre-X) ~ N (μX1, σX12), and μ and σ represent the
mean and standard deviation of the distribution. A Monte Carlo simulation was
performed to approximate the full distribution of Equation 6.2 and the simulated values
were retransformed to natural metrics to do inference on the distribution of Post-X/Pre-
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X. Based on the simulation results, the probability of Post-X being smaller than Pre-X
(Pr-X) was calculated as follows:
Pr-X = n(Post-X/Pre-X < 1) / n.sims

(6.3)

where n.sims is the number of iteration, and n(Post-X/Pre-X < 1) is the number of
simulation results < 1 among n.sims. Pr-X > 0.5 means X is likely to have decreased postinvasion, and as Pr-X approaches one, we are more confident to say that X has decreased
post-invasion; on the contrary, as Pr-X approaches zero, we are more certain that X has
increased post-invasion. Pr-X close to one indicates either the mean of Post-X is
significantly lower than that of Pre-X, or variances of Post-X and Pre-X are low, or both
the distant means and low variances.
Also, an one-tailed t-test (two sample, unpaired, unequal variance) was
performed to examine if ln(Post-X) was lesser or greater than ln(Pre-X) with statistical
significance.

6.2.2.2 Comparison of chlorophyll-total phosphorus relationship for preand post invasion
The objective of this modeling is to compare Chl-TP relationship before and after
dreissenid invasion. Further, the model attempts to see if the differences in the
relationship for those periods are significant and if the post-invasion changes are
consistent among lakes irrespective of their trophic status or hydromorphological
characteristics. When the relationship is modeled based on cross-sectional data,
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assuming the log-log relationship between Chl and TP, the model equation can be
expressed as:
ln Chl' = N

αfgh + βfgh ∙ ln TP' $ ∙ I m' + αflmn + βflmn ∙ ln TP' $ ∙ I −m' , σ- .

for i = 1, …, n
I ∗ =1

1
0

(6.4)

if ∗ = 1 =
otherwise

where α = intercept term and β = slope term; n = number of observations; subscript i =
index that indicates the ith observation of variables; m = categorical variable with a
value of 1 if observed before mussel invasion and -1 otherwise; subscripts pre and post
denote pre- and post-invasion, respectively; σ = standard deviation of the model
residual error term.
The model does not allow parameters (α and β) to vary by lake. However, not
only the effects of mussel invasion, we also want to accommodate the variations in the
relationship among lakes into the analysis. An alternative would be to model the Chl-TP
relationship lake-by-lake. This approach accompanies certain gains and weaknesses at
the same time; while modeling individual lakes separately, in comparison to modeling
cross-sectional data, allows improved prediction accuracy, it is likely to decrease the
prediction precision due to limited sample size within a lake. Also, without aggressive
nutrient controls or catastrophic events, water quality characteristics such as nutrient
levels in a single lake seldom vary over a wide range, which is required to quantify
ecological relationship between variables of interest. Consequently, such models are
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subject to high uncertainty in model parameters and predictions. To address the limited
information and variability associated with the data for an individual lake, while still
acknowledging the difference in the relationship among lakes, we employ a Bayesian
hierarchical approach whereby individual data points are grouped by lakes and the
basic model equation (Equation 6.4) is modified as follows:
ln Chl' ~ N

αfgh,@p'q + βfgh,@p'q ∙ ln TP' $ ∙ I m' + αflmn,@p'q + βflmn,@p'q ∙ ln TP' $ ∙ I −m' , σ- .

(6.5)

for i = 1, …, n and j = 1, …, k
where subscript j = index that indicates the jth lake; k = number of lakes under study,
and subscript j[i] indicates the ith observasion made in lake j.
In the hierarchical model, model parameters are further modeled as:
s

rut v ~ N wPxxy T , ∑|,
t

z

for ∑ = w

σ-s

ρσs σu

ρσs σu
σ-u

|

(6.6)

where μs = overall mean of α across lakes during the pre- or post-invasion periods; μu =
overall mean of β across lakes during the pre- or post-invasion periods; ∑ = covariance
matrix; σ = standard deviation of α or β; ρ = correlation between α and β.
Based on the assumption that lake-specific parameters, α and β, are distributed
around their overall means, μ_ and μu , they are estimated as a weighted average of the
parameter estimates for individual lakes the overall parameter estimate across lakes. As
such, compared to the separate lake estimates, the hierarchical estimate of individual
lake estimates are pulled towards the overall mean. Lakes with larger sample sizes are
pulled less, while lakes with smaller sample sizes will be pulled more to the overall
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mean. In addition to the sample size, the multilevel estimate also accounts for the
relative degrees of between- and within-lake variances. If the between-lake variance is
relatively high, the weight on the overall parameter will be small, and the individual
lake parameter will be pulled less toward the overall mean, and vice versa.
Model parameter posterior distributions were simulated using Markov chain
Monte Carlo (MCMC) procedures in the software program WinBUGS (Lunn et al. 2000).
Predictions were made based on the posterior distributions using the R programming
language (Ihaka and Gentleman 1996).

6.3 Results
6.3.1 Effects of dreissenids invasion on total phosphorus and
chlorophyll concentrations
The lakes in this analysis are located in the Midwestern and Northeastern US,
cover a wide range of trophic status (Figure 6.1 and Table 6.1), mean depth and surface
area (Figure 6.2 and Table 6.1), and include both stratified and mixed lakes (Table 6.1).
Well-mixed lakes tend to be more eutrophic (with lake-wide mean TP ranging from 16123 ug/L; mean Chl ranging from 3-45 ug/L) compared to stratified lakes (mean TP 1255; mean Chl 2-8), shallow (with mean depth ranging from 1.5-6.8 m). Presence of
stratification is not related to surface area.
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Since dreissenid invasion, both TP and Chl concentrations have decreased; in 21
of the 24 lakes post-invasion TP concentrations are lower than pre-invasion TP
concentrations (Figure 6.3a and Table 6.2), while in 16 lakes post-invasion Chl
concentrations are lower than pre-invasion Chl concentrations (Figure 6.3b and Table
6.2). Across lakes, it is more certain that TP concentrations have decreased (mean Pr-TP
= 0.61 across all lakes with one standard deviation of 0.13) than Chl concentrations have
decreased (mean Pr-Chl = 0.55 ± 0.14) since the dreissenid invasion. Post-invasion
decreases in both TP and Chl concentrations are more consistent in mixed lakes (Figure
6.3), while post-invasion changes in TP and Chl concentrations vary among stratified
lakes; all lakes that show post-invasion increases in TP concentrations are stratified, and
six of eight lakes that show post-invasion increases in Chl concentrations are stratified
(Figure 6.3).
In mixed lakes, the certainty of decreasing TP and Chl concentrations (Pr-TP and
Pr-Chl) increases with increasing lake mean depth, whereas Pr-TP and Pr-Chl are
unrelated to the mean depth in stratified lakes (Figure 6.4). We also explored the effects
of lake surface area or trophic status combined with presence of stratification on Pr-TP
and Pr-Chl, but did not find strong patterns.
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Table 6.1. List of lakes, lake morphology, year invaded by dreissenids, and data
sources

1988-2006
1997-2004

Invasion
Year
2000
1999

Mean
Depth
10.4
1.8

Surface
Area
3.77
35.84

Mixing
Status
Stratified
Mixed

Multiple

1980-2009

1994

19.5

1269

Stratified

2001-2008

2005

3

15

Mixed

WI
VT
WI
MI

Cerro
Gordo
Sheboygan
Addison
Kenosha
Wastenaw

2001
1999
2001
2003

6.1
33.5
3.4
4.7

0.6
4.197
2.58
3.95

Stratified
Stratified
Stratified
Mixed

Geneva

WI

Walworth

1995

18.6

21.17

Stratified

Hunters
Lac La Belle
Long

WI
WI
WI

2002
1999
2001

1.5
3.4
6.7

0.54
4.71
1.7

Mixed
Stratified
Stratified

Mary
Metonga
Nagawicka
North
Oconomowoc
Oneida
Pewaukee
Saginaw Bay
Shawano
Upper
Nemahbin
Wind
Winnebago

WI
WI
WI
WI
WI
NY
WI
MI
WI
WI

Waukesha
Waukesha
Fond du
Lac
Kenosha
Forest
Waukesha
Waukesha
Waukesha
Oneida
Waukesha
Multiple
Shawano
Waukesha

1988-2006
1980-2009
91, 94-06
88, 93, 98, 99, 01,
04, 05, 07
88-90, 96, 98-00,
02-06
98-00, 02-06
88-01, 03, 06
1988-2006
91, 95-06
1999-2006
1988-2002
93, 95-06
88-89, 93-06
1975-2006
1988-2006
78-79, 90-09
1999-2006
92, 94, 95, 97-06

2002
2001
1998
2003
1999
1991
2001
1991
2001
1998

2.7
7.6
11
11.3
9.8
6.8
4.6
5
2.7
9

1.2
8.73
3.71
1.78
3.1
207
10.09
1400
25
1.15

Stratified
Stratified
Stratified
Stratified
Stratified
Mixed
Stratified
Mixed
Mixed
Stratified

88-89, 95, 99-06
90-91, 94-06

2003
1999

3.1
4.7

3.72
557

Mixed
Mixed

Lake

State

County

Data availability

Big Cedar
Butte des
Morts
Champlain

WI
WI

Washington
Winnebago

Clear

NY,
VT
IA

Crystal
Dunmore
Elizabeth
Ford

WI
WI

Racine
Fond du
Lac
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Figure 6.1. Comparison of lake-wide a) TP and b) Chl levels (ug/L) for pre- and
post-invasion periods in 24 US lakes. Dots denote pre-invasion mean, squares denote
post-invasion mean, solid symbols represent mixed lakes, and open symbols
represent stratified lakes. Error bars indicate ± one standard error. Orange shading
represents a concentration range indicative of mesotrophic status (Reckhow and
Chapra 1983).
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Figure 6.2. Distribution of a) mean depth (m) and b) surface area (km2) in the
log metric across 24 US lakes. Solid bars represent mixed lake, and open bars
represent stratified lake.
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Table 6.2. Summary of dreissenid impacts on TP (ug/L), Chl (ug/L), and Chl-TP
relationship changes in intercept (±1 standard error) and slope (±1 S.E.). If Pr-X > 0.5, it
is more likely that TP (or Chl) has decreased since dreissenids invasion, and *
indicates that the decrease is significant (p-value < 0.05). P-value was calculated from
a t-test of LR-X.
Pre-invasion

Post-invasion

Lake
Big Cedar
Butte des Morts
Champlain
Clear
Crystal
Dunmore
Elizabeth
Ford
Geneva
Hunters
Lac La Belle
Long
Mary
Metonga
Nagawicka
North
Oconomowoc
Oneida
Pewaukee
Saginaw Bay
Shawano
Upper Nemahbin
Wind
Winnebago

TP

Chl

TP

Chl

27.7
85.2
24.1
77.3
67.9
10.3
24.8
61.7
22.7
16.5
15.2
53.4
25.1
14.9
37.3
44.8
21.0
38.4
61.1
28.6
31.2
31.4
127.3
110.4

5.1
53.7
5.8
50.8
2.7
2.3
6.7
38.6
4.3
2.6
4.4
6.2
4.9
3.2
4.4
9.4
2.7
9.4
7.7
11.7
9.2
3.7
14.8
42.7

22.5
79.1
20.7
79.2
20.9
11.8
22.1
56.2
15.6
15.4
18.9
19.2
23.4
14.8
21.3
17.3
20.0
23.5
23.0
19.2
31.8
12.1
112.0
105.8

5.9
43.0
5.5
38.2
3.1
3.4
6.5
29.4
2.9
3.4
4.3
4.6
8.0
2.3
3.1
4.6
2.2
6.1
10.0
6.9
14.2
2.5
6.8
28.8

Pr-TP

Pr-Chl

0.66 *
0.53
0.60 *
0.51
0.78 *
0.42
0.54
0.62
0.77 *
0.52
0.40
0.83 *
0.48
0.53
0.70 *
0.77 *
0.56
0.71 *
0.83 *
0.72 *
0.51
0.62
0.54
0.51

0.48
0.54
0.51
0.51
0.41
0.31
0.49
0.54
0.76 *
0.40
0.55
0.62 *
0.28
0.61
0.67 *
0.72 *
0.58
0.67 *
0.43
0.70 *
0.42
0.60
0.86 *
0.60
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∆ Intercept
-2.03
-0.21
0.32
0.44
-1.44
0.43
-1.96
-0.22
-1.71
-0.76
-2.02
-1.56
-0.06
-1.18
-1.55
-1.67
-1.07
-2.17
-0.11
-0.16
-1.25
-2.23
-1.17
-0.29

(± 0.02)
(± 0.03)
(± 0.01)
(± 0.04)
(± 0.02)
(± 0.03)
(± 0.03)
(± 0.04)
(± 0.03)
(± 0.04)
(± 0.03)
(± 0.02)
(± 0.03)
(± 0.05)
(± 0.03)
(± 0.03)
(± 0.03)
(± 0.00)
(± 0.03)
(± 0.01)
(± 0.04)
(± 0.03)
(± 0.03)
(± 0.03)

∆ Slope
0.69
0.06
-0.08
-0.09
0.54
-0.09
0.64
0.05
0.47
0.34
0.35
0.65
0.61
-0.11
0.30
0.42
0.51
0.25
0.78
-0.01
0.44
0.79
0.09
0.00

(± 0.01)
(± 0.01)
(± 0.00)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)
(± 0.01)

Figure 6.3. Comparison of a) TP and b) Chl concentrations for pre- vs. postinvasion periods. Pr-X > 0.5, which suggests post-invasion decreases, is colored blue,
while Pr-X < 0.5, which suggests post-invasion increases, is colored red. Open bars
represent mixed lake, and solid bars represent stratified lake. Statistical significance
(p-value < 0.05) marked with * is calculated from a t-test of LR-X. Filled bars represent
Pr-X for stratified lakes and open bars represent Pr-X for mixed lakes.
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Figure 6.4. Effect of lake mean depth and mixing status on decreasing a) TP
and b) Chl concentrations. Solid dots represent mixed lake, and open dots represent
stratified lake. Strong correlations between Pr-X and mean depth were found in
mixed lakes (solid lines) but not in stratified lakes (dashed lines). Regression
equations for mixed lakes (solide lines) are, (a) Pr-TP = 0.41 + 0.13 ∙ log(Mean depth)
(R2=0.5, p-value=0.03) and (b) Pr-Chl = 0.40 + 0.15 ∙ log(Mean depth) (R2=0.3, pvalue=0.10)
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6.3.2 Effects of dreissenids invasion on chlorophyll - total
phosphorus relationship
Despite the pooling-effect toward the overall means for intercept (μ}s,fgh = 0.27
and μ}s,flmn = -0.77) and slope (μ}u,fgh = 0.43 and μ}u,flmn = 0.75) across lakes (Figure 6.5), the
estimated intercept and slope differ substantially among individual lakes (Figure 6.6).
The small pooling-effect can be explained by large variance between lakes relative to
variance within a lake. When comparing between-lake slope variance (σ
~-u,fgh = 0.24) for
the pre-invasion period to within-lake variance ( , - = 0.53), for example, the variance
ratio is σ
~-u,fgh / , - = 0.45, which means any lake that has more than 1/0.45 ≈ 2
observations has slope closer to its own estimate than the overall mean slope estimate
(Gelman and Hill 2007). Taking into account the other between-lake variance
parameters, all the parameters for a given lake that has more than five observations is
estimated closer to its own estimates than the overall mean parameter estimates.
Contrary to the popular belief, pre-invasion Chl dependence on TP level does not
seem strong in many individual lakes (Figure 6.6), although when combined together,
the lakes as a whole reveal strong relationship between Chl and TP concentrations
(Figure 6.5).
When regression parameters for post-invasion period are compared with those
for pre-invasion period in individual lakes, intercept tends to covary with slope in the
opposite direction; in 21 of 24 lakes, post-invasion intercept is lower than pre-invasion
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intercept, and in 18 of 24 lakes, post-invasion slope is higher than pre-invasion slope
(Table 6.2).
Because the decreases in intercept co-occur with the increases in slope, predicted
concentrations for post-invasion Chl are not consistently lower than those for preinvasion Chl across a broad gradient of TP concentrations (Figure 6.7). In all lakes, postinvasion Chl predictions are lower than pre-invasion Chl predictions at low TP levels
indicative of oligotrophic or mesotrophic conditions, while the tendency of underprediction in the post-invasion period becomes more uncertain at high TP levels (Figure
6.7).

145

Figure 6.5. Comparison of Chl-TP concentration relationship for pre- and postinvasion periods across 24 US lakes. Blue solid dots represent pre-invasion
observations, and red open squares represent post-invasion observations across lakes.
Blue line indicates regression line derived from pre-invasion overall mean parameters
( , and , ), and red line indicates regression line derived from pre-invasion
overall mean parameters ( ,
and ,
).
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Figure 6.6. Comparison of Chl-TP concentration relationship for pre- and postinvasion periods in individual lakes. Blue solid dots represent pre-invasion
observations, and red open squares represent post-invasion observations in each lake.
Lines indicate Bayesian hierarchical regression for pre-invasion (blue line) and postinvasion (red line).
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Figure 6.7. Comparison of post-invasion Chl predictions and pre-invasion Chl
predictions at four levels of TP concentration, 5, 15, 40, and 100 ug/L. Dots denote the
mean of predictive distribution, lines denotes ± one standard deviation of predictive
distributions for pre-invasion (blue line) and post-invasion (red line) periods. Black
diagonal lines represent one-to-one line.
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6.3.3 Effects of dreissenids invasion over different time scales
Using five lakes which have records of TP and Chl concentrations > 10 years after
dreissenid invasion, long-term changes in TP and Chl concentrations were compared
with the short-term changes to examine if the filtration effects of mussels are consistent
over time. TP declines with the mussel invasion appear to be sudden, with the average
decrease of ~30% across the lakes within 3 years of invasion, and the effect of invasion
on decreasing TP remain consistent throughout time (Figure 6.8a). On the other hand,
immediate responses of Chl concentration to the invasion vary from a 40% decrease to
25% increase within 3 years of invasion. Clear decreases in Chl concentration are
consistent among the lakes within 5 years of invasion, with the mean decrease of ~15%,
and the reduced Chl concentrations have stabilized over time (Figure 6.8b). In Lakes
Champlain and Dunmore, changes in TP and Chl concentrations are not pronounced in
response to the dreissenid invasion.
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Figure 6.8. Comparison of mean (a) TP and (b) Chl concentrations in preinvasion with the concentrations in post-invasion period over different time scales.
For example, values at “Post 3yrs” are the mean concentration over 3 years after
dreissenid invasion. Black vertical bars represent standard errors.
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6.4 Discussion
Our results suggest that decreases in TP and Chl concentrations occurred in most
of 24 US lakes after dreissenid invasion. The post-invasion decreases were more
consistent in mixed lakes (Figure 6.3), which agree well with the published literature
that reported the effects of grazing pressure by mussels were more measurable in
shallow lakes, and nearshore, nonstratified portions (Fahnenstiel et al. 1995b,
Makarewicz et al. 2000, Carrick et al. 2001, Hall et al. 2003, Higgins and Vander Zanden
2010). In contrast, the decreases of TP and Chl concentrations in response to mussel
invasion were found, but more variable in stratified lakes (Figure 6.3). These are
consistent with the findings that low turbulence that limits vertical mixing of lake water
can restrict the potential for FC of mussels in stratified lakes (Yu and Culver 1999,
Edwards et al. 2005). Among the mixed lakes, the grazing effects on TP and Chl
concentrations increased with increasing mean depth (Figure 6.4), suggesting that deep,
mixed lakes, where primary productivity was previously limited by light, are more
responsive to the mussel invasion, whereby the light limitation is relaxed in those lakes.
After the mussel invasion, Chl concentrations rather increased in a few lakes
included in this study (Figure 6.3b). Similar to these lakes, in Green Bay, Lake Michigan,
increased Chl concentrations coincidental with cyanobacterial blooms were found
subsequent to dreissenid invasion (De Stasio et al. 2008). This can be explained by the
observation made in Saginaw Bay (Vanderploeg et al. 2009) that during spring, zebra
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mussels effectively grazed phytoplankton dominated by diatom species, while during
summer, mussels were concurrent with cyanobacterial blooms due to the mussels’
selective filtration against cyanobacteria, resulting in increased total phytoplankton
biomass during the summer. In this sense, the increase of Chl concentrations in Green
Bay may be related to the fact that sampling period was limited to summer, and did not
include spring when major reductions in phytoplankton biomass occur. As opposed to
Saginaw Bay, Chl concentrations decreased in spring and even in summer in the western
basin of Lake Erie, where cyanobacterial blooms were not reported during the summer
(Makarewicz et al. 2000). Therefore, the increased Chl concentrations we found in the
lakes may be due to sampling bias toward summer, or increased summer Chl
concentration overriding decreased spring Chl concentration in those lakes.
We found that Chl concentrations predicted at a specific TP concentration that
represents oligo- to mesotrophic conditions are lower in post-invasion than in preinvasion period (Figure 6.7). Similar findings were reported in the literature; after the
mussel invasion, the decreases in Chl-to-TP ratio were found at several sites in Lakes
Erie and Ontario (Nicholls et al. 1999, Nicholls et al. 2001), less Chl per unit TP was
predicted in the nearshore portions of Lake Ontario, the western basin of Lake Erie, and
Lake St. Clair (Mellina et al. 1995, Hall et al. 2003). However, some of these results
should be interpreted with caution. When post-invasion Chl observations were
compared to predictions (Mellina et al. 1995, Hall et al. 2003), the predicted Chl values
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were calculated using Dillon and Rigler (1974a) model or other models which were
developed from cross-sectional data. Therefore, it is hard to determine if the differences
between observations and predictions reflect the effects of mussel invasion, or merely
the deviations from the cross-sectional Chl-TP relationship. Also, a meta-analysis
through hierarchical modeling identified the slope decrease of Chl-TP relationship in
most of 27 north temperate lakes (Higgins et al. 2011). However, the slope decrease does
not necessarily indicate less Chl yield for a given TP level. In fact, our prediction results
demonstrate that because slope covaries with intercept, at a TP that exceeds certain
level, post-invasion predictions of Chl are higher than pre-invasion predictions,
although uncertainty contained in the predictions is high at high TP level.
Further, we investigated if the altered relationship accompanied by the
disappearance of coupling between Chl and TP concentration. Thus, we compared R2
values of log(Chl)-log(TP) regression between pre- and post-invasion periods for
individual lakes to see if the total variance of Chl explained by TP has decreased since
the mussel invasion. In most of the lakes, however, R2 estimated from post-invasion ChlTP relationship are rather higher than R2 for the pre-invasion period (Figure 6.9). This
indicates that although filtration activities of mussels decreased Chl (and TP) levels in
the water column, but did not lessen Chl dependence on TP level (bottom-up control) in
those lakes.
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It should be noted that even before the mussel invasion, Chl-TP relationships do
not seem strong in many lakes under study. In several lakes, the weak relationships may
be attributable to the limited range of TP concentrations that are not sufficient to draw a
functional relationship with Chl concentrations. Also, the weak correlations in other
lakes may be due to the fact that TP and Chl concentrations were sampled only during
spring or summer when phytoplankton biomass is limited by light than P levels due to
high turbidity. However, in case of Crystal Lake, for example, Chl concentrations are
constantly low despite a variety of TP levels ranging from 5-328 ug/L, and sampling
period from April throughout November. In addition to light availability, low
temperature or heavy grazing by herbivorous zooplankton can regulate the standing
crops of lakes; also, spring algal biomass mainly contributed by diatoms can be
influenced by silicon supply to the water column (Smith and Shapiro 1981). Thus, our
results illustrate that the patterns shown in individual lakes are likely to be different
from the cross-sectional pattern, and the Chl-TP model that would be used for
management should be developed from observations in a specific lake.
The prolonged impacts of dreissenid invasion on suppressing TP and Chl
concentrations (Figure 6.8) have implications for P management in mussel-invaded
lakes. The seeming reversal of trophic status in nearshore zones, combined with a
recently reported collapse of fish population in offshore zones of the Great Lakes (Riley
et al. 2008b), may encourage lenient P controls than the current level. However, there is
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conflicting evidence on the reversal of eutrophication that now blooms of cyanobacteria
and nuisance benthic algae are likely to occur at lower TP concentration levels than they
used to occur prior to the mussel invasion (Carrick et al. 2001, Conroy et al. 2005b).
Although our results predict lower Chl levels for a given TP level after the mussel
invasion, from another perspective, we found no indication of weaker correlation
between Chl and TP concentrations after the mussel invasion. Thus, our findings based
on Bayesian hierarchical modeling propose that filtration activities of mussels have
ability to alter the processes related to primary production, and in mussel-invaded lake
ecosystems both top-down and bottom-up forces are important in determining
phytoplankton biomass.
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Figure 6.9. Comparison of R2 estimated from log(Chl)-log(TP) regression
between pre- and post-invasion periods
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7. Conclusions
This dissertation attempts to address several questions regarding the changes in
Saginaw Bay phosphorus dynamics and water quality in response to phosphorus load
reduction and mussel invasion.
1. Has Saginaw Bay met the 440 tonne yr-1 target phosphorus load established by
the Great Lakes Water Quality Agreement (GLWQA)?
Annual total phosphorus load estimates suggest a slight decrease in the early
time-series, but the patterns are not clear due to large year-to-year variability. The
variability arises from annual flow that substantially varies by year. In contrast, annual
ratio estimates that represent flow-weighted concentrations dampen the noise that
yearly flow variation adds to the load estimates. Consequently, the ratio estimates show
a clearer decrease over the early time-series and stabilized patterns from the early 1980s,
stressing the effectiveness of point source controls implemented in accordance with
GLWQA. Despite the decreases, it is unlikely that Saginaw Bay has met the 440 tonnes
yr-1 target phosphorus load; only during unusually dry years have annual loads come to
close to meeting the target.
2. Is the increased nearshore phosphorus retention and decreased offshore
phosphorus transport subsequent to mussel invasion discernible in Saginaw Bay?
When annual phosphorus sedimentation rate is expressed as a proportion of
annual phosphorus load, the proportion of tributary phosphorus retained in Saginaw
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Bay increased from approximately 46% to 70% when dreissenid appeared, reducing
phosphorus export to the main body of Lake Huron. The combined effects of increased
phosphorus retention and decreased phosphorus loading have caused an approximate
60% decrease in phosphorus export from Saginaw Bay to Lake Huron.
3. Do the effects of mussel invasion on altering water quality characteristics last
over a long-term period?
Fahnenstiel et al. (1995) reported immediate, dramatic impacts of dreissenid
invasion on water quality characteristics of Saginaw Bay; over 2-3 years after the mussel
invasion there was a 43% decrease in total phosphorus concentration, a 59% decrease in
chlorophyll concentration, and a 60% increase in Secchi depth. The prolonged effects of
the mussel invasion on those characteristics were found over a long-term period (19922010). After the invasion, total phosphorus concentration has decreased by 25%,
chlorophyll concentration has decreased by 46%, and Secchi depth has increased by 15%.
This can be explained by high filtration capacity maintained by mussel populations in
Saginaw Bay over the corresponding period; even at lower densities observed in 2008
the mussels would have the capacity to filter the entire volume of inner Saginaw Bay
more than ten times during the reported hydraulic residence time of 120 days.
4. Do chlorophyll yields given a phosphorus level decrease after mussel
invasion?
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The comparison of chlorophyll‒total phosphorus relationship for Saginaw Bay
between pre- and post-invasion period confirms the expectation that chlorophyll yield
per unit phosphorus level would decline after mussel invasion. The altered relationship
arises from decreased intercept, rather than decreased slope, accompanying the tight
correlation between chlorophyll and total phosphorus concentrations after the mussel
invasion. These findings in Saginaw Bay are expanded to 24 mussel-invaded US lakes. .
Decreases in both total phosphorus and chlorophyll concentrations were found in the
majority of the 24 lakes, and less chlorophyll yields were predicted at a certain range of
phosphorus concentrations that represent from oligo- to mesotrophic conditions. The
shift in chlorophyll‒phosphorus relationship toward lower chlorophyll yield per unit
phosphorus implies the increased importance of top-down pressure driven by mussel
grazing in determining phytoplankton biomass in lakes. However, no indication of
decorrelation between chlorophyll and phosphorus found in many lakes under
investigation suggests that bottom-up control is still important after the mussel invasion.

The load reduction and mussel invasion have crucial management implications.
Since the mussel invasion, Lake Huron and other Great Lakes offshore areas have
experienced nutrient starvation and suffered a collapse of the demersal fish and
invertebrate communities. The results of this dissertation indicate that increased
nearshore retention and decreased offshore transport is contributing to ongoing food
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web shifts. Concerns about the collapse of offshore food web may turn our attention to
whether current phosphorus load regulation should be relaxed to maintain the offshore
fish and invertebrate populations. The easing of regulations, however, should not be
considered as management direction; the analysis of phosphorus sedimentation rates in
Saginaw Bay supports the decreased offshore phosphorus transport on the one hand,
but on the other, the results suggest that the increased nearshore phosphorus retention
in the post-mussel era is likely the cause of reoccurring blooms of benthic algae and
decaying benthic algae on beaches. Further, since the mussel invasion, nearshore areas
have suffered cyanobacterial blooms despite stabilized phosphorus load and lower inlake phosphorus level. One convincing explanation for this is selective filtration by
dreissnid against certain phytoplankton species, including cyanobacteria. Thus,
increasing phosphorus load from the current level would exacerbate the eutrophication
symptoms occurring in nearshore areas, not guaranteeing the recovery of offshore food
web.
To reduce the nearshore eutrophication symptoms, non-point source controls of
phosphorus should be implemented in addition to point source controls. The annual
phosphorus load estimates reflect the successful implementation of the point source
controls since the early-mid 1970s, but the stabilized pattern from the early 1980s
indicates that adequate efforts to regulate non-point sources have not been made.
Particulate phosphorus whose major contribution is made by non-point sources would
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now become more approachable and available to benthic communities consequent to
mussel filtration activities. This stresses the importance of regulating non-point
phosphorus sources, given the persistent presence of mussels, to reverse the
eutrophication symptoms.
Ongoing monitoring efforts coupled with 20 years colonization of mussels in
Saginaw Bay provided an opportunity for a series of retrospective analyses. The results
from a retrospective analysis, however, may address several issues. First, long-term
observational data used for the analysis typically contain large uncertainty and
variability that arise from differing sampling frequencies over time, use of several
different data sources, and spatiotemporal variability, to name a few. The results from
retrospective analyses presented in this dissertation suggest that the Bayesian
hierarchical modeling is a suitable approach to address this issue. The Bayesian
technique allows us to account for uncertainty associated with model parameters and
predictions. Further, the Bayesian hierarchical approach makes it possible to
differentiate uncertainty sources in the hierarchical model structure. Second, while
performing a retrospective analysis, it is hard to isolate the effects of confounding factors
from the effects of what we are interested in to see. For example, despite the apparent
changes in chlorophyll and total phosphorus concentrations concurrent with mussel
invasion in Saginaw Bay, it is hard to determine the extent to which the changes are
attributable to the mussel invasion and if its effects are significant. A synthesis analysis
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can be an alternative to overcome this issue. By studying the integrated response of
lakes that represent a variety of conditions to mussel invasion, we can generalize the
effects of the mussel invasion, while at the same time addressing the role of confounding
factors, such as hydromorphological characteristics of lakes, in differentiating the
responses among the lakes to the mussel invasion. Finally, the evidence presented by
the retrospective analyses in this dissertation is circumstantial. However, all aspects of
evidence given point to the important roles of phosphorus load and invasive mussels in
controlling eutrophication dynamics in lakes. Also, the analysis results are supported by
paralleled hypotheses, published experimental results, and published process-based
modeling results. Despite certain limitations, the strongest advantage of retrospective
analyses lies in the fact that they can provide long-term perspectives at the whole
ecosystem scale.
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