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ABSTRACT

Nutrient excretion rates of zebra mussels from Saginaw 
Bay, Lake Huron, and Hatchery Bay, western Lake Erie, 
were compared over a 3-year period. Rates were estimated 
from nutrient accumulation in bottles of filtered lake water 
to which mussels were added for short (3–4 h) incubations.

Excretion rates of soluble reactive phosphorus and 
ammonium were related to gross and net feeding rates 
measured in companion feeding experiments. Both feeding 
and excretion rates were related to seston quantity, seston 

nutrient concentrations, algal composition, and temperature. 
Excretion rates were significantly different between lakes 
and were significantly correlated to net feeding (assimila-
tion) rate and algal composition as measured by the bio-
mass percentage of cryptophytes, flagellates, and greens. 
Excretion rates were also significantly correlated to soluble 
reactive phosphorus concentrations and the assimilation rate 
of phosphorus, based on chlorophyll assimilation rate and 
phosphorus content of the seston. Nitrogen and phosphorus 
excretion rates showed distinct seasonal patterns and distinct 
differences between lakes. Notably, nitrogen excretion was 
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446 Quagga and Zebra Mussels: biology, iMpacts, and control

most strongly correlated to temperature, while phosphorus 
excretion was most strongly related to assimilation of chloro-
phyll and phosphorus. Nitrogen excretion rates were approxi-
mately twice as high for mussels from Lake Erie compared 
to mussels from Saginaw Bay, whereas phosphorus excretion 
rates were more than 10-times higher for Lake Erie mussels 
than Saginaw Bay mussels. Higher excretion rates for Lake 
Erie mussels were associated with the greater availability of 
phosphorus as reflected by both concentrations and carbon to 
phosphorus or nitrogen to phosphorus ratios of the seston, as 
well as a more desirable algal composition as measured by 
both the percent preferred algae and the lower frequency of 
cyanophytes that have been shown to be an undesirable food 
source. Overall, excretion of phosphorus was strongly driven 
by phosphorus assimilation that was strongly affected by 
feeding rate, which in turn was driven by algal composition.

It has been broadly reported that mussels highly impact 
phytoplankton abundance and composition through direct 
grazing pressure and phytoplankton productivity through recy-
cling of nutrients into the water column. Results of this study 
reveal, in turn, the strong impact that phytoplankton composi-
tion and nutrient availability have on determining mussel feed-
ing rates and nutrient excretion rates. Such ecosystem-specific 
responses must be considered in any modeling or mass-balance 
approaches that attempt to quantify the impact of mussel feed-
ing and excretion on phytoplankton and nutrient dynamics.

INTRODUCTION

The invasive Ponto-Caspian mussels, zebra mussel 
(Dreissena polymorpha) and quagga mussel (Dreissena ros-
triformis bugensis), have spread throughout much of Europe 
and North America and have had profound effects on eco-
systems they have invaded, including the Laurentian Great 
Lakes (e.g., Vanderploeg et al. 2002, Higgins and Vander 
Zanden 2010). Their filtering impacts have been particu-
larly well studied. Because of high intrinsic filtering rates 
and high abundances, mussels can greatly reduce algal con-
centration, increase water clarity (Fahnenstiel et  al. 1995, 
Vanderploeg et al. 2002, 2010), and decrease the chlorophyll 
(Chl): total phosphorus (TP) ratio (e.g., Higgins et al. 2011). 
Increases in water clarity can increase the production of 
benthic algae including nuisance algae such as Cladophora, 
which potentially benefit as well from substrate and nutri-
ents provided by the mussels with which they are often 
associated (Vanderploeg et al. 2002, Higgins et  al 2008, 
Ozersky et al. 2009). In addition to clearing the water during 
spring, mussels can promote harmful blooms of the cyano-
phyte Microcystis during summer by selectively rejecting 
colonial Microcystis while ingesting small desirable algae 
(Vanderploeg et al. 2001, 2009). It is also possible that mus-
sels promote Microcystis not only by removing its competi-
tors but also by the nutrients produced during mussel feeding 
and subsequent excretion (Vanderploeg et al. 2001, 2002). 

Thus, nutrient excretion potentially acts synergistically with 
both mussel feeding impacts on phytoplankton composi-
tion and engineering impact of increased light intensity to 
promote harmful blooms in the water column (Microcystis) 
and nuisance blooms of attached algae on bottom substrates 
(Cladophora).

Mussel filtering, nutrient excretion, and ecosystem engi-
neering are having profound impacts on algae in both near-
shore and offshore regions of the Great Lakes (Vanderploeg 
et al. 2001, 2002, 2009, 2010, Hecky et al. 2004). Dreissenid 
mussels in the nearshore region can reengineer carbon and 
phosphorus cycling in the Great Lakes by intercepting phy-
toplankton and other nutrient-rich particles and retaining 
these nutrients in the nearshore via increased mussel mass 
and promoting Cladophora growth. This shunt of nutrients 
to the nearshore potentially reduces available nutrients to the 
offshore food web (Hecky et al. 2004). Furthermore, high 
concentrations of quagga mussels now dominating mid-depth 
regions of the Great Lakes have severely reduced the spring 
phytoplankton bloom and are possibly acting as a mid-depth 
sink for nutrients, again reducing nutrients to the offshore food 
web (Kerfoot et al. 2010, Vanderploeg et al. 2010). In the mid-
depth sink, soluble phosphorus excreted by mussels would 
not be sequestered by Cladophora but would be recycled to 
the water column, a result consistent with lower Chl:TP ratios 
seen in lakes after invasion by dreissenid mussels. For the lack 
of a better descriptor, we describe the collective impacts of 
mussels on nutrient cycling as nutrient-cycling reengineering.

Another way mussels can potentially reengineer nutri-
ent cycling is through the process of homeostatic nutrient 
excretion (Sterner 1990, Sterner et al. 1992, Vanderploeg 
et al. 2002). This process is particularly relevant for ammo-
nium and phosphate, which when excreted are immediately 
available for uptake by algae or cyanobacteria. In this sce-
nario, mussels maintain relatively constant concentrations of 
nitrogen (N) and phosphorus (P) in their tissues by balanc-
ing excretion to match inputs. Since N:P ratios of algae vary 
depending on nutrient availability, N:P ratios and amounts of 
nutrients excreted by mussels will vary with algal stoichiom-
etry as well as feeding rate. Theoretically, when seston N:P 
is low, feeding mussels will excrete P at a high rate, and the 
N:P ratio of excreted nutrients will be low. When seston N:P 
is high, mussels will excrete P at a low rate, and the N:P ratio 
of excreted nutrients will be high. This skewing of N:P ratios 
has relevance not only to P recycling, but also to algal com-
position since low N:P ratios lead to cyanobacterial domi-
nance (Smith 1983). Consonant with this theory, Arnott and 
Vanni (1996) observed that the N:P ratio of soluble N and P 
excreted by mussels from western Lake Erie was lower than 
that of the seston ingested, and they argued that this could be 
one factor responsible for the return of Microcystis blooms 
to Lake Erie subsequent of the zebra mussel invasion.

Despite the importance of N- and P-excretion by mus-
sels to algal dynamics and composition, little work has been 
done on factors affecting excretion rate and N:P ratios of 
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nutrients excreted. Factors that would need to be considered 
are concentrations of N and P in seston and mussels, mussel 
feeding rates, mussel P- and N-excretion, and algal composi-
tion since feeding rate is very sensitive to algal composition 
(Vanderploeg et al. 2001, 2009, 2010). We are not aware of 
any studies where all these factors were considered. Arnott 
and Vanni (1996) reported everything but feeding rates, 
while Conroy et al. (2005) reported excretion rates of mus-
sels kept in cold storage for several days. Further, Naddafi 
et al. (2008) examined feeding rate of carbon (C), N, and P, 
but examined only net N and P release because algae present 
in their experimental incubations removed some portion of 
the ammonium and phosphate excreted to the water.

In this chapter, we present results of a study to measure 
the magnitude and seasonal patterns of nitrogen and phos-
phorus excretion by zebra mussels from two areas in the 
Great Lakes that differed in trophic status, and to determine 
what factors contribute to observed trends. The study areas 
were Saginaw Bay (Lake Huron) and the western basin of 
Lake Erie—both areas were of particular interest because 
of the occurrence of Microcystis blooms subsequent to inva-
sions by zebra and quagga mussels (Vanderploeg et al. 2001). 
A major advancement of our study over previous excretion 
studies is that our studies were conducted in parallel with 
controlled experiments on feeding behavior (Vanderploeg 
et al. 2001, 2009) in which seston stoichiometry and alga 
composition were defined. Finally, we discuss the relative 
importance of nutrient excretion and food selectivity as 
mechanisms that could contribute to increases in the occur-
rence of Microcystis blooms.

MeThODS

experimental Design

Nutrient excretion and feeding behavior by zebra mus-
sels were measured under controlled laboratory experi-
ments using natural seston from two sites in Saginaw Bay 
and one site in western Lake Erie. Filtration and assimila-
tion rates as a function of algal composition were previ-
ously reported for mussels from these sites in Vanderploeg 
et al. (2009). Nutrient excretion rates as reported here were 
measured using short-term bottle incubations that followed 
identical collection, handling, and acclimation procedures 
as in Vanderploeg et al. (2009), and these excretion rates 
were examined in light of feeding behavior responses. Sites 
were selected to represent a range of trophic conditions as 
defined by the quantity and quality of the seston, but yet 
have similar physical characteristics and well-established 
zebra mussel populations. In Saginaw Bay, one site was 
located in the inner bay (SB5) and one site was located in 
the outer bay (SB19), and in western Lake Erie, one site was 
located in Hatchery Bay (LE) (Figure 27.1). Site details can 
be found in Johengen et al. (1995) for Saginaw Bay, and in 

Holland et al. (1996) for western Lake Erie. Measurements 
were made monthly between April and November during 
1995–1997 at the Saginaw Bay sites, but monthly measure-
ments at the Lake Erie site were not initiated until July 
1996. We attempted to directly compare results from mul-
tiple sites by conducting the experiments within a few days 
of each other. In all, nutrient excretion rates were measured 
14 times for SB5, 9  times for SB19, and 6 times for LE 
(Table 27.1).

In addition, two transplant experiments were conducted 
whereby mussels from Saginaw Bay or Lake Erie were incu-
bated in water from the opposite lake and excretion rates 
were measured at various time points during these incuba-
tions. Transplant experiments were done to confirm that 
differences in observed excretion rates were a function of 
the food source and not the mussel populations themselves 
and to directly quantify the impact of changing seston 
composition. In September 1996, following measurements 
of SB5 and LE mussels using ambient seston, LE mussels 
were acclimated in SB5 water with ambient seston for 38 h 
and then excretion rates were remeasured after an incuba-
tion period of 3–4 h. The SB5 water used for the transplant 
experiment was collected four days after the original col-
lection at SB5. In June 1997, again following measurements 
of SB5 and LE mussels using ambient seston, the opposite 
transplant was performed whereby mussels from SB5 were 
acclimated in LE water with ambient seston (original col-
lected water) for 118 h and then excretion rates were remea-
sured after an incubation period of 4 h.
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Figure 27.1  locations where water and zebra mussels were 
collected in saginaw bay, lake huron (sb5 and 
sb19), and in hatchery bay, western lake erie (le), 
1995–1997.
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Sampling and handling

Zebra mussels used for experiments were collected by 
either scuba divers or with a towed benthic sled. Details of 
the collection, handling, and acclimation are provided in 
Vanderploeg et al. (2009). In brief, mussels were brought 
back to the lab within approximately 4 h of collection, 
sorted, sized, and cleaned in a temperature-controlled room 
maintained at the ambient water temperature. After clean-
ing, mussels were placed in a 30 L aquarium containing 
ambient-site water and acclimated for 12–18 h before being 
used in experimental incubations. Water in the aquarium 
was exchanged with additional site water approximately 
2–3 h before animals were placed in experimental contain-
ers to ensure that mussels were feeding on seston at con-
centrations that closely matched ambient levels just prior to 
the experimental incubations. The acclimation procedure 
was designed to minimize disturbance effects from prior 

handling, including removal of any built up waste products, 
and allowed us to observe that all mussels were filtering nor-
mally before the experiments began.

Nutrient excretion

Nutrient excretion rates were determined by measur-
ing changes in ammonium and soluble reactive phosphorus 
(SRP) concentrations during incubations of 3–4 h. Incubation 
bottles contained 500 mL of 0.2 μM filtered site water. 
Zebra mussels used in experiments ranged in size between 
10 and 20 mm, but results were not differentiated by size for 
this study because experiments indicated that excretion rates 
differed significantly as a function of size in only 4 of 15 
trials (Johengen, unpublished data). Biomass was kept com-
parable in each bottle by using between two and five mussels 
depending on the overall size of  individuals. For all experi-
ments, two control bottles without any zebra mussels were 

Table 27.1  Ambient Temperature, Chlorophyll, and particulate and Dissolved Nutrient Concentrations in Water 
for each Collection Date and Site in experiments with Zebra Mussels Conducted during 1995–1997

Date Temp. (°C) Site
pOC 

(mg/L)
pON 

(mg/L)
pp 

(μg/L)
ChL 

(μg/L)
NO3 

(mg/L)
Nh4 

(μg/L)
SRp 

(μg/L)

april 24, 1995 7 sb5 0.71 0.08 5.0 2.68 0.50 14.6 0.3

april 26, 1995 6 sb19 0.44 0.03 3.6 1.15 0.33 11.0 0.4

May 22, 1995 16 sb5 0.37 0.05 2.1 0.61 0.48 33.0 0.3

May 24, 1995 12 sb19 0.22 0.02 0.9 0.60 0.41 33.0 0.3

June 19, 1995 20 sb5 0.44 0.07 3.2 1.69 0.34 20.8 0.3

June 21, 1995 20 sb19 0.24 0.03 2.6 0.43 0.35 16.3 0.3

July 10, 1995 20 sb5 2.79 0.36 10.5 16.10 0.03 5.7 0.2

July 12, 1995 20 sb19 1.41 0.18 6.4 7.85 0.16 8.3 0.2

august 14, 1995 25 sb5 3.09 0.30 16.1 9.01 0.04 7.0 0.9

august 16, 1995 25 sb19 2.40 0.32 15.5 9.42 0.26 18.4 0.5

september 18, 1995 18 sb5 3.00 0.34 27.8 6.28 0.03 5.1 1.0

september 26, 1995 15 sb19 0.95 0.14 12.0 6.91 0.08 9.1 0.7

november 7, 1995 5 sb5 1.58 0.25 24.5 8.26 0.04 16.8 1.1

May 14, 1996 9 sb5 0.15 0.03 3.6 1.36 0.54 15.5 0.3

May 16, 1996 9 sb19 0.21 0.03 3.2 0.53 0.31 11.8 0.2

June 12, 1996 17 sb5 0.26 0.04 5.3 0.71 0.52 26.5 0.5

June 26, 1996 18 sb19 0.25 0.04 3.7 0.89 0.41 19.3 0.3

July 18, 1996 25 le 0.66 0.11 12.9 10.34 0.82 87.8 4.4

July 23, 1996 19 sb19 0.52 0.08 5.5 2.15 0.51 10.1 0.7

July 25, 1996 22 sb5 0.50 0.08 6.0 3.49 0.79 26.4 1.0

august 29, 1996 21 sb5 2.24 0.30 16.5 13.45 0.13 6.7 0.9

september 4, 1996 25 le 0.50 0.06 14.2 2.31 0.45 15.9 2.2

september 6, 1996 25 le ZM at sb5b 5.90 0.63 14.6 23.5 0.08 4.8 1.1

november 13, 1996a 6 sb5 1.37 0.18 10.1 6.01 0.05 6.8 1.0

June 18, 1997 19 sb5 0.41 0.06 7.2 0.60 0.18 27.0 0.5

June 19, 1997 19 le 0.30 0.03 7.0 0.63 0.36 22.5 2.3

June 23, 1997 19 sb5 ZM at lec 0.42 0.07 12.6 1.61 0.79 42.0 1.8

august 27, 1997 22 le 0.42 0.05 7.3 1.66 0.74 43.5 10.3

october 16, 1997 16 le 0.58 0.07 11.7 2.38 0.50 27.7 5.5

a poc, pon, and pp data for this date were derived from regressions on measured chlorophyll and average seston stoichio-
metric ratios for this site.

b transplant experiment in which zebra mussels from le were fed seston from sb5.
c transplant experiment in which zebra mussels from sb5 were fed seston from le.
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subjected to identical conditions. There were no significant 
changes in nutrient concentrations in the control bottles dur-
ing the course of the incubation for any of the experiments, 
and these results are not presented further. Excretion rates 
were determined by subtracting the total mass of nitrogen or 
phosphorus in each bottle from the 3 or 4 h time point from 
that determined at time zero, immediately after mussels 
were added and the bottle well mixed. Changes in volumes 
and mass removed during sampling were accounted for in 
all calculations. All nutrient excretion rates were normal-
ized to soft-tissue dry weight. Dry weights were obtained 
by removing the soft tissue from the shell onto pre-tarred 
pieces of aluminum foil, drying the tissue at 80°C for 24 h, 
and then reweighing.

Variables Affecting Nutrient excretion

Feeding Rate Variables

We expected that nutrient excretion would be related to 
ingestion and assimilation of C, N, and P. Filtering mussels 
capture particles and ingest those that are not rejected as 
pseudofeces. Of the ingested material, some is assimilated 
and some is egested as feces. Therefore, we can define par-
ticle capture rate (gross feeding) and particle assimilation 
rate (net feeding). The assimilated (net feeding) material is 
of particular interest because this represents material the 
mussels can utilize for nutrient storage and excretion. In 
companion feeding experiments, Vanderploeg et al. (2001, 
2009) measured gross clearance rate, net clearance rate, 
capture rate, and assimilation rate for two size fractions 
of Chl (>53 and <53 μm) as well as for total Chl, the sum 
of the two fractions. In essence, these variables are a mea-
sure of feeding rate on phytoplankton expressed in terms 
of Chl concentration. To estimate potential capture and 
assimilation of C, N, and P, we multiplied Chl capture and 
assimilation by the ratio of C/Chl, N/Chl, and P/Chl. See 
details for methodology in Vanderploeg et al. (2001, 2009). 
We recognize this approach represents an upper bound for 
assimilation, because not all seston C, N, and P are associ-
ated with phytoplankton and could have poor assimilation 
relative to Chl.

Seston Quality and Temperature

Feeding rate and quality of food for supporting consumer 
growth depends upon seston quality as determined by algal 
composition and its C:P or N:P ratio. In addition, nutrients 
assimilated and excreted depend on these ratios for a given 
unit of food ingested. To this end, we compared seston nutri-
ent concentration and excretion ratios to the Redfield ratio, 
which states that the “average” atomic ratio of C:N:P of organ-
isms in the sea is 106:16:1 (Redfield et al. 1963). In turn, net 
uptake and release of nutrients through biochemical processes 
tend toward these same ratios (Atkinson and Smith  1983). 

Hecky  et  al. (1993) cautioned that nutrient ratios for lake 
phytoplankton are much more variable, but concluded that 
conventional ratios do provide a relative indication of nutri-
ent availability or limitation. Furthermore, Sterner et al. 
(1993) demonstrated that phytoplankton nutrient content 
impacted feeding rates in Daphnia and thereby regulated 
Daphnia growth and reproduction. Arnott and Vanni (1996) 
demonstrated that nutrient content of both seston and mus-
sel tissue explained much of the observed variation in their 
measured mussel excretion rates. Therefore, in addition 
to examining feeding rate variables as potential drivers of 
nutrient excretion, we also examined algal composition and 
nutrient ratios as ultimate drivers of feeding and subsequent 
nutrient excretion.

It should be noted that when results for the ratios of 
N- and P-excretion by mussels were examined relative to 
nutrient availability and seston nutrient concentration, we 
used a P:N excretion ratio instead of the normal N:P ratio so 
that we did not lose the eight cases where P-excretion was 
zero due to a divisor of zero. For comparative purposes, it 
should be noted that the Redfield mass P:N ratio is 0.139. 
The loss of eight cases would have had too great an impact 
on statistical comparisons among sites and among relation-
ships between variables tested.

Temperature is also an obvious variable affecting nutri-
ent excretion through its direct influence on both meta-
bolic processes (Quigley et al. 1993, Jansen et al. 2011) and 
potential filtration rates (Vanderploeg et al. 2010). We did 
not directly manipulate temperature in our experiments and 
all experimental incubations were performed at the ambient 
temperature observed during sample collection. However, 
experiments were conducted at ambient temperatures that 
ranged from 5°C to 25°C, which allowed us to evaluate this 
environmental variable along with that of seston quality on 
observed rates of feeding and excretion.

Algal Composition

We also examined the effect of algal composition 
on measured nutrient excretion rates, but herein present 
only results for two categories, percent cyanophytes and 
percent preferred algae (cryptophytes plus flagellates) as 
based on carbon biomass. Parallel experiments on feeding 
behavior previously indicated that clearance and assimila-
tion rates were strongly affected by percent contribution 
of these taxa to phytoplankton composition (Vanderploeg 
et al. 2009). In addition, feeding experiments coupled with 
videographic observation of the mussels revealed that high 
concentrations of the cyanophyte Microcystis aeruginosa 
severely depressed mussel pumping rate and decreased the 
percent of time mussels spent filtering (Vanderploeg et al. 
2001, 2009). Pumping rate was positively correlated with 
percent of preferred algae, and a modest amount of pre-
ferred algae could stimulate the mussels to feed even in the 
presence of Microcystis.
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Analytical procedures

Nutrient concentrations were determined using stan-
dard automated colorimetric techniques on a Technicon 
Auto Analyzer II, as detailed in Davis and Simmons 
(1979). Nitrate (NO3) concentrations were determined by 
the cadmium reduction method, ammonium (NH4) con-
centrations were determined by the Bertholet reaction, 
and SRP concentrations by the molybdate/ascorbic acid 
method. TP was determined by the same method as SRP 
after digesting 50 mL of sample with potassium persul-
fate (1% final concentration) in an autoclave for 30 min 
(Menzel and Corwin 1965). Particulate phosphorus (PP) 
was determined by the same method as TP for particles 
retained on a 0.2 μm nucleopore filter and resuspended 
in 50 mL of phosphorus-free deionized water. Samples 
for particulate organic carbon (POC) and particulate 
organic nitrogen (PON) were processed in triplicate by 
filtering 100–300 mL of sample through pre-combusted 
(450°C for 4 h) Whatman GFF filters. Filters were sat-
urated with 1 N HCl to remove inorganic carbonates, 
dried at 60°C for at least 24 h, and then analyzed on a 
Perkin Elmer (model 2400) CHN elemental analyzer. 
Chlorophyll was determined fluorometrically after 
extracting particles retained on a 47 mm Whatman GFF 
filter with N,N-Dimethylformamide (Speziale et al. 1984). 
All mass concentration units for POC, PON, NO3, NH4, 
PP, and SRP are given for the respective elements C, N, 
and P. Seston C, N, and P ratios were calculated from the 
POC, PON, and PP data. All excretion and seston ratios 
were calculated for mass units.

All statistics were performed using SYSTAT (version 11.0). 
Significant differences in water quality variables among 
sites were evaluated using the Kolmogorov–Smirnov two-
sample test after pooling all observations at each site. 
Differences in excretion rates for mussels among sites 
that were measured in pairs a few days apart were exam-
ined using a standard t-test. Relationships among excre-
tion rates, water and food quality, and feeding rates were 
examined with simple correlation. Stepwise linear regres-
sion was used to determine if there were interactions with 
more than one variable.

ReSULTS

Ambient Water Quality Conditions

In all, 28 independent sample collections were conducted 
during this study, including 14 at SB5 and 9 at SB19 in Saginaw 
Bay and 6 at LE in western Lake Erie. Ambient conditions for 
temperature, chlorophyll, dissolved nutrients, and particulate 
nutrients are given in Table 27.1. Means and standard devia-
tions of these variables are given in Table 27.2 to provide a 
relative comparison in water quality conditions among test 
sites. Concentrations of dissolved nutrients at LE were signifi-
cantly higher (P < 0.05) than at either SB5 or SB19 throughout 
the study. Specifically, mean concentrations of NO3 and NH4 
at the LE site were 1.5 and 1.9 times higher, respectively, than 
mean concentrations at SB sites, and the mean concentration 
of SRP was nearly six times greater. Seston nutrient stoichi-
ometry was also significantly different (P < 0.05) between the 
three sites. Mean C:P and N:P ratios for seston at SB sites 
(see Table 27.2) were considerably higher than Redfield ratios 
(mass ratio for C:N = 5.7; C:P = 41; N:P = 7.2; Redfield et al., 
1963) and well above levels suggested to indicate P-limitation 
(C:P = 100 and N:P = 9.9; Hecky et al. 1993). In contrast, 
mean C:P and N:P ratios for seston at LE were near or below 
Redfield ratios and indicated no P-limitation. C:P for LE ses-
ton was 57% and 43% of that for SB5 and SB19, respectively, 
and N:P for LE seston was 56% and 46% of SB5 and SB19, 
respectively. Seston C:N ratios were not significantly different 
(P > 0.05) between sites and all tended to be slightly higher 
than the nominal Redfield ratio.

The greater availability of dissolved nutrients at LE did 
not result in higher accumulations of phytoplankton bio-
mass. Mean POC concentration at LE was only 36% of that 
at SB5 and 78% of that at SB19 (Table 27.2). Similarly, mean 
Chl concentrations at LE were 32% and 65% of that at SB5 
and SB19, respectively.

Seasonal excretion Rates for Natural Seston

Excretion rates of nitrogen and phosphorus exhib-
ited distinctly different seasonal patterns when examined 
collectively across all three sites (Figure 27.2). Overall, 

Table 27.2  Mean (±Se) Temperature, Chlorophyll, and particulate and Dissolved Nutrient Concentrations for each Site for All 
Water Collections in 1995–1997

Site
Temp. 
(°C)

pOC 
(mg/L)

pON 
(mg/L)

pp 
(μg/L)

C:N 
ratio

C:p 
ratio

N:p
ratio

ChL 
(μg/L)

NO3 
(mg/L)

Nh4 
(μg/L)

SRp 
(μg/L)

sb5 
(n = 14)

16.3 ± 1.9 1.63 ± 0.44 0.20 ± 0.05 11.0 ± 2.1 8.4 ± 0.9 146 ± 28 17.7 ± 3.4 6.70 ± 1.84 0.27 ± 0.07 15.5 ± 2.6 0.7 ± 0.1

sb19 
(n = 9)

16.0 ± 2.0 0.74 ± 0.25 0.10 ± 0.03 5.9 ± 1.6 7.0 ± 0.5 109 ± 46 14.4 ± 4.6 3.33 ± 1.21 0.31 ± 0.04 15.3 ± 2.6 0.4 ± 0.1

le 
(n = 5)

21.0 ± 1.5 0.58 ± 0.16 0.08 ± 0.02 9.3 ± 1.0 7.9 ± 0.6 63 ± 15 8.1 ± 0.7 2.15 ± 0.82 0.44 ± 0.12 28.3 ± 5.5 3.6 ± 1.5
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451effects of algal coMposition, seston stoichioMetry, and feeding rate on Zebra Mussel

N-excretion rates ranged between 0.02 and 0.17 μgN/mg/h for 
mussels from SB sites and between 0.05 and 0.24 μgN/mg/h 
for  mussels from LE. Rates followed a seasonal bell curve 
similar to temperature and were highest in late summer at 
all three sites, with notable exceptions at SB19 on June 26, 
1996, and at LE on July 18, 1996, (Figure 27.2a) when rates 
were twice those at other sites at similar times. Overall, 
mean N-excretion rate for LE mussels was over two times 
higher than for SB mussels (Table 27.3). This difference in 
means occurred even when comparing only measurements 
taken between June to September (0.127 vs. 0.067) when 
the LE site and the SB sites exhibited similar temperatures. 
In contrast, P-excretion rates did not follow any consistent 
seasonal pattern (Figure 27.2b). As seen for N-excretion, 
P-excretion rates for SB19 mussels on June 26, 1996, and 
for LE mussels on July 18, 1996, were extremely elevated 
and almost five times the measured rates at other sites at 
similar times (Figure 27.2b, Table 27.4). For SB mussels, 
P-excretion was zero, or below our method of detection 
(<0.0004 μgP/mg/h), in 8 of 23 experiments (Table 27.4). 
When P-excretion was measureable, rates ranged from 
0.0004 to 0.04 μgP/mg/h. P-excretion rates by LE mussels 
were significantly higher than SB mussels and ranged from 
0.02 to 0.083 μgP/mg/h. Overall, the mean P-excretion rate 
was similar between the two SB sites when the outlier was 

omitted, and the mean P-excretion rate at LE was nearly 
10 times greater than at the SB sites (Table 27.3).

Feeding and nutrient excretion rates for each experiment 
are given in Table 27.4. Large differences in gross clearance, 
net clearance, and net assimilation rates were observed 
between sites. For comparable months and temperatures 
(experiments only in June to September), gross and net 
clearance rates were 4 and 13 times greater, respectively, 
for LE mussels than for SB mussels. The amount of Chl 
that was actually assimilated by the mussels averaged 0.001 
μgChl/mg/h for SB mussels compared to 0.015 μgChl/mg/h 
for LE mussels.

Transplant experiments

In September 1996, after experiments with ambient ses-
ton and mussels from SB5 and LE, the same mussels from LE 
were reacclimated in water from SB5 for 38 h. The quantity 
and quality of seston differed substantially between the two 
sites during these experiments. For initial experiments, Chl 
concentration was six times higher at SB5 than at LE, and 
seston N:P ratios were 18.3 and 4.3 at the two sites, respec-
tively (Table 27.5). Despite these differences, N-excretion rates 
were generally similar between sites, with rates for LE mussels 
only about 7% higher than rates for SB5 mussels (Table 27.5). 
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Figure 27.2  seasonal patterns of ammonium (a) and phosphorus (b) excretion by zebra mussels from saginaw bay, lake huron (sb5 
and sb19), and western lake erie (le) determined from 3 to 4 h incubations in filtered lake water at ambient  temperatures. 
each point represents a measurement over all 3 years (1995–1997). sb5, circle; sb19, square; le, triangle.

Table 27.3  Comparison of Nutrient excretion Rates for Zebra Mussels from Two Sites in Saginaw Bay, 
Lake huron (SB5, SB19), and One Site in hatchery Bay, Lake erie (Le), Incubated with Natural 
Seston. experiments Were Conducted between April to November, 1995–1997. Reported 
Values Are the Arithmetic Mean (±SD) for the N Treatments Listed (Redfield Mass p:N = 0.139). 
Means Are Given with and without (w/o) Outliers on June 26, 1996, and July 18, 1996

Site N N-excretion (μgN/mg/h) p-excretion (μgp/mg/h) p:N excreted (Mass Ratio)

sb5 14 0.053 ± 0.027 0.002 ± 0.002 0.040 ± 0.043

sb19 9 0.055 ± 0.045 0.005 ± 0.013 0.042 ± 0.079

w/o June 26, 1996 8 0.041 ± 0.018 0.001 ± 0.001 0.017 ± 0.025

le 6 0.114 ± 0.067 0.029 ± 0.027 0.229 ± 0.065

w/o July 18, 1996 5 0.089 ± 0.032 0.018 ± 0.005 0.205 ± 0.031
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452 Quagga and Zebra Mussels: biology, iMpacts, and control

Table 27.5  Mean (±Se) Filtering and excretion Rates for Mussels from Saginaw Bay, 
Lake huron (SB5), and hatchery Bay, Lake erie (Le), on September 6, 1996. 
Also Given Are Means for Lake erie Mussels That Were Acclimated in 
Saginaw Bay Water for 38 h Before Incubations Were Initiated. Temperature 
Was 21°C for Saginaw Bay and 25°C for Lake erie Mussels. N = 4 bottles, 
with Four Medium-Sized Mussels in each Bottle. nd, Not Determined

Variable SB5 Mussels Le Mussels Le Mussels in SB5 Water

n-excretion (μgn/mg/h) 0.108 ± 0.009 0.116 ± 0.013 0.056 ± 0.004

p-excretion (μgp/mg/h) 0.000 ± 0.000 0.020 ± 0.003 0.006 ± 0.001

excreted p:n mass ratio nd 0.172 ± 0.018 0.106 ± 0.007

seston n:p mass ratio 18.3 4.3 42.8

chlorophyll a (μg/l) 13.5 2.3 23.5

gross clearance rate (ml/mg/h) 5.4 ± 3.6 18.7 ± 3.3 0.5 ± 1.0

net clearance rate (ml/mg/h) 0.0 ± nd 17.3 ± 3.5 0.0 ± nd

assimilation rate (μgchl/mg/h) 0.0 ± nd 0.019 ± 0.004 0.0 ± nd

Table 27.4  excretion Rates and Feeding Variables for each Collection Date and Site for 
Zebra Mussel experiments Conducted in 1995–1997. N-excretion (Nexc) Given 
in μgN/mg/h, p-excretion (pexc) in μgp/mg/h, p:Nexc (Ratio of p-excretion to 
N-excretion, Dimensionless), Gross Clearance Rate (F(chl)) in mL/mg/h, Net 
Clearance Rate (F(A)) in mL/mg/h, and Assimilation Rate (μgChl/mg/h)

Date Site Nexc pexc p:Nexc F(chl) F(A) A(chl)

april 24, 1995 sb5 0.029 0.002 0.080 11.0 2.8 0.004

april 26, 1995 sb19 0.017 0.000 0.000 9.3 7.2 0.006

May 22, 1995 sb5 0.051 0.000 0.000 9.7 2.9 0.001

May 24, 1995 sb19 0.034 0.000 0.000 14.0 11.4 0.005

June 19, 1995 sb5 0.036 0.002 0.047 1.5 0.4 0.000

June 21, 1995 sb19 0.037 0.003 0.072 14.1 3.8 0.001

July 10, 1995 sb5 0.037 0.002 0.062 0.0 0.0 0.000

July 12, 1995 sb19 0.057 0.001 0.007 1.2 0.36 0.003

august 14, 1995 sb5 0.072 0.001 0.019 0.8 0.0 0.0

august 16, 1995 sb19 0.068 0.001 0.012 0.2 0.0 0.0

september 18, 1995 sb5 0.046 0.000 0.000 7.1 1.4 0.007

september 26, 1995 sb19 0.044 0.001 0.014 10.2 0.9 0.002

november 7, 1995 sb5 0.028 0.003 0.116 14.4 1.6 0.010

May 14, 1996 sb5 0.024 0.002 0.092 3.2 0.1 0.000

May 16, 1996 sb19 0.019 0.000 0.000 4.1 1.3 0.000

June 12, 1996 sb5 0.086 0.002 0.027 9.2 7.9 0.006

June 26, 1996 sb19 0.167 0.041 0.243 8.9 5.7 0.004

July 18, 1996 le 0.236 0.083 0.350 5.6 3.6 0.029

July 23, 1996 sb19 0.052 0.002 0.031 7.1 0.4 0.001

July 25, 1996 sb5 0.098 0.001 0.012 5.9 0.6 0.001

august 29, 1996 sb5 0.107 0.000 0.000 5.4 0.0 0.000

september 4, 1996 le 0.116 0.020 0.170 18.7 17.1 0.019

september 6, 1996 le ZM at sb5a 0.056 0.006 0.108 0.5 0.0 0.000

november 13, 1996a sb5 0.032 0.000 0.000 7.8 3.7 0.016

June 18, 1997 sb5 0.038 0.000 0.000 4.3 0.0 0.000

June 19, 1997 le 0.110 0.020 0.177 22.6 14.6 0.006

June 23, 1997 sb5 ZM at leb 0.062 0.013 0.215 21.4 10.1 0.005

august 27, 1997 le 0.112 0.025 0.222 34.0 22.5 0.017

october 16, 1997 le 0.047 0.012 0.243 13.9 8.2 0.011

a transplant experiment in which zebra mussels from le were fed seston from sb5.
b transplant experiment in which zebra mussels from sb5 were fed seston from le.
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453effects of algal coMposition, seston stoichioMetry, and feeding rate on Zebra Mussel

In contrast, P-excretion rates differed greatly between sites, 
with P-excretion being 0.020 μgP/mg/h for LE mussels and 
undetectable for SB5 mussels. Consequently, the P:N excre-
tion ratio also differed greatly between sites, being 0.172 and 
“zero,” respectively. Excretion rates reflected observed feeding 
behavior. Mussels from LE filtered particles (gross clearance) 
at a rate 3.5 times faster than the mussels from SB5 (Tables 
27.4 and 27.5). Moreover, the net clearance rate of LE mussels 
was equal to 93% of the gross clearance rate, whereas the net 
clearance rate of SB5 mussels was zero. Net assimilation of 
Chl was 0.019 μgChl/mg/h for LE mussels but undetectable 
for SB5 mussels.

Four days after the original excretion and feeding rate 
experiments, new water was collected from SB5 for use in 
the transplant excretion and feeding experiments with LE 
mussels. There was an extensive Microcystis bloom at the 
time of collection and, consequently, Chl concentrations 
had increased from 13.5 to 23.5 μg/L, and the seston N:P 
ratio increased from 18.3 to 42.8 between the two collec-
tion dates, August 29 and September 2. The difference in 
seston composition of the water collected on September 2 
would not have affected measured excretion rates for the 
LE mussels since all prior feeding/acclimation experi-
ments were done with the water initially collected at SB5 
on August 29, and incubations for excretion experiments 
were done in 0.2 μM filtered site water. However, the 
change in seston composition would have an impact on 
the feeding results. After LE mussels were acclimated in 
new SB5 water for 38 h, N- and P-excretion rates declined 
by 52% and 70%, respectively, which resulted in about a 
40% drop in the P:N excretion ratio. Interestingly, this 
ratio was still considerably more P-rich than the actual 
food source the mussels were exposed to for the 38 h 
acclimation period. Gross clearance rates by LE mussels 
fed SB5 seston were only 3% of those observed under 
ambient LE seston, and both net clearance rate and net 
assimilation dropped to zero, similar to the response 
observed for SB5 mussels.

In June 1997, a second transplant experiment was con-
ducted with SB5 mussels that were acclimated in water from 
the LE site for 118 h. Chl concentrations at both sites mea-
sured only 0.6 μg/L (Table 27.6). The seston N:P ratio at SB5 
was only 8.3, which was near the lowest observed throughout 
the study, but still about twice as high as that for LE seston. 
For the initial experiments, N-excretion rates by LE mussels 
fed LE seston were nearly three times greater than for SB5 
mussels fed SB seston (Table 27.6). Similarly, P-excretion 
rates for LE mussels averaged 0.020 μgP/mg/h, whereas rates 
were again below detection for SB5 mussels. Gross clearance 
rates by SB5 mussels were only 20% of those for LE mussels 
and net clearance rate was again zero. The net clearance rate 
for LE mussels was 14.6 mL/mg/h, which represented 65% 
of gross clearance rate, and net assimilation of seston was 
measured at 0.006 μgChl/mg/h (Table 27.6).

After SB5 mussels fed on LE seston, N-excretion rates 
increased by 63%, and P-excretion rates went from below detec-
tion to 0.013 μgP/mg/h. Excretion rates of N and P for the trans-
planted SB mussels were 56% and 65%, respectively, of rates 
originally observed for LE mussels. The P:N excretion ratio by 
transplanted SB5 mussels increased from 0 to 0.208, which was 
even higher than originally seen for LE mussels (Table 27.6). 
Gross clearance rates for transplanted mussels increased five-
fold from initial rates on SB5 seston and were similar to those 
observed initially for LE mussels feeding on LE site seston. 
Net clearance rates of transplanted mussels increased from 0 to 
10.1 mL/mg/h and represented approximately 50% of the gross 
clearance rate on this seston. Net assimilation rate of trans-
planted SB5 mussels fed LE seston was 0.005 μgChl/mg/h, 
which was very similar to the original response of LE mussels.

effects of Temperature and Food 
Quality and Quantity

Correlation analysis among nutrient excretion rates and 
ratios, temperature, measures of seston quantity and  quality, and 
feeding behavior was performed on the combined data for all 

Table 27.6  Mean (±Se) Filtering and excretion Rates for Mussels from 
Saginaw Bay, Lake huron (SB5), and hatchery Bay, Lake erie (Le), 
on June 23, 1997. Also Given Are Means for Saginaw Bay Mussels 
That Were Acclimated in Lake erie Water for 118 h before 
Incubations Were Initiated. All Incubations Were Conducted 
at 19°C. N = 4 Bottles, with Four Medium-Sized Mussels in each 
Bottle. nd, Not Determined

Variable SB5 Mussels Le Mussels
SB5 Mussels 
in Le Water

n-excretion (μgn/mg/h) 0.038 ± 0.002 0.110 ± 0.006 0.062 ± 0.005

p-excretion (μgp/mg/h) 0.000 ± 0.000 0.020 ± 0.001 0.013 ± 0.003

excreted p:n mass ratio nd 0.179 ± 0.013 0.208 ± 0.026

seston n:p mass ratio 8.3 4.3 5.6

chlorophyll a (μg/l) 0.6 0.6 0.6

gross clearance rate (ml/mg/h) 4.3 ± 0.6 22.6 ± 0.8 21.4 ± 1.4

net clearance rate (ml/mg/h) 0.0 ± nd 14.6 ± 1.0 10.1 ± 0.9

assimilation rate (μgchl/mg/h) 0.0 ± nd 0.006 ± 0.000 0.005 ± 0.000

D
ow

nl
oa

de
d 

by
 [

C
at

hy
 D

ar
ne

ll]
 a

t 0
7:

05
 1

9 
N

ov
em

be
r 

20
13

 



454 Quagga and Zebra Mussels: biology, iMpacts, and control

sites and results are summarized in Table 27.7. Analysis showed 
that food quality and feeding rates were important determinants 
for both NH4 and SRP excretion. We recognize, however, spe-
cific relationships between excretion rates and food quality var-
ied between the SB sites and the LE site as evident in Figures 
27.2 through 27.4. Nutrient excretion rates were not correlated to 
measures of seston quantity such as POC and Chl.

N-excretion was strongly correlated with temperature 
(Table 27.7), and this relationship was also apparent by the 
seasonal bell-shaped curve with maximum NH4 excretion 
during summer (Figure 27.3a). No significant correlation 
(P > 0.05) occurred between P-excretion and temperature 
(Table 27.7); however, the lack of response was much more 
notable for SB sites than for the LE site (Figure 27.2b), where 

a temperature effect may have been apparent had a broader 
range of temperatures been covered during experiments.

Rates and ratios of N- and P-excretion were examined 
relative to nutrient availability expressed as both dissolved 
nutrient levels and nutrient content of seston. For these anal-
yses, we used P:N excretion ratio so that we did not lose 
the eight cases where P-excretion was zero (for compara-
tive purposes it should be noted that the Redfield mass P:N 
ratio is 0.139). N- and P-excretion were not significantly cor-
related (P > 0.05) with any of the stoichiometric ratio vari-
ables of seston measured (C:N, C:P, or N:P). However, all 
relationships were negative and indicated a negative response 
to P-depleted seston (Table 27.7). Despite the lack of a statis-
tical relationship, it was clearly evident that high P-excretion 
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Figure 27.3  ammonium (a) and phosphorus (b) excretion rates by zebra mussels from saginaw bay, lake huron (sb5 and sb19), and 
western lake erie (le) determined from 3 to 4 h incubations in filtered lake water as a function of ambient temperature. 
each point represents a measurement over all 3 years (1995–1997). sb5, circle; sb19, square; le, triangle.

Table 27.7  Correlation Coefficients for excretion Rates and Ratios, Ambient 
Temperature, Measures of Seston Quantity and Quality, and Feeding 
Behavior for All experiments Conducted during the Study (Bolded Values 
Indicate Significant Relationships at p < 0.05)

Variable N-excretion p-excretion p:N excretion Chl Assimilation Rate

n-excretion — 0.88 0.66 0.39
p-excretion 0.88 — 0.85 0.51
p:n excretion ratio 0.66 0.85 — 0.41
temperature 0.57 0.34 0.26 −0.19

poc −0.08 −0.17 −0.17 −0.54
chlorophyll 0.11 0.04 −0.19 −0.39
srp 0.42 0.49 0.64 0.50
seston c:n −0.28 −0.23 −0.21 −0.08

seston c:p −0.27 −0.30 −0.36 −0.64
seston n:p −0.23 −0.29 −0.37 −0.63
gross clearance rate 0.18 0.24 0.48 0.49
net clearance rate 0.30 0.33 0.50 0.55
chl assimilation rate 0.39 0.51 0.41 —

c assimilation rate 0.19 0.24 0.26 0.89
n assimilation rate 0.26 0.31 0.33 0.90
p assimilation rate 0.40 0.41 0.55 0.70
% cyanophytesa 0.10 −0.10 −0.24 −0.32

% preferred algaea 0.34 0.36 0.55 0.36

a percent composition based on amount of carbon.
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455effects of algal coMposition, seston stoichioMetry, and feeding rate on Zebra Mussel

rates occurred only at low seston C:P and N:P ratios, and 
the P:N excretion ratio was significantly (P < 0.05) and 
negatively correlated to seston N:P ratio. Furthermore, both 
N- and P-excretion rates were positively correlated to SRP 
concentrations and to the amount of P assimilated from the 
seston, which again suggests a strong response to the nutri-
tional quality of the seston (Table 27.7). The ratio of P:N 
excretion was also significantly and negatively correlated to 
seston N:P ratio and positively correlated to SRP concen-
tration. Relationships between these variables, along with 
natural log regressions that provided the best fit, are given 
in Figure 27.4. The importance of seston P-concentration in 
regulating mussel P-excretion is further evident by the fact 
that P:N excretion ratios for LE mussels were consistently 
above the Redfield ratio (more P), and the seston N:P ratios 
were consistently at or below the Redfield ratio. Seston N:P 
and excretion P:N ratios for SB mussels were highly vari-
able throughout the study with no consistent relationship, 
but both ratios generally indicated P depletion relative to 
Redfield values. On all but two occasions, P:N excretion 
ratios were below those found in ambient seston indicating 
a high internal demand for P by SB mussels (Table 27.3). 
With these two outlier values omitted, mean P:N excretion 
ratio was lowest at SB19, 2 times higher at SB5 than at SB19, 
and over 12 times higher at LE (Table 27.3), which closely 
matched the trend in SRP concentrations between sites.

P-excretion and the P:N ratio of excretion exhibited a 
significant positive correlation (P < 0.05) to percent pre-
ferred algae, but correlations to percent cyanophytes were 
not significant (Table 27.7). N-excretion was also positively 
correlated to percent preferred algae but only at the 0.07 
significance level. While nutrient excretion rates were not 
significantly correlated to percent cyanophytes for the com-
bined data set, impacts of cyanophytes on clearance and 
assimilation rates were strongly evident in transplant experi-
ments. For the September 1996 experiment, SB5 seston was 
comprised of 71% cyanophytes and only 6% preferred algae, 
compared to 0% cyanophytes and 88% preferred algae for 
LE seston. When cyanophytes dominated the phytoplankton 

composition (SB5), we observed reduced gross clear-
ance rates, zero net clearance rates, and zero P-excretion 
(Table  27.5). Conversely, when preferred algae dominated 
the phytoplankton composition (LE), we observed high 
gross and net clearance rates, along with elevated levels of 
P-excretion. Similarly, for the 1997 transplant experiment, 
SB5 seston was comprised of 36% cyanophytes and 15% 
preferred algae compared to 0% cyanophytes and 87% pre-
ferred algae for the LE seston. Again when preferred algae 
comprised a greater percentage of the seston, gross and net 
clearance rates and nutrient excretion rates were signifi-
cantly (P < 0.05) higher (Table 27.6).

Stepwise multiple linear regressions of all measures of 
food quantity and quality were used to examine interac-
tions of multiple variables. Results showed that gross and 
net assimilation rates were significantly correlated with both 
phytoplankton composition and nutrient stoichiometry of the 
seston. Multiple linear regression revealed that 55% and 58% 
of the variance in gross and net assimilation rates, respec-
tively, could be explained by the variables percent preferred 
algae and seston C:P and N:P ratios (P < 0.001). Percentage 
of preferred algae ranged from 1% to 36% (mean = 11.6%) 
at SB sites and ranged from 26% to 95% (mean = 68%) at 
the LE site. In addition to composition differences, P content 
of LE seston was shown to be over three times more P-rich 
than SB seston on the basis of both C:P and N:P ratios. Both 
of these factors presumably contributed to observed differ-
ences in assimilation and excretion rates. Conversely, gross 
clearance rates were significantly (P < 0.05) and negatively 
correlated to percent cyanophytes (R = −0.57). During the 
study, cyanophytes accounted for 0%–75% (mean = 15%) 
of phytoplankton biomass at SB sites compared to the LE 
site where none were present on 4 of 6 occasions and only 
4%–11% on the other two sampling dates.

N- and P-excretion rates and P:N excretion ratios were sig-
nificantly (P < 0.05) and positively related to the assimilation 
rate as measured by the amount of Chl removed (Table 27.7). 
Chl assimilation itself was strongly, negatively correlated with 
seston C:P and N:P and suggests the importance of P-content 
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in partially regulating observed assimilation rates. P-excretion 
was also significantly correlated (P < 0.05) to the amount 
of P assimilated as measured by the stoichiometric relation-
ship between seston Chl and P. Multiple linear regression 
revealed that 58% of the variation in N-excretion rates could 
be explained by temperature and assimilation rate (P < 0.001). 
For P-excretion, 45% of the variation could be explained by 
these two variables (P < 0.001). Adding percent preferred algae 
and SRP increased the R2 slightly to 47%.

DISCUSSION

Seasonal excretion Rates for Natural Seston

Nutrient excretion rates of zebra mussels varied signifi-
cantly across seasons and between sites. Seasonal differences 
were strongly related to temperature; however, differences 
between sites were more closely related to the nutrient con-
centration and phytoplankton composition of the seston 
upon which mussels fed. The most striking observation of 
this study was the dramatic difference between P-excretion 
rates of mussels from Saginaw Bay (SB sites) and Lake Erie 
(LE site), with excretion rates far greater at the Lake Erie 
site. Differences resulted from higher P content of LE seston 
and higher assimilation rates of LE mussels. Assimilation 
rates were significantly correlated with both phytoplankton 
composition and nutrient stoichiometry. Subsequently, nutri-
ent excretion rates were significantly correlated with assimi-
lation, most notably for assimilation rates based on either 
chlorophyll or phosphorus compared to assimilation based 
on carbon or nitrogen. Similar relationships were observed 
for metabolism and excretion experiments performed on the 
marine mussel, Mytilus edulis (Bayne et al. 1993, Smaal 
et al. 1997). As summarized by Jansen et al. (2011), metabo-
lism has been shown to be related to both temperature and 
food; however, interactions between these two environmen-
tal parameters make it difficult to directly correlate metabo-
lism to either one of them individually.

Our results indicated that the presence of cyanophytes 
strongly affected both feeding behavior and excretion rates 
of zebra mussels, even though there was only a weak cor-
relation between percent cyanophytes and excretion rates. 
The weak correlation was likely due to the sporadic abun-
dance of cyanophytes. The negative effect of cyanophytes on 
mussel feeding behavior was clearly apparent in individual 
experiments, such as the September transplant experiment 
when LE mussels were exposed to SB5 seston that was pre-
dominantly composed of Microcystis. Net clearance rates 
and assimilation rates were basically zero when mussels 
were exposed to cyanophyte-rich seston, whereas the same 
mussels filtered normally on cyanophyte-deplete seston 
(Table 27.5). The lack of feeding and assimilation in turn 
led to significant declines in nutrients excreted. Lavrentyev 
et al. (1995) reported a similar effect of Microcystis on 

filtration rates by mussels from Saginaw Bay; grazing rates 
on microzooplankton and phytoplankton were greatly 
diminished when cyanophytes comprised a high percent-
age of the biomass within the seston. In addition, Gardner 
et al. (1995) anecdotally attributed observed declines in the 
summer grazing rates of zebra mussels from Saginaw Bay 
to increased density of Microcystis. The overall impact of 
cyanophytes on mussel feeding behavior is, however, likely 
to be quite variable. Results obtained in our parallel feeding 
experiments showed that the impact of Microcystis depends 
on several factors including relative abundance, colony size, 
and even strain (Vanderploeg et al. 2001, 2009). These stud-
ies also indicate that zebra mussels have the ability to feed 
selectively, so in some instances there may not be an observ-
able negative impact if there is an alternative food available 
such as cryptophytes. Selective feeding was also observed 
by Heath et al. (1995) in mesocosm experiments with mus-
sels from Saginaw Bay. Heath et al. (1995) reported that 
diatoms and chlorophytes were more heavily grazed upon 
than chrysophytes and cyanophytes. Video observations 
showed that, on some occasions during Microcystis blooms, 
mussels were less responsive and spent less time filtering 
(Vanderploeg et al. 2001, 2009).

Although N-excretion rates, and to a lesser degree 
P-excretion rates, were correlated to temperature, clearance 
and assimilation rates had no relation to temperature. This 
finding suggests that temperature had a greater effect on 
metabolic processes than on feeding behavior, particularly 
for N. It also implies that differences in food quality can 
ultimately drive much of the observed pattern in feeding and 
excretion by mussels. For example, clearance and assimi-
lation rates were significantly and negatively correlated 
with seston C:P and N:P ratios. While the effect of nutri-
ent stoichiometry cannot be separated from other potential 
factors such as composition, these findings are consistent in 
theory with those of Sterner et al. (1993) who were able to 
demonstrate that feeding rates, growth, and reproduction in 
Daphnia were all negatively affected by severely P-deficient 
seston. In our study, much of this relationship was driven by 
the sharp contrast in conditions between the SB and LE study 
sites. In shallow, high-energy environments such as Saginaw 
Bay and western Lake Erie, we might also expect to see a 
potential effect from inputs of resuspended sediments to the 
seston. Stoeckmann and Garton (1997) found that assimila-
tion efficiency of Lake Erie mussels was strongly correlated 
with the percent organic content of seston. This parameter 
may have reflected both changes in actual phytoplankton 
composition as well as differences in the amount of inor-
ganic material present due to resuspension. We did not mea-
sure total suspended solids concentrations in our study and 
cannot make a direct assessment of the effects of percent 
organic concentration; however, our excretion rates were not 
correlated to POC, Chl, or the C:Chl ratio. Fanslow et al. 
(1995) found that filtration rates of mussels from Saginaw 
Bay declined with increased seston concentration; however, 
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457effects of algal coMposition, seston stoichioMetry, and feeding rate on Zebra Mussel

they did not observe any statistically significant relationship 
between filtration rates and seston composition as defined 
by POC:TSS or Chl:TSS. In our study, Chl assimilation was 
significantly and negatively correlated to POC and Chl con-
centrations (Table 27.7). Again, we suspect that most of this 
relationship was driven by a compositional change of the 
seston versus direct negative impacts of particle density.

There are a limited number of studies that directly mea-
sured nutrient excretion by zebra mussels in the Great Lakes. 
Calculation of the N-excretion rate for Saginaw Bay mus-
sels, using data from Gardner et al. (1995) and dry weights 
of our experimental mussels (Johengen, unpublished data), 
yielded a N-excretion rate of 0.052 μgN/mg/h at a tempera-
ture of 19°C. Although this was a net measurement of NH4 
accumulation, the rate is comparable to our rates measured 
near this temperature. Net P-excretion rates reported in 
Gardner et al. (1995), as well as those measured using in situ 
benthic chambers at the same Saginaw Bay sites (Johengen, 
unpublished data), yielded rates that ranged from below the 
limit of detection to a high of only 0.002 μgP/mg/h, which 
are consistent with our results.

Our observed seasonal pattern for N-excretion rates 
was also similar to previous results of Quigley et al. (1993), 
in which N-excretion rates of zebra mussels were mea-
sured seasonally in Lake St. Clair, Michigan. Conversion 
of rates given in Quigley et al. (1993) yielded a range for 
N-excretion of 0.015–0.074 μgN/mg/h over a temperature 
range of 5.7°C–21°C. Our rates for SB mussels ranged from 
0.017 to 0.107 μgN/mg/h over a temperature range from 
5°C to 25°C. Our measured N- and P-excretion rates for LE 
mussels generally agreed with rates for LE mussels mea-
sured by Arnott and Vanni (1996) using a similar experi-
mental design. Converting their rates to mass-based units 
yields mean N- and P-excretion rates of 0.074 μgN/mg/h 
and 0.032 μgP/mg/h,  respectively, for measurements taken 
monthly between June and September compared to means for 
our study of 0.114 μgN/mg/h and 0.028 μgP/mg/h. However, 
removing the outlier data for July 18, 1996, resulted in 
means of 0.089 μgN/mg/h and 0.18 μgP/mg/h; this value for 
N-excretion agreed well with Arnott and Vanni (1996), but 
the value for P-excretion was substantially higher. The aver-
age seston N:P ratio for experiments by Arnott and Vanni 
(1996) was extremely close to that for our study at the mass 
ratio of 5.9, but Arnott and Vanni (1996) did not provide 
information about algal composition of actual filtering rates 
so we cannot make a detailed comparison between studies.

Finally, our rates were within ranges reported by 
Conroy et al. (2005) for mussels from western Lake Erie 
despite potential artifacts in their study associated with 
the use of mussels put in cold storage before experiments 
began. They found P-excretion rates that ranged from 0.003 
to 0.022 μgP/mg/h and N-excretion rates that ranged from 
0.082 to 0.365 μgN/mg/h. Also, Conroy et al. (2005) found 
that excretion rates were significantly different among size 
classes of mussels, with larger sized mussels excreting at 

higher rates than smaller mussels. Arnott and Vanni (1996) 
also found a difference in excretion rates among sizes of 
mussels; however, we only observed this size effect on cer-
tain occasions. P:N excretion ratio also varied among mus-
sel size class in their study and ranged from 0.04 to 0.13. 
Our P:N excretion ratios for LE experiments were gener-
ally higher with a mean of 0.24 for all observations (see 
Table 27.3).

ecosystem Considerations

Feeding and excretion by zebra mussels (and more 
recently quagga mussels) impact many aspects of water qual-
ity and ecosystem function. The direct impacts of dreissenid 
mussel feeding on phytoplankton abundance and composi-
tion and water clarity are well documented (e.g., Vanderploeg 
et al. 2001, 2002, 2009, 2010); however, the indirect impact 
of nutrient excretion is much less understood. Zebra mus-
sels clearly alter pathways and rates at which particulate 
nutrients are recycled within the water column. Several 
articles have suggested that filtering by zebra mussels can 
actually decouple the existing nutrient–chlorophyll relation-
ship within an ecosystem, leading to higher TP:Chl ratios as 
phytoplankton are removed and P is excreted (Mellina et al. 
1995, Nicholls et al. 1999). Holland et al. (1995) described 
such a process for Hatchery Bay, Lake Erie, whereby dis-
solved nutrient concentrations increased, TP levels were 
unchanged, and diatom abundance declined by nearly 90% 
after the initial mussel invasion.

It has been suggested that when nutrient excretion by 
mussels represents a significant nutrient input relative to 
other pathways there is a potential for mussels to alter phy-
toplankton composition indirectly by altering the existing 
ratios of available N and P (Arnott and Vanni, 1996). This 
suggestion is based on the premise that each algal species has 
an optimum N:P ratio at which they can be most competitive 
(Smith, 1982, 1983). Arnott and Vanni (1996) suggested that 
low N:P excretion ratios by Lake Erie mussels could play 
a role in promoting cyanophyte (i.e., Microcystis) growth 
through alterations in ratios of available nutrients. Although 
estimates of N and P turnover from mussel excretion sug-
gest this process is important to nutrient cycling in western 
Lake Erie (Madenjian 1995, Arnott and Vanni, 1996), it is 
difficult to prove that low N:P excretion ratios could lead 
to successional changes in phytoplankton composition. Our 
results indicate that a low N:P excretion was not a prerequi-
site in promoting blooms. Specifically, Microcystis blooms 
appeared to be more prevalent in Saginaw Bay during the 
study period despite mussels in Saginaw Bay having signifi-
cantly higher N:P excretion ratios than mussels in Lake Erie. 
Results from our parallel feeding experiments (Vanderploeg 
et al., 2001, 2009) suggest that the primary mechanism by 
which zebra mussels may promote Microcystis blooms is 
through their ability to selectively filter other classes of phy-
toplankton in the presence of Microcystis and reject viable 
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Microcystis as pseudofeces. These findings are also sup-
ported by the previous bottle and mesocosm experiments of 
Heath et al. (1995) and Lavrentyev et al. (1995) who both 
reported changes in phytoplankton composition after selec-
tive zebra mussel grazing.

Seston C:P and N:P ratios in Saginaw Bay typically indi-
cated severe P-limitation in the phytoplankton, and in turn, 
mussels in Saginaw Bay conserved most of the P that was 
assimilated and excreted nutrients at N:P ratios that were 
even higher than that found in the seston. Therefore, at least 
on short timescales, zebra mussels appear to be a P sink in 
Saginaw Bay and may actually exacerbate the problem of 
P-limitation. In western Lake Erie, however, mussels often 
excreted P in excess of that found within the immediate food 
source. In this case, nutrient excretion by mussels simply 
increased the rate at which P turns over in the system and 
may have potentially promoted higher growth rates for the 
unfiltered phytoplankton throughout the year. Mellina et al. 
(1995) computed a P-budget for western Lake Erie and esti-
mated that P-excretion by mussels was equivalent to 1.6% 
of the average daily phosphorus load. Excretion by zebra 
mussels could indeed help promote algal blooms in west-
ern Lake Erie by increasing the availability of P and poten-
tially yielding greater algal biomass. The low N:P ratio at 
which nutrients are excreted is similar to the optimum nutri-
ent ratio for Microcystis so it may potentially offer a com-
petitive advantage for this species. However, we also saw 
Microcystis blooms occur in Saginaw Bay, which, at times, 
appeared to be a severely P-limited environment, and N:P 
excretion ratios tended to be much higher. This contradic-
tion suggests that alternative factors, such as selective filtra-
tion, likely play a greater role in promoting and maintaining 
observed Microcystis blooms.
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The opinions expressed in this book are solely those of the authors and do not reflect the policy or official opinions of NOAA, USGS, Department of
Commerce or any other agency of the Federal Government.

Cover Image Credit: Chris Houghton, Rob Paddock, and John Janssen, University of Wisconsin-Milwaukee, School of Freshwater Sciences. This image
of quagga mussels (profunda/deepwater morph) presents a composite of photos taken on the southern slope of Northeast Reef in Lake Michigan (43°
45.11'N, 87° 34.70'W) on April 25, 2012. Image photos were taken at a depth of 52 in with a deepwater ROV and clearly show the elongated siphons of
the profunda morph.
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