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Abstract: The ecological effects of invading adult zebra and quagga mussels (Dreissena polymorpha and Dreissena
bugensis, respectively) are well-documented worldwide, but the ecology and fate of their veliger larvae are poorly
understood. We addressed potential errors encountered when estimating veliger biomass. Faced with uncertainty
surrounding an established length–mass relationship for veligers, we developed a new dry mass relationship that
works for both fresh and formalin-preserved animals. We used this new equation to estimate that veliger dry bio-
mass averaged 74 ± 0.6% of the values obtained from the established equation. Therefore, researchers who assumed
the established equation yielded wet mass and applied correction factors of 10 to 50% would have underestimated
biomass. Use of coarse-mesh nets also leads to underestimates of biomass. We found that 153-lm-mesh nets cap-
tured only 3 to 27% of individuals, or 10 to 66% of veliger biomass captured in 64-lm-mesh nets. We also examined
temporal trends, seasonality, and relative contribution of veliger larvae to total zooplankton biomass at several
Laurentian Great Lake long-term monitoring sites in Ontario, Canada. Based on the new equation, veliger biomass
generally increased from 2008 to 2014, with May to October means of 1 to 27 mg/m3 in Lake Ontario, Georgian
Bay, and Lake Erie, or up to 39% of total zooplankton biomass. Veligers were present for most of the sampling
season, but abundance peaked in August and September. In contrast, crustacean biomass has declined markedly
in Lake Ontario since the 1990s. Given their dominance across many sites, accurate depiction of veliger dry mass
may partially offset the observed losses in crustacean biomass to the pelagic food web following P control and the
dreissenid invasion of the Great Lakes.
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Dreissenid mussels are among the most-studied aquatic in-
vaders in the world (Nalepa and Schloesser 1993), but al-
most all emphasis has been placed on understanding the
spread and effect of adults as biofoulers and ecosystem en-
gineers (Hecky et al. 2004, Higgins and Zanden 2010, Cuhel
and Aguilar 2013). Comparatively little effort has been ap-
plied to the growth and ecology of their planktonic veliger
larvae. The geographic spread ofDreissena from the Ponto–
Caspian region is well documented for zebra (D. polymorpha;
Smit et al. 1993, Karatayev et al. 1998) and quagga mussels
(D. bugensis; Benson 2014, bij de Vaate et al. 2014). Their
invasion into new systems such as Lakes Mead, Mendota,
and Winnipeg (Reed-Anderson et al. 2000, Turner et al.
2011) continues to be a concern for lake managers (e.g., Al-
dridge et al. 2004, Cohen et al. 2007, Alberta Environment
and Parks 2016), but studies on the growth and ecology of
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the veliger stage are remarkably limited. Research to date
has been focused on adult Dreissena, and almost all studies
were descriptions of veligers related to seasonal abundance
of D. polymorpha (e.g., Morton 1969, Suter-Weider 1976,
Karatayev et al. 1997). Reports on D. bugensis have been
rare until recently (Wittmann et al. 2010, Karatayev et al.
2011). ExtensivedocumentationofpreviousworkonD.poly-
morpha veliger growth and survival was published by Sprung
(1993) and Stańczykowska and Lewandowski (1993). To
our knowledge, similar information has not been compiled
for D. bugensis veligers.

Zebra mussel veligers begin the planktotrophic stage at
a size of 70 to 100 lm and can begin settlement as pedive-
ligers at 200 lm (Stańczykowska 1978, Lewandowski 1982b,
Sprung 1989), but much larger veligers (up to 300 lm) have
been reported in deeper, cooler lakes (Walz 1973, Lewan-
a; 4warren.currie@dfo-mpo.gc.ca

Published online 10 April 2018.
r Science. This work is licensed under a Creative Commons Attribution-
-commercial reuse of the work with attribution.

315

14.216.201 on June 19, 2018 08:37:45 AM
and Conditions (http://www.journals.uchicago.edu/t-and-c).



316 | Importance of dreissenid veliger biomass K. L. Bowen et al.
dowski 1982a). Estimates of time in the plankton vary widely
and include 8 to 12 d (Korschelt 1891, Stańczykowska 1978),
18 to 30 d (Sprung 1989, Neumann et al. 1993), and ≥5 wk
(Walz 1973, Nichols 1996). Estimated growth rates for
D. polymorpha range from 6 to 8 lm/d and are tempera-
ture dependent (Borcherding and de Ruyter van Steve-
ninck 1992, Neumann et al. 1993, Sprung 1993, Wacker
2010). Dreissena are sequential spawners and can produce
gametes for 6 to 8 wk, but values for D. polymorpha range
up to 52 wk (Sprung 1993, Nichols 1996), depending on the
period when water temperatures are >127C. Veligers are of-
ten present in the plankton of invaded systems for long pe-
riods, but seasonality of veliger density and developmental
stage varies among systems (Fraleigh et al. 1993, Nichols 1996).

Zebra mussel veligers are numerically dominant in the
plankton in many systems (Karatayev et al. 2010), but their
biomass rarely has been considered important because of
their small size, and documentation of their ecological fate
is limited. Total mortality estimates for zebra mussel veli-
gers also varywidely from20 (Wiktor 1969) to>99% (Sprung
1989). Lack of suitable substrate is thought to be the highest
cause ofmortality (Stańczykowska 1977). Dreissenid veligers
are consumed by fishes (Wiktor 1958, Kornobis 1977, Mills
et al. 1995, Molloy et al. 1997, Withers et al. 2015), zoo-
plankton (Karabin 1978, Liebig and Vanderploeg 1995,
O’Malley and Bunnell 2014), and adult dreissenids (Sprung
1989). However, the nutritional quality of veligers (Sprung
1989) and the amount of veliger production incorporated
into the food web are unknown, especially in systems where
they are recent invaders.

Planktonic production in the Laurentian Great Lakes
began to decline simultaneously with the arrival of dreis-
senids (Mills et al. 2003, Vanderploeg et al. 2012, Rudstam
et al. 2015). This decline has been attributed to adultmussel
invasion and P controls that began in the 1970s. Whether
the decline in crustacean production was influenced by
dreissenid veligers, which can filter up to 20% of the water
column per day (MacIsaac et al. 1992), is not known. Fur-
thermore, investigators using Great Lakes foodweb models
to examine the effects of reduced planktonic production
identified a missing biomass component in the mass–bal-
ance of the models (Stewart and Sprules 2011, Langseth
et al. 2012) that required modification of primary produc-
tion or benthic biomass beyond thosemeasured during sur-
veys. Foodweb models used to investigate effects of dreis-
senid mussels usually include only adults (e.g., Noonburg
et al. 2003, Rogers et al. 2014), and when veligers are in-
cluded, they often constitute a very small biomass compo-
nent grouped with rotifers (Stewart and Sprules 2011). This
practice probably leads to underrepresentation of veliger
biomass.

Veliger presence is used as a sentinel for invasion into
new systems (Griffiths et al. 1991, Turner et al. 2011), but
the biological effects of veligers themselves are rarely con-
sidered. Veligers are not counted inmany agency plankton-
This content downloaded from 076.0
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monitoring programs, in part because the commonly used
153-lm-mesh total-water-column nets (hereafter 153-lm
nets) do not capture smaller individuals effectively. Veligers
captured by researchers during sampling of planktonic sys-
tems often are not included in results or are treated as in-
consequential (Barbiero et al. 2001, Stewart et al. 2010,
Rudstam et al. 2015). Nevertheless, when sampled inten-
tionally and intensively, veligers can be found at densities of
10 to 50 individuals (ind)/L and can range up to 400 ind/L
(e.g., Sprung 1993, Barnard et al. 2003). Underreporting of
veliger densities or the use of less-effective sampling gear
impedes calculation of veliger biomass and estimation of
their significance in the planktonic community. Even when
density estimates are available, biomass values often are not
reported.

Calculation of biomass is further hampered by confu-
sion around a commonly used but poorly described veliger
length–mass (L–M) relationship developed by Hillbricht-
Ilkowska and Stańczykowska (1969) (the HIS equation):

MHIS 5 0:058207 2 0:002636L 1 0:000037L2, (Eq. 1)

where M5mass and L5 length. This equation was devel-
oped based on water displacement by clay models of veli-
gers, and whether it reflects wet or dry mass is not clear.
Sprung (1993) and many later researchers assumed it cal-
culated wet mass. Some investigators arbitrarily converted
values to dry mass based on interpretations of shell mass:
body mass ratios ranging from 10∶1 to 2∶1. For example,
Keeler et al. (2015) and Sirois and Dodson (2000) multi-
pliedHISmass estimates by 0.5 to convert to drymass based
on assumptions by Sprung (1993). Other researchers (e.g.,
Dahl et al. 1995, Bowen and Johannsson 2011) assumed that
theHIS equation calculates dry mass and did not apply cor-
rection factors. The need for an accurate length–dry mass
relationship based onmodern methods for veligers was rec-
ognized when standardized methods were developed for
collection of veligers as part of the binational lakewide Co-
operative Science andMonitoring Initiative (CSMI) for Lake
Ontario in 2013.

Our goals were to: 1) develop a length–dry mass equa-
tion based on direct measurements of formalin-preserved
and live veligers and a dry-mass–ash-free dry mass (AFDM)
equation relevant to foodweb analysis, 2) examine time trends,
seasonality, and relative contribution of veliger larvae to to-
tal zooplankton biomass at several Laurentian Great Lake
long-termmonitoring sites sampled by Fisheries andOceans
Canada (DFO), and 3) examine the sampling bias for veligers
resulting from use of 153-lm- rather than 64-lm-mesh nets
(hereafter 64-lm nets).
METHODS
Length–mass relationships

All veligers used to develop length–mass equations
were collected fromwestern LakeOntario (Fig. 1) at station
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depths ranging from 7 to 60 m, where the dreissenid pop-
ulation is composed almost entirely of D. bugensis (Wilson
et al. 2006). These specimens were collected in 2004, 2012,
and 2013 with a 64-lm-meshWisconsin net and preserved
in 4% sugar-buffered formalin as part of DFO’s routine zoo-
plankton monitoring. We sieved veligers from selected ar-
chived samples into approximate size classes and separated
them from other zooplankton and algae via an elutriation
process (modified from Claessens et al. 2013; Fig. 2A–F).
We rinsed isolated veligers with double-distilled water
(DDW) to remove any remaining preservative and hand-
sorted them into size classes under a dissecting microscope
at 40� magnification. Each veliger sample (N 5 22) used
for dry mass analysis consisted of 9 to 62 similar-sized indi-
viduals. Veligers were considered to be similar in size if all
individuals within that sample were within ±30 lm of the
mean length for that sample. We measured veligers along
the length of the shell with the aid of Northern Eclipse im-
aging software (version 8.0; Empix Imaging, Mississauga,
Ontario). To address concerns that sugar-buffered forma-
lin might alter veliger mass, we analyzed 5 additional sam-
ples consisting of live animals collected in August 2015 and
prepared within 24 h of sampling. These were processed as
described for the preserved samples.
This content downloaded from 076.0
All use subject to University of Chicago Press Terms 
We used a micropipette to transfer veligers in <50 lL of
DDW to precombusted and weighed Al capsules using
<50 lL of DDW. We oven-dried samples at 607C for 2 h,
cooled them in a desiccator, and weighed them until stable
on aMettler ToledoMX5microbalance (Columbus, Ohio).
Veliger samples had a minimum dry mass of 5 lg. We fur-
ther analyzed 6 of the 22 formalin-preserved samples de-
scribed above for AFDM. These were burned in a muffle
furnace for 2 h at 5007C, cooled in a desiccator, and
weighed.
Veliger biomass estimates
Mussel populations in Lake Simcoe in central Ontario

and the upper Bay of Quinte in northeastern Lake Ontario
consist of D. polymorpha, whereas D. bugensis predomi-
nates at the remaining sites shown in Fig. 1 (Dermott et al.
2003, Wilson et al. 2006, Nalepa et al. 2007, Evans et al.
2011). We conducted retrospective analyses of DFO’s long-
term zooplankton data from the Laurentian Great Lakes and
Lake Simcoe to examine spatial and temporal trends in ve-
liger biomass, abundance, and mean size, and to compare
veliger to crustacean zooplankton biomass. For selected years
Figure 1. Fisheries and Oceans Canada (DFO) May to October zooplankton monitoring sites in the Laurentian Great Lakes, key
long-term monitoring stations, and locations used in the mesh-size comparisons. Site numbers and names are explained in Table 1.
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between 2008 and 2015, DFO personnel used a 41-L Schind-
ler–Patalas trap fitted with a 64-lm-mesh sock (sites 2 and
3 in the Bay of Quinte and site 1 in Hamilton Harbour) or a
64-lm-mesh, 40-cm-diameter Wisconsin net equipped with
a Rigosha (Saitama, Japan) flow meter for the remaining sites
to collect total-water-column samples biweekly or monthly
from May or June to October (Fig. 1, Table 1).

We also examined formalin-preserved zooplankton sam-
ples from 2 long-term biomonitoring stations in eastern
Lake Ontario (sites 3 and 12) over the period from 1981
This content downloaded from 076.0
All use subject to University of Chicago Press Terms 
to 2014. Site 12 in the Kingston Basin is equivalent to sta-
tion 81 in the study by Johannsson et al. (1998). At the
deeper Lake Ontario locations (sites 11 and 12), the epilim-
nion (or 0–20 m when unstratified) and the metalimnion–
hypolimnion were sampled separately. We estimated total
veliger abundance in the whole water column at these 2 sites
by averaging densities in each stratum based on the propor-
tional representation of each stratum on each date.

Sample enumeration techniques for both crustacean
zooplankton and veligers were described by Bowen (2017).
Figure 2. Photomicrographs showing a mixed zooplankton sample before elutriation (A), rotifers and phytoplankton (B) and
dreissenid veligers (C) after elutriation, and examples of elutriated and size-sorted veligers averaging 120 (D), 245 (E), and 282 lm
(F) used to develop the length–dry mass relationship.
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Wecalculated veliger biomass in all samples described above
based on theHIS equation (Eq. 1) and the newDFOequation
(Eq. 2; see Results). Biomass of crustacean zooplankton spe-
cies were determined using length–mass equations de-
scribed by Bowen (2017).

Mesh-size comparison
We assessed sampling bias associatedwithmesh size and

capture efficiency in 2 ways. We took 5 replicate total-
This content downloaded from 076.0
All use subject to University of Chicago Press Terms 
water-column net hauls with a 64-lm-mesh, 40-cm-
diameter and a 153-lm-mesh, 50-cm-diameter Wisconsin
net equipped with a Rigosha flowmeter at a 10-m-deep site
inwestern LakeOntario nearHamilton,Ontario, on 27 Sep-
tember 2012 (Fig. 1). We also examined the effects of mesh
size retrospectivelywith zooplankton samples collecteddur-
ing routine monitoring in Lake Huron and Georgian Bay at
7 unstratified nearshore sites (Fig. 1) in early August and
mid-October 2007. At each station, paired vertical net hauls
Table 1. Mean (±SE) total-water-column veliger length, density, and dry biomass averaged across the sampling season at Fisheries
and Oceans Canada (DFO) zooplankton monitoring stations in the Laurentian Great Lakes. Biomass was calculated based on Eq. 2.
Percent density and % biomass are the percentage of veliger compared to veliger 1 crustacean zooplankton density or biomass,
respectively. Samples were not collected in 2010–2012 at Conway and 2010, 2011, and 2013 at Hamilton Harbour. Ind 5 individual.

Code and station Depth (m) Season Years Length (lm) Density (ind/L) % density Biomass (mg/m3) % biomass

Hamilton Harbour

1 Centre 23 May–Oct 2008–2014 149 0.5 ± 0.2 0.2 0.4 ± 0.1 0.1

North nearshore 7 May–Oct 2008–2014 143 2.6 ± 1.0 0.9 1.1 ± 0.5 0.3

Bay of Quinte

2 Belleville 5 May–Oct 1995–2007 127 22.0 ± 3.0 17.6 5.4 ± 0.9 4.4

Belleville 5 May–Oct 2008–2014 142 33.4 ± 8.8 26.4 10.7 ± 2.1 9.7

3 Conway 33 May–Oct 1995–2007 125 15.3 ± 2.5 30.6 3.9 ± 0.7 10.2

Conway 33 May–Oct 2008–2014 140 60.7 ± 9.2 66.0 22.7 ± 2.9 38.6

Lake Ontario nearshore

4 St Catherines 6 Jun–Oct 2009 142 2.3 23.6 0.8 4.3

5 Burlington 7 May–Oct 2013 126 34.8 44.0 8.3 14.6

6 Bronte 6 May–Oct 2009–2010 130 20.7 ± 3.5 52.4 6.7 ± 3.6 18.3

7 Cobourg 8 May–Oct 2009–2010 167 5.6 ± 2.6 70.3 3.4 ± 2.7 44.9

8 Wellers Bay 6 Jun–Oct 2012 160 16.3 25.1 6.1 25.5

9 West Lake 5 Jun–Oct 2012 169 19.2 15.1 7.3 9.5

10 Waupoos 7 Jun–Oct 2009–2010 169 11.2 ± 1.6 47.2 7.4 ± 0.8 26.4

Nearshore mean 16.5 ± 4.1 38.4 5.4 ± 1.0 19.5

Lake Ontario offshore

11 Oakville 60 May–Oct 2013 125 13.3 34.7 3.2 8.8

12 Kingston Basin 35 May–Oct 2008–2014 168 13.6 ± 2.8 57.8 9.6 ± 1.8 39.2

Georgian Bay

13 Penetang 3 Jun–Oct 2012 166 0.6 0.5 0.3 0.3

14 Severn Sound 11 Jun–Oct 2012 128 9.0 29.4 2.0 9.3

Lake Erie

15 West inshore 7 Jun–Oct 2014 189 8.6 8.0 7.1 2.6

16 West offshore 10 Jun–Oct 2014 202 14.0 15.1 11.7 5.8

17 Central inshore 6 Jun–Oct 2014 142 11.4 12.4 6.2 3.0

18 Central offshore 15 Jun–Oct 2014 197 7.9 14.9 6.1 6.3

19 East inshore 7 Jun–Oct 2014 201 22.1 15.0 18.7 8.4

20 East offshore 52 Jun–Oct 2014 180 4.6 17.4 2.8 5.8

21 Fort Erie 9 Jun–Oct 2014 168 29.1 49.3 27.3 26.9

Lake Erie mean 190 14.0 ± 3.3 18.9 11.4 ± 3.3 8.4

Lake Simcoe

22 Cooks Bay 2 Jun–Oct 2012 128 15.9 11.1 3.2 1.9

23 Main basin 20 Jun–Oct 2012 123 4.5 8.5 0.9 1.2
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were taken with the 2 net types described above. For each
study and mesh size, we calculated mean veliger densities
for each 10-lm size class. We tested for differences in veli-
ger density, biomass, and mean length between the 2 net
types with a 1-tailed t-test in Lake Ontario and a 2-tailed
paired t-test in Lake Huron and Georgian Bay (SYSTAT,
version 11; Systat Software, Chicago, Illinois).

RESULTS
Length–mass relationships

The smallest length category isolated for the length–
mass relationship averaged 103 ± 1.6 lm, whereas the larg-
est averaged 283 ± 2.8 lm (Fig. 3). The veligers used were
generally in the umbone or veliconcha developmental
stage, which ranges from 120 to 280 lm (Ackerman et al.
1994). This size range includes most of the veligers typically
captured with 64-lm gear. We did not include veligers
<100 lm because they did not separate well from other
plankton in the elutriator and were difficult to handle and
process. Furthermore, veligers <100 lm constituted only
1.8% of the total density in Lake Ontario and 10.2% in Hu-
ron in samples collected with 64-lm gear. In terms of bio-
mass, the corresponding values were only 0.3 and 2.2%.

The length–dry mass (L–DM) relationship for pre-
served veligers was exponential (R2 5 0.98, p < 0.001,
n 5 22):

DM 5 0:025e0:018L, (Eq. 2)

where DM 5 dry mass. This formula differs from Eq. 1,
which predicted higher mass for veligers 100 to 230 lm
This content downloaded from 076.0
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in length and lower mass for veligers >230 lm in length
(Fig. 3). The L–DM relationship for live specimens did
not differ significantly from the exponential curve calcu-
lated for preserved veligers (ANCOVA, F 5 2.27, n 5 28,
p 5 0.15; Fig. 3). The L–AFDM formula for preserved veli-
gers was (R2 5 0.96, n 5 6, p 5 0.004):

AFDM 5 0:073e0:010L : (Eq. 3)

The linear relationship between % ash (dominated by shell)
and L is (R2 5 0.99, n 5 6, p < 0.001):

SAM 5 0:288L 2 20:21, (Eq. 4)

where SAM5% shell (% ashmass). The smallest combusted
veligers (L5 140 lm) were 20% shell by DM, whereas large
veligers (280 lm)were 60% shell by DM. This equation pre-
dicts that 70-lm veligers would have very little Ca deposi-
tion, and corresponds to the size of D. polymorpha larvae
entering the D-shaped veliger stage (Ackerman et al. 1994).

Veliger DM had been estimated for >1000 Great Lakes
samples collected by DFO between 1995 and 2014 using
Eq. 1. When these values were recalculated based on Eq. 2
and the mean length of veligers in each sample, veliger bio-
mass averaged 74 ± 0.6% of the values derived from Eq. 1
(Fig. 4, Table 2).
Veliger density and biomass comparisons
Veligers are a numerically important part of the zoo-

plankton community. Calculation of veliger biomass based
on Eq. 2 indicates that they make up a considerable pro-
portion of biomass at our sampled stations, even when av-
eraged over the entire growing season (Table 1). In the last
decade, mean May to October veliger biomass values at
sites in Lake Ontario, Georgian Bay, and Lake Erie have
ranged from 0.3 to 27.3 mg/m3 (Table 1). Veligers make
up an average of 8.4% of total zooplankton biomass in Lake
Erie and 19.5% in nearshore Lake Ontario. Between 2008
and 2014, veligers were most dominant at Kingston Basin
site 12 in eastern Lake Ontario (39.2%, 9.6 ± 1.8 mg/m3)
and Conway site 3 in the lower Bay of Quinte (38.6%,
22.7 ± 2.9 mg/m3). In contrast, veligers made up only 0.1%
of biomass in the middle of Hamilton Harbour, Lake On-
tario (site 1) and 0.3% in the shallow, enriched Penetang
Harbour of Georgian Bay (site 13). In terms of density, ve-
ligers made up an even greater proportion of the total zoo-
plankton community, with May to October means of 18.9%
in Lake Erie, 38.4% in nearshore Lake Ontario, and 57.8% at
site 12 (Table 1). Mean veliger densities at these locations
were quite similar and ranged from 13.6 ± 2.8 to 16.5 ±
4.1 ind/L. The highest mean density was observed at site 3
(60.7 ± 9.2 ind/L).

Biomass values during peak veliger production periods
in late summer are often much higher than the seasonal
Figure 3. Length–dry mass (DM) regressions calculated
based on Eqs 1 (uncorrected Hillbricht-Ilkowska and Stańczy-
kowska 1969 [HIS]) and 2 (Fisheries and Oceans Canada [DFO]),
and length–ash-free dry mass (AFDM) regression calculated
based on Eq. 3 for live and preserved (4% sugar-buffered formalin)
veliger larvae from Lake Ontario.
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means, sometimes making up >80% of the total. When
monthly veliger biomass at site 12 was averaged over the
2008 to 2014 sampling period, the highest levels in the epi-
limnion were found in August (20.8 ± 7.5 mg/m3, 47%) and
September (40.3 ± 17.9 mg/m3, 59%) (Fig. 5A). However,
veligers still accounted for 28 to 33% of total epilimnetic
biomass in June, July, and October, and 11% in May. They
were found on 14 of 16 dates sampled in May despite water
temperatures between 4.4 and 8.57C. Veliger biomass in the
metalimnion–hypolimnion also peaked in late summer,
but mean values were 2 to 4� lower than in the epilimnion
This content downloaded from 076.0
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(Fig. 5B). In the deeper stratum, veligers made up a smaller
proportion of total zooplankton biomass (23% in August,
28% in September).

Veliger biomass has been increasing in Lake Ontario in
the last decade. No sampling occurred in some years, but
veliger biomass began to climb at site 3 in the Bay of Quinte
about 2008 (Fig. 6A). Annual values have been more vari-
able at site 12. Nevertheless, veligers nowmake up the larg-
est proportion of zooplankton numerically (Fig. 6B), whereas
crustacean zooplankton biomass has declined dramatically
at this monitoring station since the 1980s.
Figure 4. Mean (±SE) May to October mean veliger dry mass (DM) at Laurentian Great Lakes locations (see Table 1 for numerical
site codes). DM was calculated based on Eqs 1 (uncorrected Hillbricht-Ilkowska and Stańczykowska 1969 [HIS]) and 2 (Fisheries
and Oceans Canada [DFO]). DM values calculated with Eq. 1 also were ‘corrected’ by multiplying by 0.1 or 0.5 (assumed wet-to-dry
mass conversion used by some agencies). Corrected values are shown within the uncorrected HIS bars. NS 5 nearshore Lake Ontario;
SS 5 Severn Sound, Georgian Bay.
Table 2. Rule-of-thumb multipliers used to adjust existing veliger biomass data for samples collected with gear having commonly used
net mesh sizes and for which biomass was originally estimated based on Eq. 1 (see Introduction) to values comparable to those calcu-
lated based on samples collected with 64-lm-mesh nets and converted to dry mass (DM) based on Eq. 2. Conversion values are given
to account for gear bias associated with the use of 153-lm nets compared to 64-lm nets for systems dominated by 3 size ranges of
veligers commonly encountered in the Great Lakes basin (small: Dreissena polymorpha from L. Simcoe, mean length 5 125 lm;
medium: Dreissena bugensis from Lake Huron, mean length 5 150 lm; large: D. bugensis from eastern basin of Lake Ontario, mean
length 5 168 lm). These mean lengths were estimated from samples collected in 64-lm nets. For example, in a system dominated
by medium veligers, veliger biomass collected by 153-lm nets where DM was assumed to be 10% of the value calculated with Eq. 1 would
be multiplied by 21.8 to give a more accurate estimate of dry biomass.

Sampling conditions

Retention factors Biomass multipliers for

(% retained in 153-lm-mesh nets) Eq. 1 wet mass correction used

Density Biomass 10% 20% 50% 100%

64-lm nets 7.4 3.7 1.48 0.74

153-lm nets

Mean veliger length

Small (125 lm) 3 10 74.0 37.0 14.8 7.4

Medium (150 lm) 11 34 21.8 10.9 4.4 2.2

Large (168 lm) 27 66 11.2 5.6 2.2 1.1
14.216.201 o
and Conditio
n June 19, 2018 0
ns (http://www.jo
8:37:45 AM
urnals.uchicago.e
du/t-and-c).



322 | Importance of dreissenid veliger biomass K. L. Bowen et al.
Mesh size comparison
In Lake Ontario, veliger density and biomass estimates

(based on Eq. 2) were higher for samples collected with 64-
than with 153-lm nets (Table 3). The 153-lm nets retained
27% of veliger density and 55% of biomass caught in the
64-lm nets. Veligers caught in the 153-lm nets were larger
than those caught in the 64-lmnets (Table 3). In the 64-lm
nets, the mean veliger length was 176 ± 4 lm, and most
lengths were between 140 and 180 lm (Fig. 7A). In the
153-lm nets, mean length was significantly higher (223 ±
3 lm; Table 3) and lengths <180 lm were poorly repre-
sented. Capture efficiency became equal at lengths ≥210 lm.

In Lake Huron, veliger density and biomass estimates
were higher for samples collected with 64- than with 153-lm
nets (Table 3). The 153-lm nets retained only 11 ± 2% of
veliger density and 34 ± 6% of veliger biomass caught in
the 64-lm nets (Table 2). Veligers caught in the 153-lm
nets were larger than those caught in the 64-lm nets (Ta-
ble 3). The size frequency distribution of veligers caught
in 64-lm nets was bimodal, with the most abundant size
group between 100 and 160 lm (Fig. 7B). As in Lake On-
tario, few veligers <180 lm were caught in 153-lm nets.

Veligers caught in the 64-lm nets were significantly
smaller in Lake Huron than in Lake Ontario (157 ± 9 and
176 ± 4 lm, respectively; t 5 2.11, df 5 17, p 5 0.047).
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The D. polymorpha veligers from Lake Simcoe also tended
to be smaller than theD. bugensis larvae fromLakeOntario,
with most ranging between 80 and 160 lm (Fig. 8). The
Lake Simcoe mean value was 125 ± 2 lm.
DISCUSSION
Studies of plankton are notoriously fraught with error

caused by multiple factors including patchiness of zoo-
plankton, net efficiency, sampling gear avoidance, sub-
sampling variability, and the use of inappropriate L–M
relationships for biomass estimates (Bottrell et al. 1976,
Downing and Rigler 1984, Mack et al. 2012). We focused
on factors specifically related to biomass estimates made
for dreissenid veligers. One potential source of error when
estimating L–M relationships is significant mass reduction
caused by chemical preservation. This phenomenon has
been observed in formalin-preserved zooplankton (Giguère
et al. 1989), polychaete worms, and amphipods (Wetzel et al.
2005). Leuven et al. (1985) found no preservative effect on
theDMorAFDMof freshwatermacroinvertebrates. Our re-
sults show that preservation with 4% sugar-buffered forma-
lin does not influence the mass of veligers, therefore Eq. 2 is
suitable for estimating preserved or live veliger biomass. Fur-
thermore, the dimensions of the calcareous veliger shells are
likely to remain unaltered in buffered formalin.

Spatial and temporal variability can be addressed through
sufficient replication. Veliger densities are highly pulsed so
sampling every few days is often required to identify spawn-
ing peaks (Kirpichenko 1964, Karatayev et al. 1998). The
May toOctoberbiomass estimates at our long-termbiomoni-
toring stations (Table 1) generally were based on biweekly
sampling, but they are made more robust because we were
able to average data over a number of years.

Use of inappropriate sampling gear can be a large source
of error in field studies. Coarse-mesh sampling gear (≥153 lm)
is used commonly in eutrophic systems or for total-water-
column net hauls in the offshore of the Great Lakes (e.g.,
Fahnenstiel et al. 1998, Barbiero et al. 2001, Glyshaw et al.
2015, Rudstam et al. 2015). Use of coarse mesh minimizes
loss of efficiency caused by net clogging (Mack et al. 2012),
but it misses all but the largest veligers and other small ani-
mals, such as copepod nauplii. Therefore, authors of most
studies based on sampling with 153-lm nets do not report
veliger densities (e.g., Barbiero et al. 2001, Vanderploeg et al.
2012, Rudstam et al. 2015). Other mesh sizes, such as 110
(Dahl et al. 1995), 120 (Lazareva et al. 2016), and 130 lm
(Riessen et al. 1993) have been used occasionally to enumer-
ate veligers. These nets are expected to have veliger reten-
tion rates intermediate between the 64-lm and 153-lm-
mesh sizes addressed in our study.

In the samples we examined, numerical loss of veligers
collected with 153-lm nets ranged from 75 to 88%. When
the capture efficiency of each size class from Lake Ontario
was applied to the size distribution of D. bugensis veligers
Figure 5. Mean (±SE, veligers only) veliger (calculated with
Eq. 2; see Results) and total crustacean biomass (as dry mass
[DM]) in the epilimnion (A) and meta-hypolimnion (B) at
Kingston Basin (12) in eastern Lake Ontario between 2007 and
2014.
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caught at site 12 in eastern LakeOntario from 2007 to 2014,
only ~27% of veligers by density and 66% by biomass would
have been caught had 153-lm nets been used instead of
64-lmnets (Table 2).We expect this loss to be exacerbated
in systems dominated byD. polymorpha because their veli-
gers may be smaller than those ofD. bugensis (Stoeckmann
2003). In Lake Simcoe, for example, which has been colo-
nized by D. polymorpha, only ~3% by density and 10% by
biomass would have been caught by 153-lm nets, based
on the Lake Ontario capture efficiencies.

Even when veligers were sampled with equipment that
could yield correct counts, uncertainty surrounding the
HIS equation (Eq. 1) has led to underestimates of veliger
This content downloaded from 076.0
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biomass. Comparison of estimates made with Eqs 1 and
2, suggests HIS estimates were closer to actual DM values
than many investigators previously thought. Researchers
who assumed HIS was a wet mass equation and multiplied
HISmass estimates by 0.1 (a 10% correction factor), would
have underestimated veliger biomass ~7-fold (Table 2).
Those who used a 50% correction (e.g., Sirois and Dodson
2000, Keeler et al. 2015) also would have underestimated
biomass. Fahnenstiel et al. (1998) assumed a veliger DM
of 0.1 lg, which is ~3 to 5� lower than the mean DMs cal-
culated at long-termmonitoring sites 3 and 12, respectively,
based on Eq. 2. Conversely, investigators who did not apply
a correction factor and assumed the HIS equation was for
Figure 6. Mean (±SE, veligers only) veliger (calculated with Eq. 2; see Results) and total crustacean biomass (as dry mass [DM]) at
Conway (site 3) in the epilimnion of Bay of Quinte (total water column) (A) and Kingston Basin (site 12) (B) in eastern Lake Ontario.
Conway was not sampled in 2010–2012 and Kingston Basin was not sampled in 1996–2006.
Table 3. Mean and SE values and t-test results for comparisons between density and biomass of veligers caught using 64- and
153-lm-mesh nets in Lake Huron (2007) and Lake Ontario (2012). Ind 5 individuals.

Lake Variable Units

64-lm mesh 153-lm mesh t-test

Mean SE Mean SE t df p

Ontario Density ind/L 14.23 2.45 3.88 0.37 24.17 4 0.007

Biomass mg/m3 9.96 1.68 5.46 0.50 22.57 4 0.025

Length lm 176 4 223 3 28.88 7 <0.001

Huron Density ind/L 4.86 1.20 0.42 0.11 23.80 12 0.001

Biomass mg/m3 3.12 1.11 0.53 0.13 22.47 12 0.015

Length lm 157 9 217 3 26.55 12 <0.001
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drymass (e.g., Bowen and Johannsson 2011,MacDougall et al.
2001) would have overestimated veliger biomass by ~26%.

The exponential shape of the L–DM relationship for ve-
ligers (Fig. 3) is consistent with relationships for 14 crusta-
cean zooplankton taxa found in the Great Lakes (Culver
et al. 1985). Blue mussels (Mytilus edulis) also have an ex-
ponential L–DM relationship during the planktonic juve-
This content downloaded from 076.0
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nile stages (Sprung 1984). When veliger biomass values in
the DFO samples described above were recalculated based
on the equation developed by Sprung (1984) for blue mus-
sels, biomass averaged 76 ± 0.2% of estimates based on Eq. 2.
This result suggests that investigators who used the blue
mussel relationship for Dreissena (e.g., Withers et al. 2015)
would have underestimated veliger biomass.

Accurate estimation of veliger biomass is increasingly
important as dreissenid populations continue to expand
into new systems around theworld.Dreissenid veligers have
been recognized as a dominant component of zooplankton
density in Europe (Karatayev et al. 2010, Lazareva et al.
2016), the Great Lakes, including southern Lake Michigan
(Withers et al. 2015), Lake St Clair (David et al. 2009), and
the St Lawrence River estuary (Barnard et al. 2003) and
are of increasing concern in western North American sys-
tems, such as the Colorado River/Lake Mead (Wittmann
et al. 2010). Our data shows that veligers are increasingly
important along the Canadian nearshore of Lake Ontario
and in the northeastern Kingston Basin, and made up, on
average, 20 and 39%, respectively, of total zooplankton bio-
mass averaged across the season. Our peak densities of 140
to 585 ind/L at some Lake Ontario sites were within the
same range observed by Barnard et al. (2003) in the St Law-
rence River and by Sprung (1993) in European lakes. Veliger
densities averaged 14.0 and 16.5 ind/L across the season at
our Lake Erie and nearshore LakeOntario sites, respectively,
which are similar to values reported in Lake Michigan
(Withers et al. 2015) and eastern Lake Erie (Graham et al.
1996). Some of the lowest veliger densities we observed
(0.5 ind/L) occurred in Hamilton Harbour in western Lake
Ontario. The lack of veligers in an otherwise very productive
embayment can be explained by hypoxic conditions in the
hypolimnion that render most of the open water areas un-
suitable for adultmussel colonization formuch of the grow-
ing season (Bowen and Currie 2017).
Figure 7. Frequency distribution of veliger density in 10-lm
shell length classes at a western Lake Ontario nearshore site
sampled in September 2012 (A) and 7 nearshore sites in Lake
Huron sampled in August and October 2007 (B) in samples
collected with 64- and 153-lm-mesh sampling nets. Arrows in-
dicate the largest and smallest size classes used to develop Eq. 2
(see Results). Note the different y-axis scales. Ind 5 individuals.
Figure 8. Size-frequency distribution (%) of Dreissena polymorpha veligers in Lake Simcoe compared to Dreissena bugensis veligers
in eastern Lake Ontario Kingston Basin (site 12) collected with 64-lm-mesh nets. The dark and light shaded boxes indicate the size
ranges that would be almost fully excluded and partially excluded, respectively, if 153-lm-mesh nets were used.
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Veligers also were present in the water column for most
of the sampling season at our sites, suggesting multiple
spawning events and transport around the lake. Veligers
first appeared at site 12 in May when water temperatures
were as low as 57C, which is consistent with observations
of D. bugensis in spawning condition in Lake Michigan
when water temperatures were 5 to 67C (Glyshaw et al.
2015). In Lake Erie, the profundal form of D. bugensis first
spawned in late June at a temperature of ~97C (Claxton and
Mackie 1998). We observed peak D. bugensis veliger abun-
dance in September in eastern Lake Ontario, which is gen-
erally later in the season than is typically reported for
D. polymorpha. Dreissena polymorpha generally exhibits
≥1 peaks in veliger abundance, usually during mid-summer
(Lazareva et al. 2016), and late-stage larvaemay persist until
late autumn (Karatayev et al. 2010). Borcherding (1991)
reported 2 main spawning periods in May and August in
Germany. Sprung (1989) predicted that the May onset of
D. polymorpha spawning occurred when water temperature
was >127C, which is warmer than the temperature required
by D. bugensis (Claxton and Mackie 1998). This type of de-
tailed information on multiple spawning and seasonality of
D. bugensis is needed but less documented for this species.

Densities and biomass of adult D. bugensis continue to
increase in the offshore waters of Lakes Michigan and On-
tario (Nalepa et al. 2010, Glyshaw et al. 2015), and this in-
crease drives the rising density of veligers observed within
the last decade. In contrast, crustacean zooplankton densi-
ties, particularly cladocerans and cyclopoids, have dropped
dramatically in Lakes Ontario (Rudstam et al. 2015), Mich-
igan (Vanderploeg et al. 2012), and Huron (Barbiero et al.
2009) since the early 2000s. These authors attribute de-
clines to decreases in phytoplankton brought about by lower
nutrient levels (oligotrophication), competition with adult
dreissenids, and changes in zooplankton predation, particu-
larly by the invasive cladoceran Bythotrephes. The dramatic
reduction in crustacean biomass between the 1990s andmid-
2000s was also apparent in our study at site 12 (Fig. 6B).

Despite their numerical abundance, the role of veligers
in the pelagic food web is largely unknown. Veligers feed
on small phytoplankton, bacteria, and detritus in the 1- to
4-lm size range (Sprung 1993, Wacker 2010), but their
grazing effects on primary production are poorly under-
stood. MacIsaac et al. (1992) reported that at peak density,
veligers in western Lake Erie may filter up to 20% of the wa-
ter column each day, although filtering by settled dreisse-
nids is thought to be muchmore important. However, adult
mussels dwelling in the hypolimnion have limited access to
epilimnetic production during periods of thermal stratifica-
tion (Noonburg et al. 2003), a constraint not encountered by
pelagic veligers, which often reside and feed in the epilim-
nion. The release of large numbers of veligers into the water
column by benthic adult mussels and the subsequent set-
tling of these pelagic larvae represents a largely overlooked
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but potentially important benthic–pelagic foodweb coup-
ling, especially during a period of oligotrophication in the
Great Lakes, which promotes the production of phyto-
plankton of small cell sizes (Bramburger and Reavie 2016).

Veligers are consumed by a number of predators, in-
cluding Alewife (Alosa pseudoharengus), Rainbow Smelt
(Osmerus mordax) (Mills et al. 1995), and other plankti-
vorous fishes (Wiktor 1958, Kornobis 1977, Molloy et al.
1997), Mysis diluviana (O’Malley and Bunnell 2014), and
other zooplankton, particularly calanoid copepods (Kara-
bin 1978, Liebig and Vanderploeg 1995). Veligers may at
times make up a large portion of larval fishes’ diet, includ-
ing Yellow Perch (Perca flavescens) and Alewife (Sprung
1993,Withers et al. 2015) because of the small size and high
abundance of veligers in the water column at the time of
larval fish emergence. The nutritional quality of veligers
and the fate of veliger production that is incorporated into
the food web require further study, particularly because
Lazareva et al. (2016) estimated that up to 90% of veliger
production is consumed by pelagic invertebrate predators.
This need for further study is especially important if the
loss of crustacean zooplankton biomass observed in lakes
undergoing oligotrophication is being partially replaced by
veligers.

Recognizing that the importance of veligers is often
overlooked in invaded ecosystems has led us to several rec-
ommendations for future study. We need to better under-
stand the fate of veliger biomass particularly because of the
wide range in the estimates of veliger mortality. Improved
monitoring and reporting on veliger populations and distri-
bution is required to facilitate this research. Moreover, new
methodsmust be adopted that allow estimates of consump-
tion of veligers by planktonic predators. Ultimately, food-
web models of invaded systems where veligers are abun-
dant should be rerun using appropriate veliger biomass
and grazing rates to help us understand the extent to which
veligers comprise the ‘lost biomass’ of invaded systems.
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