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SUMMARY

1. We examined spatial patterns in population characteristics (density, biomass, mean

body length) and physiological condition (lipid content, length-weight) of the amphipod

Diporeia spp. in Lake Michigan by collecting samples at up to 85 sites in late summer 1994

and 1995. Variables were examined relative to water depth and three lake regions: south,

central and north. Most major river systems are found in the south, and this region is more

nutrient-enriched compared to the north.

2. Over all sites, mean density was 5240 m±2, biomass was 4.1 g dry wt m±2, and mean

body length was 5 mm. While maximum densities were related to depth, with a peak at

30±70 m, greatest densities occurred on the west side of the lake, and low densities were

found in the south-east, north-east and lower Green Bay. High densities in the west

probably resulted from upwelling, and reduced densities in the south-east may reflect food

competition with Dreissena polymorpha (zebra mussel).

3. Lipid content, weight per unit length, and mean length declined with increased water

depth, but depth-related trends were most evident in the south. Overall, mean lipid

content and weight per unit length were significantly lower in the south (16.6% dry wt,

0.59 mg at 5 mm body length) compared to the north (23.7% dry wt, 0.78 mg at 5 mm body

length). These regional differences may have resulted from greater diatom availability in

the north and competition from D. polymorpha in the south. Triacylglycerols and

phospholipids were the dominant lipid classes in all three regions. Although the mean

proportion of triacylglycerols, the energy-storage lipid, was lower in the south than in the

north, regional differences in proportions of lipid classes were not significant.

4. Mean lipid content and weight per unit length of Diporeia in the south were lower

than values found in the late 1980s prior to the establishment of Dreissena. Mean lipid

content of mature individuals is now at levels considered a minimum for successful

reproduction.

Keywords: lipid content, lipid classes, length-weight, Dreissena, Great Lakes

Freshwater Biology (2000) 43, 107±119

ã 2000 Blackwell Science Ltd. 107

Correspondence: Thomas F. Nalepa, Great Lakes Environmental Research Laboratory, National Oceanic and Atmospheric
Administration, 2205 Commonwealth Blvd., Ann Arbor, MI 48105, U.S.A. E-mail: nalepa@glerl.noaa.gov



Introduction

The benthic amphipod Diporeia spp. is a member of a

holarctic group of related amphipod genera that

occupy northern proglacial lakes, brackish seas and

arctic estuaries (Bousfield, 1989). Within their geo-

graphical range, these amphipods generally dominate

the benthic fauna of offshore communities, and

provide a major food-web link between pelagic

production and upper trophic levels (Cederwall,

1977; Gardner et al., 1990; Johnson & Wiederholm,

1992). As detritivores, they ingest organic material

freshly settled from the pelagic region and, in turn, are

fed upon by many species of fish. Because of this

ecosystem role, relationships between environmental

conditions and amphipod physiological state have

been the subject of a number of investigations,

particularly for Diporeia in the North American

Great Lakes (Gardner et al., 1985a; Gauvin, Gardner

& Quigley, 1989; Quigley, Chandler & Gardner, 1989;

Cavaletto et al., 1996), and for Monoporeia affinis and

Pontoporeia femorata in the Baltic Sea (Hill et al., 1992;

Lehtonen, 1995, 1996).

In this paper, we document population parameters

and physiological condition of Diporeia over a broad

area in Lake Michigan. As an important indicator of

physiological condition, we place particular emphasis

on spatial patterns in lipid content. Lipids have twice

the energy content of proteins or carbohydrates

(Hadley, 1985), and are an integral component in the

feeding strategy of this organism. As a glacial marine

relict, Diporeia prefers the constantly cold tempera-

tures of environments below the thermocline in

temperate regions (Dadswell, 1974). At these depths,

benthic food inputs can vary seasonally. In Lake

Michigan, most input of food to the benthic region

occurs during the spring diatom bloom (Scavia et al.,

1986; Gardner et al., 1989). Diatoms are a high-quality

food source and the preferred food of Diporeia and

related species (Quigley & Vanderploeg, 1991; John-

son & Wiederholm, 1992). Diporeia responds to

seasonal variation in food by accumulating lipids

during periods of greatest food inputs, and then

utilizing them as an energy source when food is scarce

(Gardner et al., 1990). This life habit of lipid accumu-

lation and utilization is similar to amphipod species

found in the Baltic Sea where food inputs also vary

seasonally (Hill et al., 1992; Lehtonen, 1996), but

contrasts with stable lipid levels of amphipods

inhabiting lakes with a more constant food supply

(Moore, 1976; Napolitano & Ackman, 1989). Besides

providing a source of energy, lipid stores are also

used in the development of reproductive tissue and

embryos, and threshold levels are generally necessary

for reproduction to be successful (Clarke, Skadsheim

& Holmes, 1985; Hill et al., 1992).

While previous studies have characterized various

aspects of the Diporeia population in Lake Michigan,

including lipid content, these studies have been

conducted solely in the southern basin of the lake

(Winnell & White, 1984; Gardner et al., 1985a, 1989;

Nalepa, 1987, 1989; Quigley, Chandler & Gardner,

1989; Cavaletto et al., 1996). The southern basin is the

most enriched of Lake Michigan's open-lake basins

(Schelske, 1977) and thus population characteristics

and physiological condition of Diporeia may be

different from other lake basins. Our results may

also help explain the recent decline of Diporeia in the

south/south-eastern portion of the lake (Nalepa et al.,

1998) by providing a lakewide perspective to the

population's physiological condition.

Methods

Sampling and analysis

Diporeia was collected at eighty-five sites during two

sampling cruises in late summer 1994 (late July and

early September), and one cruise in late summer 1995

(late August/early September) (Fig. 1). The sites were

part of three separate sampling programs in Lake

Michigan: Environmental Monitoring and Assessment

(EMAP), Lake Michigan Mass Balance (LMMB), and

Long-Term Macroinvertebrate Monitoring (LTMM).

Site locations in EMAP were based on a random,

probabilistic design (Stevens, 1997) within the 85 m

depth contour, site locations in LMMB were focused

in offshore, depositional areas, and site locations in

the LTMM program were located at various depths in

the southern portion of the lake. Samples for density

estimates were taken in triplicate at each of the sites

with a Ponar grab (sampling area = 0.046 m2). Sedi-

ments were washed through an elutriation device

fitted with a 0.5-mm mesh net, and retained residue

was preserved in 5% formalin containing rose bengal

stain (Nalepa et al., 1985).

In the laboratory, animals were picked and counted

under a low-power magnifier lamp (1.5´). Body
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lengths were determined by first tracing individuals

under 12´ magnification using a camera lucida, and

then measuring the tracings with a digitizer (Quigley

& Lang, 1989). In replicates with high numbers of

individuals, animals were subsampled using a Folsom

plankton splitter, and lengths determined on at least

Fig. 1 Location of sampling sites in Lake Michigan in 1994 and 1995. Density and mean size of Diporeia were obtained at each of the

sites. Lipid content was measured at each of the circled sites, and length-weight was measured at each of the sites with an X. Depth

contours are 50, 90, 150 m. Dashed lines separate the south, central, and north regions.

Holarctic amphipod Diporeia spp. in Lake Michigan 109

ã 2000 Blackwell Science Ltd, Freshwater Biology, 43, 107±119



75±100 individuals. Animals were placed into 1-mm

size categories for calculation of size-frequency dis-

tributions and mean length at a given site.

During the first sampling cruise in 1994, in which

samples were collected at the EMAP and LTMM sites,

extra grabs were taken at sites with abundant Diporeia

for determination of lipid content and length-weight.

Individuals in extra samples from these sites (28 total)

were separated into four size classes based on

approximate body length (< 3 mm, 3±5 mm, 5±

7 mm, and > 7 mm). The animals were separated

within 4 h of collection using a low-power binocular

microscope. Except for animals in the < 3 mm size

class, about 5±7 animals in each size category were

placed individually into preweighed mini-test tubes

(6 ´ 50 mm). For the smallest size class, 3±5 animals

were placed into of at least three replicate tubes.

Before the animals were placed into the tubes,

individual lengths were traced and later measured

as stated above. These samples were weighed (after

drying and just prior to lipid analysis) and were used

for determination of length-weight relationships.

Animals for lipid analysis were not collected during

the second cruise in 1994. On the 1995 cruise, animals

were collected from twenty four sites for determina-

tion of lipid content, but exact lengths were not

measured; instead, animals were placed into three

relative size categories (small, medium, and large)

before being put individually into the tubes.

Animals for lipid content analysis were dried

(under N2, at 50±60 °C) for 48 h, and stored frozen

under vacuum until lipid extraction. Total lipids were

extracted using chloroform:methanol (2:1), quantified

gravimetrically, and reported as percentage of dry

weight (Gardner et al., 1985b). Lipid classes were

determined on a portion of the final lipid extract using

thin layer chromatography with flame ionization

detection (Parrish, 1987).

Since length-weight was obtained from only those

sites with abundant Diporeia on the first cruise in 1994

(sites = 28; Fig. 1), while density and size-frequency

were obtained from all sites (n = 85), we grouped sites

into four depth intervals (< 30, 30±50, 51±90, and

> 90 m) and calculated a length-weight relationship

for each interval using individuals from sites within

the interval. This length-weight relationship was then

used to calculate dry-weight biomass at all sites in

that depth interval. The depth intervals are consistent

with prior characterization of associations between

water depth and macroinvertebrates in Lake Michi-

gan (Alley & Mozley, 1975; Nalepa, 1987).

Regions in Lake Michigan

We examined population parameters (density, bio-

mass, mean size) and physiological condition (lipid

content, length-weight) in relation to water depth and

to three regions of the lake: south, central and north.

Lake Michigan extends about 500 km along a north±

south axis, and the south and north portions of the

lake have different catchments, nutrient loads, and

trophic conditions (Bartone & Schelske, 1982; Meyers

& Eadie, 1993). Catchments in the south contain large

population centres, industrial complexes, and drain

mostly farmlands, while catchments in the north are

generally rural and forested. Most major tributaries

are found in the south, and 40% of all nutrient loads

enter the lake in this region (Robertson, 1997).

Tributaries entering Green Bay contribute another

35% of total nutrient loads; however, the enriching

effects of these nutrients are mostly manifested in the

bay itself and not in the open waters of the northern

region (Schelske, 1977). Because of higher tributary

inputs, total deposition of particulate mass and

organic carbon is higher in the south (Meyers &

Eadie, 1993). In the 1970s, water temperatures and

total phosphorus concentrations were significantly

higher in the south than in the north, while water

transparency was significantly lower (Bartone &

Schelske, 1982).

We defined the southern region as the area south of

a midlake, bedrock plateau extending approximately

between Milwaukee and Muskegon (Fig. 1). This

region, known as the southern depositional basin,

has a gentle slope and a maximum depth of 163 m.

The central region extends from the mid-lake plateau

north to the Door-Leelanau Ridge (just north of

Frankfort) (Fig. 1). This region includes a mid-lake

ridge (Two Rivers Ridge) which extends from

Ludington to Two Rivers, and several depositional

basins, including the deepest basin in the lake

(240 m). The north region is the area north of the

Door-Leelanau Ridge; bottom topography in this

region is complex, consisting of many ridges and

valleys.

In defining our regions, we sought to keep mean

sampling depths in the south and north as similar as

possible for sites greater than 30 m where physiolo-
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gical condition was measured; mean depth at sites

where lipid content was measured was 76 m in the

south and 83 m in the north, while the mean depth for

sites where length±weight was measured was 58 m in

the south and 51 m in the north. The central region

was considered a transitional area between the more

clearly defined and contrasting environmental condi-

tions found in the south and north.

Data Analysis

Unless otherwise noted, regional and depth-related

trends in Diporeia physiological condition were

examined only for sites deeper than 30 m (n = 67).

These sites are located below the thermocline where

near-bottom water temperatures are generally uni-

form, and oxygen concentrations are at or near

saturation. Thus, spatial differences in these variables

would have little impact on regional comparisons.

Although we only sampled in late summer, growth

patterns and size frequencies of Diporeia populations

do not vary over a seasonal period at these deeper

depths because of overlapping cohorts (Winnell &

White, 1984; Evans, Quigley & Wojcik, 1990). Region-

depth comparisons were facilitated by dividing the

sites into three depth intervals, 30±50 m, 51±90 m, and

greater than 90 m.

Results

Population variables

Mean density at all sites was 5243 m±2 (range 0±

14 566 m±2), and mean dry-wt biomass was 4.1 g m±2

(range 0±15.8 g m±2). In general, maximum densities

increased with water depth to reach a peak at depths

between 30 and 70 m and then declined (Fig. 2). On a

regional basis, mean densities were greatest at the 30±

50 m interval in the southern region, but greatest at the

51±90 m interval in the central and northern regions

(Table 1). However, maximum site-specific densities

occurred in the 30±50 m interval in all three regions.

Greatest densities occurred along the west side of

the lake (Fig. 3a). Of the seven sites having a density

greater than 10 000 m±2, six occurred on this side. In

contrast, densities were lowest in the far south/south-

eastern and north-eastern portions of the lake, and in

lower Green Bay. Spatial patterns in biomass were

similar to those for density (Fig. 3b).

Mean body length was 5 mm and ranged from 3.6 to

6.7 mm at individual sites. Although there was a

significant negative relationship between mean length

and water depth overall (linear regression, P < 0.001,

Fig. 4a), regional regressions indicated the relationship

was only significant in the south (P < 0.001). For the

north, mean body length was highly variable, particu-

larly for sites in the 30±50 m interval (Fig. 4a). Despite

high variation, mean length was significantly higher in

the south than in the north at this interval (Table 1).

Physiological condition

In Diporeia and related amphipod species such as

M. affinis and P. femorata from the Baltic Sea, lipids

are accumulated as the organisms grow, and a

simple linear model has been used to describe the

relationship between lipid content (mg lipid dry

weight) and dry mass (mg lipid-free dry weight)

(Quigley, Chandler & Gardner, 1989; Hill et al., 1992;

Lehtonen, 1996). Although the linear model was

significant for our lakewide data, the power model

(LDW = aLFDWb where LDW = lipid dry weight

and LFDW = lipid free dry weight) provided the

better fit (power model: R2 = 0.770, P < 0.001; linear

model: R2 = 0.653, P < 0.001). The power model was

significant for individuals in each of the three

Fig. 2 Relationship between sampling depth (meters) and

density (no. m±2) of Diporeia at eighty-five sites sampled in Lake

Michigan in late summer 1994 and 1995. Each point represents a

mean of three replicates; South Region (X), Central Region (O),

North Region (+).
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regions (Table 2), and a subsequent comparison of

the regional models indicated that they were

significantly different from each other (ANCOVA;

P < 0.001, log transformed). Lipid content increased

from south to north; a standard individual of 1.5 mg

dry weight had a lipid weight of 0.34, 0.37, and

0.57 mg in the south, central, and north regions,

respectively. As a percentage of dry mass, mean

(� SD) lipid content of Diporeia in the three regions

was 16.6 � 4.1 (n = 17), 16.6 � 5.8 (n = 16), and

23.7% � 7.3 (n = 14), respectively. Lipid content

decreased with increased water depth over all sites

and for each region (Fig. 4b, linear regression,

P < 0.05). When lipid content in each of three

regions were compared within a depth interval,

lipid content was significantly (P < 0.05) greater in

the north than in the south in the 30±50 m and 51±

90 m intervals, but not in the >90 m interval

(Table 1).

Since mean lipid content at maturity plays an

important role in the reproductive success of amphi-

pods (Clarke et al., 1985; Hill et al., 1992), we also

examined the mean lipid content of only large, mature

individuals. InLakeMichigan,Diporeiabecomesmature

at a size of about 6 mm (Winnell & White, 1984). When

only individuals of this body length or greater were

considered, regional differences were even more pro-

nounced; mean lipid content of these mature indivi-

duals was 20.3 (n = 120), 27.5 (n = 38), and 33.5% dry

mass (n = 108) in the south, central and north regions,

respectively.

Triacylglycerols (TAG) and phospholipids (PHL)

were the dominant lipid classes, accounting for a

mean of 81% of total lipid content at all sites (Table 3).

TAG is the main energy storage lipid, while phos-

pholipids are structural lipids present in cell mem-

branes. Although the percentage of TAG tended to

increase from south to north, regional differences in

the proportion of lipid classes were not significant (G-

test; P > 0.05). The mean proportion of TAG was

higher for mature individuals (6 mm), but regional

patterns were also not apparent; mean TAG content of

mature individuals was 51, 59, and 55% total lipid in

the three regions, respectively. Trends relative to

water depth in TAG and PHL varied. The percentage

of PHL declined with depth (linear regression;

P < 0.001), but the percentage of TAG did not (linear

regression; P = 0.41). The percentage of TAG was

highly variable for a given depth, and maximum

percentages tended to increase to a peak around

100 m and then decline.

The length-weight relationship derived from indi-

viduals over the whole lake, as well as length-weight

relationships derived separately from individuals in

each of the three regions, was described by DW = aLb,

where DW = dry weight (mg) and L = length (mm)

Table 1 Mean density (no. m±2), body length (mm), lipid content (% of dry weight), and weight (mg of a standard 5-mm animal) of

Diporeia at each of three depth intervals in the south, central, and north regions of the lake. The number in parentheses is the number of

sites in each category. P-values are from an ANOVA testing regional differences for each depth interval (ns = not significant). Values

followed by different letters are significantly different from each other (Tukey HSD, P < 0.05)

Depth interval Density Mean length Lipid Weight

30±50 m

South 6309 (6) 6.1 (6)a 17.4 (4)a 0.68 (4)

Central 10477 (2) 5.0 (2) ab 22.3 (2)ab 0.85 (2)

North 4462 (5) 4.4 (5)b 27.5 (3)b 0.70 (2)

ns P < 0.05 P < 0.05 ns

51±90 m

South 5285 (20)a 5.2 (20)ab 17.6 (9)a 0.54 (8)a

Central 11997 (5)b 4.6 (5)b 19.7 (5)a 0.67 (1)a

North 6262 (6)a 5.5 (6)a 27.5 (6)b 0.78 (5)b

P < 0.05 P < 0.01 P < 0.01 P < 0.05

>90 m

South 4466 (9) 4.8 (9) 13.8 (4) 0.52 (1)

Central 4443 (9) 4.5 (9) 13.6 (9) ±

North 5007 (5) 4.6 (5) 16.8 (5) ±

ns ns ns ±
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(Table 4). As found for lipid content, there was a

significant difference among the three regions

(ANCOVA; P < 0.001, log transformed), with weight

per unit length increasing from south to north. From

each of the regional models, the dry weight of a

standard 5-mm individual was 0.59, 0.63, and 0.78 mg

in the south, central and north regions.

Even though the number of sites for which length-

weight relationships were obtained was limited

(n = 28), there was a significant inverse relationship

between the weight of a standard 5-mm animal and

water depth (Fig. 4c; linear regression; P < 0.01).

When standard weight vs. depth was examined

separately for sites in the south and north regions

(central region excluded because of only three sites),

the relationship was highly significant in the south

(n = 13, R2 = 0.5513, P < 0.01), but not significant in

the north (n = 7, R2 = 0.002, P = 0.925). However,

given the low number of sampling sites and limited

range of sampling depths in the north, the probability

of detecting a relationship was very low.

Pearson correlation analysis between population

variables (mean density, mean size) and physiological

condition (mean lipid content, length±weight) over all

sites indicated that the only significant relationship

was between mean lipid content and length-weight

(P < 0.05). Multiple correlation analysis with Bonfer-

roni-adjusted probabilities indicated all correlations

were non-significant.

Discussion

The observed relationship between Diporeia density

and water depth is similar to that described pre-

viously in Lake Michigan (Alley & Mozley, 1975;

Mozley & Howmiller, 1977; Nalepa, 1989), and is

Fig. 3 Spatial patterns in density (a) (no. m±2 ´ 10±3), and biomass (b) (g dry wt m±2) of Diporeia in Lake Michigan in late summer 1994

and 1995.
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typical for Diporeia in the Great Lakes (Cook &

Johnson, 1974; Sly & Christie, 1992). Generally,

densities increase to a peak at depths just below the

thermocline and then decline. At these depths, bottom

temperatures are more stable and consistently cold

compared to shallower depths, and organic matter

settled from the pelagic region is less subject to wave-

induced resuspension. As depth increases, the quan-

tity and quality of food that reaches the benthic region

is diminished because of lower pelagic productivity in

offshore waters, and increased decomposition in the

water column during settlement.

As evidenced by the wide variation between

density and depth at individual sites (Fig. 2), it is

obvious that other factors besides depth-influenced

food inputs contributed to spatial distribution pat-

terns. For instance, densities were consistently higher

along the west side of the lake than along the east

side. Given the predominant south-westerly winds

during the period of stratification (June to October),

the west side is more prone to upwelling events

(Mortimer, 1975). Subsequently, this area is character-

ized by cooler water temperatures and greater

productivity, conditions that tend to favour higher

Diporeia abundances (Alley & Mozley, 1975; Lubner,

1979). Densities were particularly high on the west

side of Two Rivers Ridge, and on both the east and

west side of the mid-lake plateau. Both these areas are

located near major depth changes and intersecting

basin gyres, further contributing to the occurrence of

upwellings (Mortimer, 1975).

In contrast, relatively low densities were evident in

the south/south-eastern and north-eastern portions of

the lake, and in lower Green Bay. Low densities in the

south/south-eastern portion are likely due to reduced

food availability caused by the filtering activities of

the zebra mussel, Dreissena polymorpha (Nalepa et al.,

1998). D. polymorpha became established in southern

Lake Michigan in 1989 and attained high densities by

1993 (Marsden, Trudeau & Keniry, 1993). Diporeia

utilizes freshly settled organic matter as a food source

which may be intercepted by D. polymorpha before it

settles to the bottom. In the profundal region of

eastern Lake Erie, Diporeia declined by 88% after

Dreissena became established; also, there was a direct

inverse relationship between numbers of Diporeia and

Dreissena in individual samples (Dermott & Kerec,

1997). Reasons for low densities in the far north-

eastern region of the lake are not entirely clear. A lake-

Fig. 4 Relationships between water depth and mean body length

(a), mean lipid content (b) and dry weight of a standard 5-mm

individual (c) at the sampling sites in Lake Michigan. R2 values

for the linear regressions were 0.18, 0.39 and 0.31, respectively.

Log transformation of the dependent variable gave values of

0.17, 0.44 and 0.35. Each point represents a site mean; South

Region (X), Central Region (O), North Region (+).
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wide study of oligochaete distributions found an

unusually high percentage of eutrophic-indicator

species in the north-eastern region that similarly

could not be explained (Lauritsen, Mozley & White,

1985). Although Dreissena is present in lower Green

Bay, densities of Diporeia in this area have been

historically low as a result of shallow depths and

warm water temperatures (Mozley & Howmiller,

1977).

As noted, a linear relationship between lipid

content and dry mass has been documented for

Diporeia in Lake Michigan, and for M. affinis and

P. femorata in the Baltic Sea (Quigley, Chandler &

Gardner, 1989; Hill et al., 1992; Lehtonen, 1996). We

found that the relationship was a positive exponential

with a mean exponent of 1.4, indicating that lipids

accumulate at a more rapid rate relative to body size

as individuals mature. The difference in results may

be due to the wider size range of individuals that we

examined (2±11 mm, compared with only larger

individuals in the other studies). Our findings do,

however, agree with several other studies that have

examined lipid accumulation in crustaceans. For

example, in adult Gammarid amphipods of a stan-

dard length and weight, lipid content increased more

rapidly during the later stages of development as

accumulation occurred in the ovaries (Clarke et al.,

1985). Also, an exponential increase in lipid content

with body size was found for the opposum shrimp,

Mysis relicta (Adare & Lasenby, 1994). Both Diporeia

and Mysis relicta are glacial marine relicts that inhabit

cold-water habitats below the thermocline, have the

same reproductive strategies (brood eggs for many

months and release live young), and have comparably

high lipid stores (Cavaletto & Gardner, 1998).

The physiological condition of Diporeia was better

in the north compared to the south as evidenced by

significantly greater lipid content and weight per unit

length. Exact reasons for this difference are not clear,

but we suggest that it was due to regional differences

in benthic inputs of diatoms. Lipid content of Diporeia

is closely related to the deposition of diatoms from the

pelagic (Gardner et al., 1985a, 1989), and recent

evidence suggests that diatom input is greater in the

north. Sediment traps located just below the thermo-

cline in depositional basins in both the north and

south showed that the annual mass flux of total

biogenic silica, an indicator of diatom input, was 1.7

times greater in the north compared to the south (T.

Johengen, unpublished data collected in 1994). Also,

silica concentrations in surficial sediment from the

depositional areas were 2.5 times higher in the north.

While higher diatom inputs in the north may be a

natural occurrence (personal communication, Eugene

Table 2 Relationship between lipid-free dry weight and lipid dry weight for Diporeia in the south, central and north regions of Lake

Michigan The relationship is defined by: lnLDW = a + b*lnLFDW, where LDW = lipid dry weight (mg) and LFDW = lipid-free dry

weight (mg). Standard error given in parentheses, n = total number of animals

Region a b n r2

South ±1.614 (0.041) 1.308 (0.049) 291 0.711

Central ±1.566 (0.039) 1.410 (0.043) 277 0.796

North ±1.148 (0.038) 1.438 (0.038) 309 0.820

Lake-Wide ±1.425 (0.023) 1.407 (0.026) 877 0.770

Table 3 Mean lipid class composition (percentage of total lipid content) of Diporeia in each of three regions in Lake Michigan.

HC = hydrocarbons, SE/ME = sterol/methyl esters, TAG = triacylglycerols, FFA = free fatty acids, ALC = alcohol, ST/DG = sterol/

diacylglycerols, AMPL = acetone-mobile polar lipids (e.g. pigments), PHL = phospholipids

Lipid class

Region HC SE/ME TAG FFA ALC ST/DG AMPL PHL

South 0.3 0.5 40.2 2.1 2.2 6.2 6.5 42.0

Central 0.2 0.3 44.2 2.4 1.3 7.5 7.9 36.2

North 0.4 0.2 45.1 2.0 1.2 7.0 8.1 36.1
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Stoermer, University of Michigan), the establishment

of D. polymorpha may have contributed to a lower

physiological state in the south by decreasing food

availability. Current studies are examining changes in

benthic food inputs since the establishment of

D. polymorpha, but comparisons between our lipid

values and those reported before the introduction of

D. polymorpha indicate a decline has occurred. Seaso-

nal changes in lipid content of Diporeia (length

> 4.5 mm) were measured in four separate years

between 1984 and 1989 at a 45-m site in the southern

basin off Grand Haven (Gardner et al., 1985a; Gauvin,

Gardner & Quigley, 1989; Cavaletto et al., 1996). In

each of these studies, lipid levels were no lower than

25% in late summer. In this study, mean lipid content

of similar-sized Diporeia at the same 45-m site was

17.2%, and averaged 18.2% at all sites within the 30±

50 m interval in the southern basin. Similarly, levels

were greater than 20% at a 100-m site off Grand

Haven in 1988 and 1989 (Cavaletto et al., 1996). In this

study, mean lipid content at the same 100-m site was

18.9%, and averaged 13.8% at all sites deeper than

90 m. Weight per unit length has also apparently

declined since the 1980s. The weight of a standard 5-

mm individual was about 0.87 mg at a 42-m site in the

southern basin in late summer 1982 (Winnell & White,

1984), but was 0.68 mg at the 30±50 m interval in this

study.

Although D. polymorpha was most abundant in

nearshore areas of the southern basin (Nalepa et al.,

1998), impacts on Diporeia can extend beyond this

particular zone. Physical processes laterally transport

organic material produced in nearshore areas to areas

offshore (Meyers & Eadie, 1993). Thus, filtering

activities of D. polymorpha in nearshore areas can

reduce benthic inputs in areas offshore and have an

impact on the physiological condition of Diporeia over

a wide area. Since D. polymorpha initially became

established in the southern end (Marsden, Trudeau &

Keniry, 1993), we assume that impacts on Diporeia

would have been greater in the south than in the north

at the time of our sampling.

The mean proportion of TAG, the energy storage

lipid, was 40±45% for the three regions. As for total

lipids, these percentages are low compared to

previous estimates in Lake Michigan. For instance,

over a 2-year period in the late 1980s, the minimum

annual mean proportion of TAG in Diporeia with a

length > 4.5 mm from a 45-m and a 100-m site in

southern Lake Michigan was 76% and 56%, respec-

tively, and not lower than 50% in late summer

(Cavaletto et al., 1996). Also, at a 45-m site in southern

Lake Michigan in 1986, the proportion of TAG in

Diporeia > 5 mm was 41% for juveniles and 81% for

mature individuals in December when food avail-

ability was probably at a minimum (Quigley, Chand-

ler & Gardner, 1989). In our study, the mean TAG

level for animals ??4.5 mm in the southern basin was

45%, and was 60% and 29% at the same 45-m and 100-

m sites of Cavaletto et al. (1996). Our values were

lower than those reported for M. affinis in the Baltic

Sea; Hill et al. (1992) reported that mean TAG levels in

M. affinis were not lower than 66% in June and

September. To further compare these populations,

we used the regression equation provided by Lehto-

nen (1996), which described the direct relationship

between total lipid content and TAG for mature

M. affinis in the Baltic on an annual basis. If values of

total lipid content in mature Lake Michigan Diporeia

are placed into this equation, predicted percentages of

TAG in total lipid were 77.6% and 84.7% in the south

and north regions, respectively. The actual mean

percentages were only 52% and 55%.

In examining lakewide relationships among

measured variables, a significant correlation was

evident only for the two physiological variables,

mean lipid content and length-weight (as weight of

a standard 5-mm animal). This may have been

Table 4 Relationship between length and dry weight for Diporeia in three regions of Lake Michigan. The relationship is defined by:

lnDW = a + b*lnL; where DW = dry weight (mg) and L = length (mm). Standard error in parentheses, n = total number of animals

Region a b n r2

South ±3.768 (0.108) 2.017 (0.060) 234 0.831

Central ±4.526 (0.105) 2.524 (0.058) 72 0.964

North ±4.151 (0.106) 2.421 (0.060) 193 0.894

Lake-Wide ±4.064 (0.073) 2.265 (0.041) 499 0.861
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expected since both variables are closely associated

with available food (Gauvin, Gardner & Quigley,

1989), and both were strongly related to sampling

depth. The lack of any significant correlations

between mean population and physiological variables

would indicate that factors besides food availability

differentially influence these variables. For example,

in Lake Michigan many fish species feed on Diporeia

and, since they tend to select for larger individuals

(Evans et al., 1990), variations in predation pressure

can lead to changes in both densities and size-

frequencies (Johnson & McNeil, 1986; McDonald,

Crowder & Brandt, 1990). Fish species that feed

heavily on Diporeia are spatially aggregated within

the lake (Fabrizio, Ferreri & Hansen, 1995; Rand et al.,

1995) and may have contributed to spatial variation in

population density and mean size independent of

factors influencing physiological condition.

Our finding of an overall mean lipid content of 16.6%,

andameanof17.4%inthefavourablehabitatat30±50 m,

indicates a stressed population in the southern basin.

Diporeia starved for nearly 200 days had a lipid content

of 15% (Gauvin, Gardner & Quigley, 1989), while the

lipid content of M. affinis in winter and early spring

when food was limited was also about 15% (Hill et al.,

1992). A lipid level of 15% is probably the minimum

`weight-specific' lipid content since non-lipid weight

loss also occurs during food limitation as evidenced by

lower length±weight comparisons in the southern

region. Lipid stores are used for the development of

reproductive tissue and embryos, and it has been

suggested that a lipid content of at least 20% is needed

for reproduction to occur in these holarctic amphipods

(Hill et al., 1992). Mean lipid content of mature indivi-

duals (6 mm)inthesouthernregionwas20%duringlate

summer when reproductive development occurs in

Lake Michigan. Thus, even minor declines in lipid

content in the future may lead to reductions in

reproductive capacity and a subsequent decline in

abundances over a wide area. While population trends

are being monitored in the southern basin (Nalepa et al.,

1998; Nalepa, unpublished data), densities given in this

study provide a baseline to assess future population

trends throughout the entire lake.
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