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Comparison of 5 benthic samplers to collect burrowing mayfly
nymphs (Hexagenia spl[::Ephemeroptera:Ephemeridae) in sediments of
the Laurentian Great Lakes
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Abstract. The recent return of burrowing mayfly nymphs (Hexagenia spp.) to western Lake Erie of
the Laurentian Great Lakes has prompted a need to find a sampler to obtain the most accurate (i.e.,
highest mean density) and precise (i.e.,, lowest mean variance) abundance estimates of nymphs. The
abundance of burrowing nymphs is important because it is being used as a measure of ecosystem
health to determine management goals for fisheries and pollution abatement programs for waters in
both North America and Europe. We compared efficiencies of 5 benthic grab samplers (Ponar, Ekman,
petite Ponar, Petersen, and orange-peel) to collect nymphs from sediments of western Lake Erie and
Lake St. Clair. Samplers were used at one site with soft substrates in both lakes in 1997 (Ponar,
Ekman, petite Ponar, and Petersen) and 1998 (Ponar and Ekman), and at one site with soft and one
site with hard substrates in Lake St. Clair in 1999 (Ponar and orange-peel). In addition, the Ponar,
Ekman, and Petersen samplers were used at one site with soft substrates of western Lake Erie in
2000 to examine the causes of differences among samplers. The Ponar was more accurate than the
other samplers; it collected the highest densities of nymphs for 31 of 32 date and site comparisons.
In soft substrates, the order of decreasing overall densities was: Ponar>Petersen>petite Pon-
ar>Ekman in western Lake Erie and Ponar>Petersen> Ekman>petite Ponar in Lake St. Clair in
1997, Ponar>Ekman in both lakes in 1998, and Ponar>orange-peel in Lake St. Clair in 1999. In hard
substrates, the Ponar was more accurate than the orange-peel in Lake St. Clair in 1999. Precision of
the Ponar was generally greater than the Ekman, petite Ponar, and Petersen but similar to the orange-
peel. Higher densities of nymphs obtained with the Ponar than other grabs are attributed to its
relatively heavy weight, which allows it to sample deeper in sediments than the Ekman and petite
Ponar. Also, the Ponar has a screened top, which allows it to minimize hydraulic shock waves more
than the Petersen, and uniform sides, which allow it to sample nymphs more uniformly through
sediments than the orange-peel. We recommend that future estimates of burrowing mayfly densities
be obtained with a standard Ponar sampler similar to the one used in our study because it will yield
the most accurate and precise measurements of burrowing mayfly nymphs such as Hexagenia spp.
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Various benthic samplers have been used to
determine densities of ephemerid, burrowing
mayfly nymphs (e.g., Hexagenia spp. and Ephoron
spp.) in rivers of North America and Europe,
including nearshore waters of the Laurentian
Great Lakes (Wright 1955, Schneider et al. 1969,
Mozley and LaDronka 1988, Reynoldson et al.
1989, bij de Vaate et al. 1992, Dermott 1994, re-
viewed in Schloesser et al. 2001). Many popu-
lations of nymphs in the Great Lakes disap-
peared from sediments during the 1950s be-
cause of pollution and resulting habitat degra-
dation (Britt 1955, Beeton 1969, Cook and
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Johnson 1974). Renewed interest in sampling
mayfly nymphs occurred in the mid 1990s when
studies noted that burrowing nymphs returned
to several rivers in North America and Europe,
and to lentic habitats in western Lake Erie
(Fremling and Johnson 1990, bij de Vaate et al.
1992, Krieger et al. 1996, Schloesser et al. 2001).
The recovery of burrowing mayflies, where they
had been absent for decades, was of great inter-
est to management agencies because nymphs
are important in food webs supporting fishes
and they are recognized as a sentinel species to
measure progress of pollution-abatement pro-
grams (Fremling 1964, Reynoldson et al. 1989,
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TaBLE 1. Sampling design used to compare 5 kinds of benthic grabs used at 2 sites with soft substrates
(site 7M [lat 41°44.00’, long 83°17.83'] in western Lake Erie and site 1 [lat 42°25.00’, long 82°45.00'] in Lake St.
Clair), and 1 site with hard substrates (site 2 [lat 42°22.91', long 82°49.73']in Lake St. Clair) in the Laurentian

Great Lakes from 1997 to 2000.

Year Samplers Sites sampled Frequency of sampling Number of samples
1997  Ponar, Ekman, 7M in Lake Erie Monthly, May to Octo- 3/sampler/date
petite Ponar, 1 in Lake St. ber (7M); June to (total site 7M = 72,
Peterson Clair October (1) site 1 = 60)
1998 Ponar, Ekman 7M in Lake Erie Monthly, March to 3/sampler/date
1 in Lake St. June (total site 7M = 12,
Clair site 1 = 12)
1999 Ponar, orange- 1 in Lake St. 7 dates, June to Sep- 5/sampler/date
peel Clair tember (1); 5 dates, (total site 1 = 70,
2 in Lake St. June to August (2) site 2 = 50)
Clair
2000 Ponar, Ekman, 7M in Lake Erie 12 October 20/sampler
Petersen (total = 60)

Krieger et al. 1996, Cochran 1992, Ohio Lake
Erie Commission 1998).

Many benthic samplers have been used to ob-
tain benthos containing burrowing mayfly
nymphs (Brinkhurst 1974, Reynoldson et al.
1989, Clesceri et al. 1998). For example, Hexag-
enia spp. have been sampled in western Lake
Erie with Ekman, Petersen, Franklin, Ponar, pe-
tite Ponar, and Shipek grabs, box corers, and 2
other unknown samplers (Reynoldson et al.
1989, Schloesser et al. 2001). Most of these sam-
plers have been recommended as standard
equipment to sample benthos in North America,
but a review of density estimates of Hexagenia
spp. nymphs obtained with different samplers
in western Lake Erie led Schloesser et al. (2001)
to conclude that density differences between
studies were partly attributable to use of differ-
ent samplers (Reynoldson et al. 1989, Clesceri et
al. 1998). Historically, the choice of a sampler to
obtain quantitative estimates of mayflies in Lake
Erie was of little concern prior to the 1950s
when few samplers were available, and between
the 1950s and early 1990s when few or no
nymphs were present in Lake Erie (Reynoldson
et al. 1989, Schloesser et al. 2001). However,
mayflies recolonized sediments of western Lake
Erie in the mid 1990s and, as reported by
Schloesser et al. (2001), 3 investigators used 3
different samplers (Ponar, Ekman, and petite
Ponar) to determine densities of nymphs. Al-
though the performance of some benthic sam-
plers has been compared for some taxa (e.g., Sly
1969, Flannagan 1970, Nalepa and Robertson

1981), relative efficiencies of samplers for quan-
tifying burrowing mayfly nymphs, such as Hex-
agenia spp., have not been determined.

In the present study, we determined efficien-
cies of 5 grab samplers (Ponar, Ekman, petite
Ponar, Petersen, and orange-peel) that have
been used to obtain most quantitative estimates
of mayfly nymphs in the Great Lakes and else-
where (Mozley and LaDronka 1988, Clesceri et
al. 1998, Schloesser et al. 2001, D. Klemm, USE-
PA, Cincinnati, Ohio, personal communication).
We believe this comparison will encourage fu-
ture sampling of Hexagenia spp. using one sam-
pler, thus allowing better comparability be-
tween studies and more accurate assessments of
long-term trends. In addition, knowledge of
sampler efficiencies may be used to adjust his-
torical density estimates of nymphs by applying
density conversion factors to data obtained with
previously used samplers.

Methods

Study design

We evaluated the accuracy (i.e., highest mean
densities) and precision (i.e., lowest mean vari-
ance) of 5 benthic grabs to collect burrowing
mayfly nymphs in western Lake Erie and Lake
St. Clair from 1997 to 1999 (Table 1). Four of the
samplers (Ponar, Ekman, petite Ponar, and Pe-
tersen) account for ~95% of the quantitative
density estimates of burrowing mayfly nymphs
in western Lake Erie, and the 5% sampler (or-
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TABLE 2. Statistical tests used to compare differences of densities (log,, transformed) and lengths of burrow-
ing mayfly nymphs (Hexagenia spp.) obtained with 5 kinds of benthic grab samplers in western Lake Erie and
Lake St. Clair of the Laurentian Great Lakes from 1997 to 2000.

Year Parameter Factors tested Statistical test
1997 Density of nymphs Samplers per water body 2-way ANOVA
Density of nymphs Samplers per date per water body  2-way ANOVA and Tukey’s
multiple comparisons
Density of nymphs Samplers within date and water 1-way ANOVA and Tukey’s
body multiple comparisons
Density of nymphs Sampler X date interaction within ~ 2-way ANOVA
water bodies
1998-2000  Density of nymphs Samplers per year and samplers Student’s t-tests
per date
1997 Length of nymphs Samplers per date 2-way ANOVA and Tukey’s
multiple comparisons
2000 Length of nymphs  Samplers Student’s t-tests
Length of nymphs mm-length categories Student’s t-tests

ange-peel) has been used to quantify nymphal
densities in other waters of the Laurentian Great
Lakes (Mozley and LaDronka 1988, Reynoldson
et al. 1989, Schloesser et al. 2001). The October
2000 samples were collected to examine differ-
ences among grabs based on nymphal size and
depth of grab penetration. There was a very low
proportion of small nymphs in late summer
1997 and summer 1998 because of the absence
of nymphal recruitment in 1997, and we be-
lieved the size of nymphs and resulting burrow
depths of nymphs could affect density estimates
obtained with different samplers.

Sediments at site 7M in western Lake Erie
were soft, pudding-like mud typical of 90% of
the substrates throughout the basin (Carr and
Hiltunen 1965, Bolsenga and Herdendorf 1993).
Sediments at site 1 in Lake St. Clair were similar
to those at site 7M in western Lake Erie, but
were a little firmer, whereas sediments at site 2
in Lake St. Clair were hard with clay, sand,
stones, and rocks.

Sampler design

A detailed description and operational eval-
uation of the 5 samplers used in the present
study appear in Sly (1969) and Clesceri et al.
(1998). Briefly, the Ponar and petite Ponar have
Y-cylinder jaw design, the Ekman has a box
with Y%-cylinder design, the Petersen has a full-
cylinder jaw design, and the orange-peel has a
Y-sphere design (Hopkins 1964, Clesceri et al.
1998). The Ekman uses a spring tripping mech-

anism activated by a messenger dropped down
from the surface, whereas the other 4 samplers
are activated by weight-release triggers that al-
low the samplers to close when they contact
sediments. The Ponar and petite Ponar have
screens and the Ekman has movable plates on
the top surfaces of the samplers to minimize
water disturbance below the sampler as they are
lowered to obtain samples. The Petersen and or-
ange-peel have no mechanism to minimize wa-
ter disturbance. Individual samplers weighed
19.7, 9.9, 6.4, 28.5, and 30.0 kg for the Ponar,
Ekman, petite Ponar, Petersen, and orange-peel,
respectively. In soft substrates of western Lake
Erie, the Ponar and petite Ponar were usually
full (90-100%, visually estimated) of sediment
upon sample retrieval, the Ekman varied be-
tween ~30 to 50% full, and the Petersen varied
between 80 and 100% full. The fullness of the
orange-peel in both soft and hard substrates
and the Ponar in hard substrates in Lake St.
Clair varied dramatically (25-90%) as a result of
sampler design and varying depth of penetra-
tion. Sample volumes were not used in the de-
termination of densities because 1) depth of
penetration varied, and 2) volumes appeared to
vary each sampling period (0-10% difference
per sampler) and between sampling periods (5-
20% difference), probably in relation to local
variations in substrate firmness and changing
temperatures that resulted in firmer substrates
during cold periods (5°C) than warm periods
(25°C).
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TABLE 3. Mean densities (numbers/m? * SE) of burrowing mayfly nymphs (Hexagenia spp.) obtained with
4 kinds of benthic grab samplers in western Lake Erie (site 7M) and Lake St. Clair (site 1) of the Laurentian
Great Lakes from May 1997 to June 1998. The CV (%) and, in parentheses, number of samples needed to obtain
a SE = 10% of the mean appear on the 2nd line of each value. For each sampling period and lake, values
followed by different superscript letters are significantly different at p =< 0.05 and values followed by different
superscript numbers are significantly different between p > 0.05 and p = 0.10. Refer to Table 2 for statistical

tests performed.

Western Lake Erie

Sampler
Date Ponar Ekman Petite Ponar Petersen p-value
1997
28 May 2100 £ 65.7 1507 + 502.3 1560 * 337.9 1423 *+ 161.9 0.53
5 (5) 58 (616) 38 (260) 20 (72)

23 June 1474 + 124.2! 1462 *+ 90.2! 1264 = 94.2 907 + 169.4? 0.05
15 (39) 11 (21) 13 (31) 32 (194)

24 July 1116 * 78.2 754 * 201.7 861 * 58.6 978 * 53.0 0.28
12 (27) 46 (398) 12 (26) 9 (16)

28 August 937 * 24.8 374 + 39.20 430 * 35.6 770 * 34.22 <0.01

5(4) 18 (61) 14 (38) 8 (11)

22 September 778 * 67.8* 451 * 56.2° 484 * 61.62° 717 * 64.0 124 0.01
14 (42) 22 (86) 22 (90) 15 (44)

23 October 737 + 65.72 322 + 35,901 457 * 35.6°<2 584 + 19.02c <0.01
15 (44) 19 (69) 14 (34) 6 (6) '

Overall 1190 * 212.5°1 811 * 221.5° 843 * 194.9% 896 * 119.6 0.01
11 (27) 29 (209) 19 (80) 15 (57)

1998

24 March 682 *+ 66.4 380 = 45.1 0.02
17 (52) 21 (69)

20 April 448 *+ 344 412 + 45.1 0.56
13 (33) 19 (78)

22 May 358 = 60.0 335 + 359 0.84
29 (156) 19 (64)

15 June 124 + 20.7 64 + 64 0.03
28 (154) 17 (55)

Overall 403 * 1153 298 *+ 79.4 0.29
22 (99) 19 (67)

Field and laboratory procedures

Sediments of collected samples were washed
in a sieve bucket lined with a US Standard No.
30 sieve (0.6-mm openings, Carr and Hiltunen
1965, Hiltunen 1983) using gentle, pressurized
water, and the retained material was placed in
containers on ice and returned to the laboratory.
In the laboratory, retained material was placed
in pans and individual nymphs were removed
using unaided vision, enumerated, and mea-
sured within 24 to 48 h of collection. Nymphs
were identified to genera because there is no
way to separate the nymphal forms of the 2 spe-
cies of Hexagenia spp. (i.e., H. limbata and H. rig-

ida) found in Lake Erie and Lake St. Clair
(Schloesser et al. 2001, Schloesser and Nalepa
2001). Lengths of individual nymphs were mea-
sured from the frontal process of the head to
the last abdominal segment, excluding tails
(Schloesser and Hiltunen 1984).

Densities of nymphs were calculated based on
the surface area of 4 of the samplers (Ponar =
484 cm?, Ekman = 518 cm?, petite Ponar = 248
cm?, Petersen = 930 cm?) as it would make con-
tact with sediments. Densities obtained with the
orange-peel were calculated based on the sur-
face area of holes created by the sampler in soft,
wet, sandy sediments (mean = 650 cm?, range
629-675, n = 3).
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TABLE 3. Extended.

Lake St. Clair

Sampler
Ponar Ekman Petite Ponar Petersen p-value
1391 + 48.214 1243 + 46.4 982 * 140.4?° 1358 *= 79.1¢ 0.05
5(7) 6 (8) 25 (113) 32 (18)
765 = 31.6 674 * 51.1 619 = 107.6 724 = 52.8 0.45
79 14 (37) 30 (168) 9 (29)
448 + 30.0 290 = 78.1 256 + 13.5% 405 = 14.2 0.04
12 (25) 47 (403) 9 (15) 8(7)
413 = 119 283 *+ 23.2 377 = 81.8 437 = 17.9 0.12
5(?) 14 (37) 38 (262) 15 (9)
393 = 119 251 + 22.3 229 *= 749 362 = 39.9 0.20
5(7) 15 (44) 57 (595) 6 (67)
682 = 189.8 541 = 189.1 492 + 140.5 657 = 186.4 0.19
7 (10) 19 (106) 32 (231) 14 (26)
289 = 11.9 219 = 232 0.11
79 18 (62)
255 * 27.5 71 = 34.1 0.11
18 (64) 83 (1283)
255 + 24.8 71 £17.0 0.03
17 (53) 42 (321)
220 *+ 53.8 52 *+ 23.2 0.05
42 (330) 78 (1127)
255 * 14.1 103 * 38.9 <0.01
21 (114) 55 (698)

Data analysis

Mean densities (), standard errors (SE), and
coefficients of variation (CV) of the number of
nymphs, and number of samples needed to ob-
tain a SE =10% of the mean were determined
for each kind of sampler on each sampling date
(Elliott 1971, Elliott and Drake 1981). Statistical
tests used to determine differences between
densities and lengths of nymphs collected with
the 5 samplers included: 1) 2-way ANOVAs to
determine overall (e.g., per water body per year)
differences and interactions between factors
(e.g., sampler X date); 2) Tukey’s multiple com-
parisons to determine sources of significant dif-

ferences (e.g., per date) as determined by 2-way
ANOVAs; 3) 1-way ANOVAs to determine dif-
ferences within factors (e.g., samplers per date
per water body); and 4) Student’s f-tests to de-
termine differences when only 1 factor was test-
ed (eg., 2 samplers on 1 date) (Table 2) (Sokal
and Rohlf 1973). All densities were log,, trans-
formed. Results of statistical analysis to differ-
entiate mean densities of nymphs for each sam-
pling date and site, and each year and site are
reported as actual probability levels (p), whereas
differences between densities and lengths of
nymphs per individual sampling date are re-
ported as significant at the p < 0.05 and be-
tween the p > 0.05 and p = 0.10 levels.
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FIG. 1. Mean densites (numbers/m?) of burrowing mayfly nymphs (Hexagenia spp.) obtained with 4 kinds
of benthic grab sampers in 1997, 2 samplers in 1998, and 2 samplers in 1999 in western Lake Erie (site 7M)
and Lake St. Clair (sites 1 and 2) of the Laurentian Great Lakes. Error bars not included for clarity (see Tables

3 and 4 for SE values).

Results
Accuracy

The standard Ponar grab almost always gave
the highest density estimates of burrowing may-
fly nymphs (31 of 32 date and site comparisons)
in both western Lake Erie and Lake St. Clair
(Fig. 1, Tables 3-5). Only the Petersen grab ob-
tained a higher density than the Ponar in Lake
St. Clair on 22 September 1997 (Table 3). The
Ponar obtained higher densities than other sam-
plers for 54 of 55 individual possible compari-
sons, including 20 of 20 possible comparisons
with the Ekman, 11 of 11 with the petite Ponar,
11 of 12 with the Petersen, and 12 of 12 with
the orange-peel (Tables 3-5). However, density
differences between samplers were significant (p
= 0.05) for only 12 of 32 of the date and site
comparisons, and densities using the Ponar
were significantly greater (p = 0.05) than esti-

mates from =1 of the other samplers for only 9
of 32 comparisons. At a decreased significance
level of p = 0.10, the number of comparisons in
which the Ponar yielded higher density esti-
mates than =1 of the other samplers increased
to 16 of 32 comparisons. Two-way ANOVAs in-
dicated that a significant interaction between
sampler type and date of sampling only oc-
curred in western Lake Erie in 1997.

Overall densities provided by each sampler
in 1997 were Ponar>Petersen>petite Po-
nar>Ekman in western Lake Erie and Po-
nar>Petersen>Ekman>petite Ponar in Lake
St. Clair (Fig. 1, Table 3). In general, heavier
samplers such as the Petersen (heaviest) and
Ponar (2nd heaviest) collected higher densities
of nymphs than the lighter petite Ponar (3rd
heaviest) and Ekman (4th heaviest) samplers.
The number of times a sampler collected a sig-
nificantly (p = 0.05 and p = 0.10) greater num-
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TABLE 4. Mean densities (numbers/m? * SE) of burrowing mayfly nymphs (Hexagenia spp.) obtained with
Ponar and orange-peel grab samplers from soft (site 1) and hard (site 2) substrates in Lake St. Clair of the
Laurentian Great Lakes from June to September 1999. The CV (%) and, in parentheses, number of samples
needed to obtain a SE =10 of the mean appear on the 2nd line of each value. Refer to Table 2 for statistical

tests performed.

Soft substrates

Hard substrates

Sampler Sampler
Date Ponar . Orange-peel p-value Ponar Orange-peel  p-value

6 June 657 * 48.6 523 + 374 0.06 223 + 81.4 132 + 34.3 0.88
17 (21) 16 (20) 82 (522) 58 (263)

22 June 702 + 53.9 492 * 212 <0.01 302 + 87.6 255 + 82.8 0.57
17 (23) 10 (7) 65 (330) 72 (412)

7 July 467 * 36.7 354 + 36.4 0.08 153 + 474 123 *+ 36.7 0.79
18 (24) 23 (41) 69 (377) 67 (349)

27 July 372 * 34.6 351 +17.8 0.68 248 + 31.3 203 * 235 031
21 (34) 11 (10) 28 (63) 26 (53)

11 August 310 * 489 218 +19.7 0.12 37 =152 22 +92 0.52
35 (98) 20 (32) 91 (653) 96 (720)

23 August 298 = 14.0 246 *+ 20.6 0.08
11 (9) 19 (28)

22 September 252 + 17.8 175 = 32.1 0.09
16 (19) 41 (132)

Overall 437 * 67.9 337 * 50.6 0.01 193 + 60.4 147 + 49.6 0.57
41 (33) 40 (39) 53 (389) 60 (359)

ber of nymphs than =1 of the other samplers Precision

for individual date and site comparisons were 6
for the Ponar, 4 for the Petersen, and 1 each for
the Ekman and petite Ponar. Significant (p =
0.05) differences occurred for only 8 of 66 pos-
sible comparisons (6 comparisons/date/loca-
tion), and all differences occurred in August
through October in Lake Erie. The number of
significant differences at the decreased signifi-
cance level of p = 0.10 increased to 18 of 66
comparisons.

The Ponar sampled significantly greater (p <
0.05) numbers of nymphs than the Ekman and
orange-peel samplers for individual sampling
dates and locations for 4 of 8 individual com-
parisons in 1998 and 1 of 12 comparisons in
1999 (Tables 3, 4). No additional differences in
densities between the Ponar and Ekman were
found in 1998 at the decreased significance level
of p = 0.10, but 4 additional differences were
found between the Ponar and orange-peel when
used in soft substrates in 1999. In October 2000,
densities obtained with the Ponar (1144 + 88.8)
and Ekman (1027 * 60.7) were not significantly
different (p > 0.05) from each other, but both
were significantly greater than that collected
with the Petersen (Table 5).

The Ponar was more precise than other
samplers for 18 of 32 date and site compari-
sons from 1997 to 2000 (Tables 3-5). Individ-
ual comparisons indicated the Ponar was
more precise than the Ekman, petite Ponar,
and Petersen samplers and similar to the or-
ange-peel sampler. Of the 55 possible individ-
ual comparisons between the Ponar and other
samplers, the Ponar obtained the lowest CV
and lowest number of samples needed to ob-
tain =10% of the mean for 16 of 20 Ekman
comparisons, 7 of 11 petite Ponar compari-
sons, 8 of 12 Petersen comparisons, but only
5 of 12 orange-peel comparisons. The Ponar
had the highest precision for 13 of 19 com-
parisons in 1997 and 1998 (Table 3). In 1999,
overall precision with which the Ponar and or-
ange-peel sampled were about the same at
comparable sites (Table 4). However, of the 12
comparisons in 1999, the Ponar was more pre-
cise 5 times and the orange-peel was more
precise 7 times. In 2000, the Ponar was the
least precise of the 3 samplers (Table 5).
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TaBLE 5. Mean densities (numbers/m? + SE) and lengths (mm * SE) of burrowing mayfly nymphs (Hex-
agenia spp.) obtained with 3 kinds of benthic grab samplers from soft sediments in western Lake Erie (site 7M)
of the Laurentian Great Lakes 12 October 2000. For each column and factor (density and length), values followed
by different superscript letters are significantly different at p = 0.05. Numbers of nymphs examined are in
parentheses. The CV (%) of density for all nymphs appears on the 2nd line of each value. Refer to Table 2 for
statistical tests performed.

Length of nymphs (mm)
All nymphs 2-13 mm >13 mm
Density
Ponar (1107) 1144 + 88.8 803 + 75.8 341 * 22.3¢
34
Ekman (1068) 1027 *+ 60.72 834 = 50.7 197 *+ 17.0
26
Petersen (1480) 796 + 35.1° 475 * 31.8° 320 = 15.2¢
20
Length
Ponar 9.7 * 0.22° 51 = 0.05* 20.6 = 0.14*
Ekman 8.0 = 0.20° 5.0 + 0.05° 20.6 = 0.18
Petersen 11.7 * 0.21¢ 5.3 + 0.05 21.1 = 0.11°
Lengths 0.05) larger nymphs than =1 of the other sam-

plers for 6 of 11 date and site comparisons, the

The size of collected nymphs was related to
sampler weight. Heavier samplers tended to col-
lect nymphs of larger mean and maximum

Ponar for 2 of 11 comparisons, the petite Ponar
for 2 of 11, and the Ekman sampler for 0 of 11
comparisons (Table 6). Maximum nymphal

lengths than lighter samplers (Tables 5, 6). In
1997, the Petersen collected significantly (p =

lengths (including samplers with equal maxi-
mum lengths) also occurred more often in

TABLE 6. Mean lengths (mm * SE) and maximum lengths (mm, 2nd line of value) of burrowing mayfly
nymphs (Hexagenia spp.) obtained with 4 kinds of benthic grab samplers from soft substrates in western Lake
Erie (site 7M) and Lake St. Clair (site 1) of the Laurentian Great Lakes from May to October 1997. For each
sampling period, values followed by different superscript letters are significantly different at p = 0.05 and
values followed by different superscript numbers are significantly different between p > 0.05 and p = 0.10.
Refer to Table 2 for statistical tests performed.

Western Lake Erie

Sampler
Date Ponar Ekman Petite Ponar Petersen p-value

28 May 10.3 = 0.27 10.2 £ 0.28 11.0 = 0.51 104 = 0.26 0.61
27 26 29 29

23 June 11.2 = 0.29 12.1 = 0.272 11.2 = 041= 13.1 = 0.29° <0.01
29 28 28 29

24 July 151 = 0.21 14.8 = 0.32 14.3 = 0.30 14.8 = 0.18 0.33
22 22 19 23

28 August 16.4 * 0.252 15.2 + 0.32° 18.0 = 0.42¢ 16.4 + 0.18* <0.01
25 21 28 25

22 September 18.1 = 0.272 16.5 = 0.28° 17.1 £ 0.41 17.6 *+ 0.25%¢ <0.01
25 22 21 25

23 October 19.1 = 0.27 17.7 = 0.28° 17.6 = 0.48> 19.5 = 0.232¢ <0.01

26 22 22 25
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300 -
+
200 A
Young-of-
the-year 1-y-old {>-Ponar
—e— Ekman
—o— Petersen

100 4

1 16 21 26 31

Length of nymphs (mm)

FIG. 2. Mean densities (numbers/m?) of burrowing mayfly nymphs (Hexagenia) spp. in whole-mm-length
categories obtained with 3 kinds of samplers in western Lake Erie (site 7M) on 12 October 2000. *= significantly
different (p = 0.05, Student’s ¢-tests) numbers of nymphs in individual-mm categories obtained with the Ponar
and Ekman, + = with the Ponar and Petersen.

heavier than lighter samplers: 8 in the Petersen, lengths in 2 length categories (young-of-the-year
4 in the Ponar, 2 in the petite Ponar, and 1 in nymphs = 2-13 mm and 1-y-old nymphs = >13
the Ekman. In October 2000, the Petersen col- mm) than the Ponar and Ekman samplers (Table
lected nymphs of significantly greater mean 5). The Ponar obtained significantly greater den-

TABLE 6. Extended.

Lake St. Clair

Sampler
Ponar Ekman Petite Ponar Petersen p-value

11.1 = 0.24 115 + 0.22 115 + 030 11.2 = 0.16 0.43
21 18 17 27

16.2 + 0.31» 16.1 + 0.33 16.2 + 0.44° 17.6 * 0.20° <0.01
22 22 22 26

18.8 = 0.34 19.0 = 0.35 18.8 = 0.50 20.0 + 0.25° 0.01
24 23 23 26

19.2 + 0.30 19.5 + 0.40 20.5 * 0.60? 19.3 + 0.25! 0.07
24 28 27 25

18.9 = 0.31 17.9 = 0.38 18.3 * 0.51 18.6 + 0.25 0.28
24 21 21 24
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sities of 1-y-old nymphs than the Ekman and
greater densities of young-of-the-year nymphs
than the Petersen. Although total densities and
mean lengths obtained with the Ponar and Ek-
man were similar, the heavier Ponar collected
significantly greater (p = 0.05) numbers of 1-y-
olds in the 18 to 20- and 22 to 24-mm length
categories (Fig. 2). Total density obtained with
the Petersen was significantly lower than that
obtained with the Ponar primarily because of
lower collection efficiency of small, young-of-
the-year nymphs in individual length categories
between 3 and 7 mm, although differences were
significant for only the 3- and 4-mm length cat-
egories. In addition, the Ponar collected greater
numbers of 17- and 18-mm nymphs than the
Petersen.

Discussion
Accuracy and precision

The Ponar was more accurate (i.e., higher den-
sities) and precise (i.e., lower variances) than the
Ekman, petite Ponar, Petersen, and orange-peel
samplers in collecting Hexagenia spp. Few stud-
ies have investigated sampler differences for
specific taxa (Powers and Robertson 1967, Sly
1969, Word 1976, Elliot and Drake 1981), and
only Hudson (1970) compared samplers in re-
lation to burrowing mayfly nymphs. Hudson
(1970) compared the Ponar and orange-peel
grabs, and also showed the Ponar collected
more burrowing mayfly nymphs than the or-
ange-peel.

Difficulty in determining the accuracy and
precision of benthic samplers is attributed to
high natural variability in the distribution and
abundance of benthic taxa. Natural distributions
of benthos in most habitats is usually a result
of organism selection of environmental factors,
which yields uneven distributions of organisms
and high variability of density estimates (Elliott
1971). The measured variability can be reduced
by increasing the number of sample replicates
(Elliott 1971, Brinkhurst 1974). Our study
showed that the number of samples needed to
obtain a SE £10% of the mean of any one sam-
pler and date varied between 5 and 1283. Nat-
ural variability and the low number of samples
could account for the significant interaction be-
tween sampler type and sampling date ob-
served in western Lake Erie in 1997. However,
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this interaction was attributed to the Petersen
sampler, which collected lower densities than
other samplers in May and June and higher den-
sities than the Ekman and petite Ponar there-
after. Most nymphs were of small to medium
size in May and June 1997, whereas from July
to October most nymphs were relatively large
because of growth of 1-y-old nymphs and the
lack of recruitment of small young-of-the-year
nymphs in summer 1997 (Schloesser and Nalepa
2001). The Petersen collected larger nymphs
more efficiently than smaller nymphs (Fig. 2) so
densities collected with the Petersen in fall
would be expected to contain a disproportion-
ately greater number of large nymphs than
small nymphs compared to other samplers. An
increase in efficiency of nymphs collected in the
Petersen relative to other samplers in fall, when
compared to spring, would result, thus causing
the sampler and date interaction discovered in
1997.

Several studies have concluded that the Ponar
was the best overall sampler for macroinverte-
brates, primarily because it yielded higher mean
densities with lower variability, and obtained an
intact sample more often than other samplers
from a wider variety of habitats (Powers and
Robertson 1967, Flannagan 1970, Howmiller
1971, Lewis et al. 1982). However, samplers oth-
er than the Ponar continue to be used for a va-
riety of reasons. For example, 2 studies of may-
flies in western Lake Erie, conducted during the
same time period as this study, used the petite
Ponar and Ekman because of equipment avail-
ability, limited laboratory capabilities, and the
belief that the Ekman is a better sampler than
the Ponar in soft substrates (Krieger et al. 1996,
Schloesser et al. 2001). In addition, larger and
heavier samplers such as the Ponar, Petersen,
and orange-peel require heavier and larger
equipment to deploy and retrieve than smaller
and lighter samplers, such as the petite Ponar
and Ekman samplers. In general, samples col-
lected with larger samplers require more labo-
ratory time to analyze than samples collected
with smaller samplers.

It has been suggested that the Ekman is more
efficient than the Ponar because it may create
less hydraulic disturbance (i.e., shock wave) as
it descends and contacts sediments (Howmiller
1971, Lewis et al. 1982). Although never mea-
sured, hydraulic disturbance would push small
organisms near the sediment surface away from
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the sampled area. Flannagan (1970) found the
Ekman collected total benthos with more accu-
racy and higher precision than the Ponar when
used in soft substrates. This difference was at-
tributed to small worms and midges that were
in the top few mm of sediments where shock
waves would be most pronounced (Flannagan
1970, Howmiller 1971). However, the Ponar and
Ekman sampled young-of-the-year mayfly
nymphs with equal efficiency in our study, in-
dicating that even small nymphs burrow deep
enough to avoid possible effects of hydraulic
disturbance created by the Ponar (Hunt 1953,
Charbonneau and Hare 1998). Hydraulic shock
waves created by benthic samplers is undoubt-
edly related to sampler design and the speed of
sampler descent (Howmiller 1971, Sly 1969). Sly
(1969) recommended that descent of samplers
be of ‘moderate’ speed. The descent of our sam-
plers was determined by operation of a manual
winch (Ponar and Petersen) and manual hand-
over-hand (Ekman and petite Ponar) operation
at a moderate speed (mean = SE, 0.17 = 0.002
m/s and 0.14 = 0.006 m/s, number of timed
descents = 22 and 12, respectively).

Reason for sampler differences

The reason for higher densities and larger
nymphs in heavier samplers (i.e., Ponar and Pe-
tersen) than in lighter samplers (Ekman and pe-
tite Ponar) was probably depth of penetration of
samplers into sediments. Burrowing benthos
such as mayfly nymphs often burrow deep in
sediments (e.g., 10-12 cm) (Berg 1938, Hunt
1953, Dugdale 1955, Eriksen 1968, Charbonneau
and Hare 1998). Depth of penetration of sam-
plers in western Lake Erie (based on measure-
ments and fullness of samplers) in order of
heaviest to lightest grab was Petersen (20.5 cm),
Ponar (16.0 cm), petite Ponar (10.0 cm), and Ek-
man (12.0 cm). Lower densities obtained with
the Petersen than the Ponar, even though the
Petersen had greater penetration depth than the
Ponar, is partially attributed to the Petersen not
always retrieving a full sample (visual estimates
as low as 80%). The Petersen may not collect a
full sample in soft substrates because the center
portion of the sample (running along the length)
can be lost as the jaws close (Gallardo 1965,
Brinkhurst 1974). However, this sample loss
from the Petersen was probably less important
than the effect of hydraulic disturbance caused
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by this sampler because density differences be-
tween smaller nymphs (1-13 mm) collected
with each sampler were much larger than dif-
ferences between large nymphs collected with
each sampler. Although the orange-peel was the
heaviest sampler used, it was less efficient than
the Ponar. This result is not attributed to the
lack of penetration by the orange-peel (estimat-
ed to be =40 cm in soft substrates), but rather
to the nonuniform shape of sediment collected
(a sphere with minimum surface area of sedi-
ment collected at maximum depth of penetra-
tion). In hard substrates, orange-peel penetra-
tion (~5-10 cm) was more than the Ponar (~2-
5 cm), but sediment obtained by the orange-peel
was shaped like an inverted cone with its point
at the deepest penetration. Overall, densities ob-
tained with the 2 lightest, shallowest-penetrat-
ing samplers, the Ekman and petite Ponar, were
lower than densities obtained with heavier sam-
plers.

Further evidence that density differences of
mayflies between samplers were a function of
depth of penetration can be observed from
changes of seasonal patterns. Density estimates
were similar among samplers in May and June
1997, but not in July through October. By fall,
when size and burrowing depths of nymphs in-
creased, the 2 heavier and deeper-penetrating
samplers (Ponar and Petersen) obtained sub-
stantially higher densities than the lighter and
shallower-penetrating samplers (Ekman and pe-
tite Ponar). However, this seasonal pattern could
also be attributable to observations that mayfly
nymphs burrow shallower in spring than in
summer and fall (Charbonneau and Hare 1998).

Density conversion factors

Conversion factors to change densities of
nymphs obtained with other samplers to Ponar
equivalents varied greatly in the present study
and, in general, appeared related to substrate
type and mayfly size distribution (Table 7).
Ranges of conversion factors for individual sam-
plers to convert to Ponar equivalents were: 1.01
to 4.23 for the Ekman, 1.10 to 2.18 for the petite
Ponar, 0.95 to 1.63 for the Petersen, and 1.06 to
1.69 for the orange-peel. In general, conversion
factors were higher in summer and fall than
spring 1997 and in early summer than spring
1998, which may be attributed to the lack of
small nymphs in summer and fall 1997 and
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TABLE 7. Conversion factors to change density (numbers/m?) of burrowing mayfly nymphs (Hexagenia spp.)
obtained with 4 kinds of benthic grab samplers (Ekman, petite Ponar, Petersen and orange-peel) to Ponar
equivalents in western Lake Erie and Lake St. Clair of the Laurentian Great Lakes from 1997 to 2000.

Lake St. Clair

Western Lake Erie

Hard
Soft substrates Soft substrates substrates
Petite Petite Orange-  Orange-
Date Ekman Ponar  Petersen = Ekman Ponar  Petersen peel peel
1997
28 May 1.39 1.35 1.48
23 June 1.01 1.17 1.63 1.12 1.42 1.02
24 July 1.48 1.30 1.14 1.14 1.23 1.06
28 August 251 2.18 1.22 1.54 1.75 111
22 September 1.73 161 1.09 1.46 1.10 0.95
23 October 2.29 1.61 1.26 1.56 1.72 1.08
Mean 1.74 1.54 1.30 1.36 1.44 1.04
SE 0.232 0.147 0.085 0.097 0.129 0.277
1998
24 March 1.79 1.32
20 April 1.09 3.59
22 May 1.07 3.59
15 June 1.94 423
Mean 1.47 3.18
SE 0.229 0.639
1999
6 June 1.26 1.69
22 June 1.43 1.18
7 July 1.32 1.24
27 July 1.06 1.22
11 August 1.42 1.68
23 August 121
22 September 1.44
Mean 1.31 1.40
SE 0.057 0.016
2000
12 October 1.11 1.44

spring 1998 (Schloesser and Nalepa 2001). In
general, average conversion factors were similar
for comparable samplers used at different sites
except for the Ekman sampler in 1998, when
very low densities of relatively large nymphs oc-
curred in soft substrates of Lake St. Clair. Avail-
able literature contains data to allow calculation
of conversion factors for total benthos and a few
abundant taxa (e.g., chironomids) (Powers and
Robertson 1967, Hudson 1970, Howmiller 1971,
Lewis et al. 1982, Manny and Schloesser 1999),
but only one study (Hudson 1970) examined the
efficiency of collecting burrowing mayfly

nymphs with different samplers. Hudson (1970)
compared the Ponar to the orange-peel and
found a conversion factor of 1.43 for burrowing
mayflies, which is similar to the mean conver-
sion factors determined in our study (i.e., 1.31
and 1.40 in soft and hard substrates, respective-
ly). Other available conversion factors include
total benthos and typically are <1 because of
inclusion of small epibenthic oligochaetes and
chironomids that are usually 1 to 3 orders of
magnitude greater in density than burrowing
mayflies.

There is no statistical basis on which to de-
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termine the validity of applying conversion fac-
tors between grab samplers using available data.
Therefore, we recommend that correction factors
be obtained from samples collected simulta-
neously with the standard Ponar and other
grabs in future studies. However, if simulta-
neous sample collections are not possible then
the use of conversion factors like those deter-
mined in the present study is recommended.
Changes of conversion factors attributed to sed-
iment type and nymphal size distributions in
our study indicate that conversion factors could
improve the accuracy and, thus, the compara-
bility between density estimates obtained with
=2 grab samplers.

Sampler recommendation

Our study indicated that the Ponar was the
best sampler to estimate density of burrowing
mayfly nymphs in soft substrates typical of len-
tic habitats, such as western Lake Erie and Lake
St. Clair of the Great Lakes. However, there are
6 types of quantitative samplers (Ponar, Peter-
sen, Van Veen, Smith-Mclntyre, Shipek, Ekman,
and corer) recommended for collecting benthos
in nonwadable waters (Clesceri et al. 1998). In
addition, many other types of samplers (e.g.,
Friedinger, box corer, box corer with subcores,
Birge-Ekman, Allen) have been used to sample
benthos in nonwadable waters. Many of these
samplers are modifications of the first grab-type
sampler described by Petersen and Jensen (1911)
(Gallardo 1965, Powers and Robertson 1967, Sly
1969, Elliott and Drake 1981). Several studies
have examined efficiencies of various benthic
samplers and, in general, the Ponar appears to
be the overall sampler of choice for benthos in
lentic habitats (Powers and Robertson 1967, Sly
1969, Flannagan 1970, Word 1976, Elliott and
Drake 1981, Lewis et al. 1982, Clesceri et al.
1998). The Ponar grab was first used in the
Great Lakes in the mid 1960s and has become
widely used to sample total benthos throughout
the Great Lakes and elsewhere in North Amer-
ica (Powers and Robertson 1967, Schloesser and
Hiltunen 1984, Schloesser et al. 1991, Clesceri et
al. 1998). The Ponar most completely includes
the 4 major beneficial characteristics of a benthic
sampler (Brinkhurst 1974): 1) repeatability of
sample size, 2) sufficient penetration, 3) minimal
shock wave, and 4) a closure mechanism that
prevents sample loss. Design characteristics that
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make the Ponar a preferred sampler for benthos
include: a screened top to reduce shockwaves in
front of the sampler as it is lowered, end plates
that prevent escape of sediments when its jaws
close, relatively heavy weight and location of
weights on the sampler that increase depth of
penetration in firm substrates, rubber flaps on
top of the screen to provide a suction seal dur-
ing retrieval, and relatively simple mechanical
operation that maximizes intact samples (Pow-
ers and Robertson 1967, Sly 1969, Elliott and
Drake 1981). Therefore, we believe that, when
possible, burrowing mayfly nymphs and possi-
bly other burrowing benthic organisms should
be collected with a standard Ponar, and that it
be used at a similar descent rate as used in our
study.

Use of the Ponar will lead to more accurate
density estimates of burrowing mayfly nymphs
and possibly other benthos that are important
to food webs, fish energetics, and monitoring of
habitat quality (Fremling 1964, Harris et al.
1987, Haywood and Margraf 1987, Ritchie and
Colby 1988, Reynoldson et al. 1989, Kolar et al.
1997, Madenjian et al. 1998, Ohio Lake Erie
Commission 1998). As pollution-abatement pro-
grams continue, burrowing mayfly nymphs will
undoubtedly return to sediments in other areas
of the Great Lakes where they were once abun-
dant but have been absent for decades. This re-
colonization will undoubtedly increase the need
for accurate and precise measurements of or-
ganisms such as Hexagenia spp. that are used as
indicator/sentinel species of environmental
health in both North America and Europe
(Fremling and Johnson 1990, bij de Vaate et al.
1992, Krieger et al. 1996, Schloesser et al. 2001).
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