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Although several studies have examined the effects of long-term nutrient 
enrichment (commercial fertilizer and/or municipal sludge) on old-field 
community dynamics (Maly and Barrett 1984; Kruse and Barrett 1985; 
Levine et al. 1989), few studies have examined mechanisms of 
community or ecosystem recovery or the feasibility of restoration 
following long-term enrichment. Whereas municipal sewage sludge is 
relatively high in nitrogen and phosphorous necessary for plant growth 
and reproductive success, sludge also contains heavy metals, posing a 
risk of accumulation through the food chain. 

Metal accumulation in old-fields treated with municipal sludge have been 
observed in the producer (Bingham et al. 1975; Dowdy and Larson 1975; 
Stucky and Newman 1977; Levine et al. 1989; Anderson et al. 1982), 
primary consumer (Chaney et al. 1978; Williams et al. 1978), secondary 
consumer (Martin and Coughtrey 1975; Ireland 1977; Brueske and 
Barrett 1991 ), and detritivore (Kruse and Barrett 1985; Levine et al. 1989) 
trophic levels. Detritivores, especially earthworms, have been shown to 
be excellent indicators regarding the long-term ecological magnification 
of heavy metals within old-field communities. Earthworms (Lumbricus 
rubellus and Eisenia foetida), for example, have been shown to 
accumulate significant levels of cadmium, copper, lead, and zinc from 
soils contaminated with sewage sludge (Hartenstein et al. 1980; Kruse 
and Barrett 1985; Levine et al. 1989). Further, Brueske and Barrett 
(1991) observed a significant accumulation of Cd, Cu, Pb, and Zn in the 
least shrew (Cryptotis parva) fed earthworms from sludge-amended soils. 

Additional studies are needed because earthworms (a) represent an 
important food source for amphibians, reptiles, birds and mammals, 
thereby increasing the risk of biological magnification through the food 
web (Ireland 1977; Williams et al. 1978; Brueske and Barrett 1991 ); (b) 
appear to function as an environmental sink for heavy metals in old-field 
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communities (Kruse and Barrett 1985), and (c) provide an ideal indicator 
species to monitor the long-term fate of metals in communities following 
sludge application (Levine et al. 1989). The purpose of this study was to 
examine changes in the annual accumulation of heavy metals in 
earthworms collected from old-field communities during ecosystem 
restoration. 

MATERIALS AND METHODS 

This long-term investigation was conducted at the Miami University 
Ecology Research Center located near Oxford, Butler County, Ohio. 
Eight 0.1 -ha. plots were planted with winter wheat (Triticum aestivum var. 
Ranger) in 1977 and was not harvested the following year. Three plots 
were treated monthly (May - September) for eleven years (1978 - 1988) 
with Milorganite, an aerobically digested municipal sewage sludge (6-2- 
0, N-P-K). Sludge was applied at an annual rate of 8960 kg ha-1 yr-l. 
Three plots were treated simultaneously with a commercial urea- 
phosphate fertilizer to provide an equivalent nutrient subsidy. Two plots 
remained untreated to serve as controls. 

Sludge and fertilizer application was discontinued in 1989 following 
eleven years of nutrient enrichment. At this time each former nutrient- 
enriched plot was manipulated to evaluate biological and/or chemical 
mechanisms of community recovery. Former fertilizer- and sludge- 
treated plots were each subdivided into four equivalent subplots that 
were manipulated as follows: one subplot was tilled to disturb the seed 
bank and reintroduce secondary succession, one subplot was limed to 
increase soil pH values to control levels, one subplot was both tilled and 
limed to evaluate possible interaction effects, and the remaining subplot 
was unmanipulated. Former control plots were also subdivided into four 
equal subplots - two subplots were tilled and two were left 
unmanipulated to serve as long-term (16-yr) controls. 

Earthworm populations (Lumbricus rubellus and Eisenia foetida) were 
sampled during May and October (1989 - 1993) to assess relative 
population abundance. Three 0.2 m3 samples of soil were randomly 
selected in each subplot on each sample date and then sifted to count 
the number of earthworms present. Approximately 10 earthworms, 
mainly Lumbricus rubellus, were collected from each site for heavy metal 
analysis. Worms were cleaned to remove soil particles and placed in 
petri dishes in environmental chambers at 15~ for 24 hr to eliminate soil 
from their alimentary tracts. Earthworms were then frozen until heavy 
metal analysis at a later date. 

Earthworms were oven-dried at 80~ for 48 hr prior to metal analysis. 
Samples were weighed to 0.5 g and repeatedly digested in concentrated 
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nitric acid over heat to remove organic matter. Samples were next 
dissolved in a 10% nitric acid solution and filtered to remove particulate 
matter. Samples were then analyzed for HNO2-extractable Cd, Cu, Pb, 
and Zn using flame atomic absorption spectroscopy (IL 157 ANAE Flame 
Spectrophotometer; see Levine et al. 1989 for details). 

Soil samples (N = 72) were also collected during May and October (1989 
- 1993). Three cores (each 10 cm in depth) were collected from three 
random sites in each subplot, air-dried for seven days, pulvarized to a 
fine powder, and frozen until heavy metal analysis at a later date. 

Soil samples were oven-dried at 80~ for 72 hr prior to metal analysis. 
Samples (1.0 g each) were repeatedly digested in concentrated nitric 
acid over heat to remove organic matter. Samples were then dissolved 
in a 10% nitric acid solution and filtered to remove particulate matter. 
Samples were then analyzed for HNO2-extractable Cd, Cu, Pb, and Zn 
as previously described. 

Differences in mean Cd, Cu, Pb, and Zn concentrations among long-term 
treatments, subplot manipulations, and years were analyzed using 
analysis of variance (ANOVA). Treatment means were separated using 
Duncan's New Multiple Range test. Significance was established at the 
P_< 0.05 level of probability. 

RESULTS AND DISCUSSION 

Interestingly, short-term subplot manipulations (tilling and/or liming) had 
no significant effect on heavy metal concentrations in soil or in earthworm 
populations. Heavy metal concentrations in soils and earthworms, 
therefore, were pooled per plot and analyzed by former long-term 
treatment. Significantly greater (P < 0.05) concentrations of Cd, Cu, Pb, 
and Zn were observed in soil collected from former sludge treatments 
compared to control or fertilizer treatments throughout the study (Figs. 1 
and 2). All heavy metal concentrations in sludge-amended soils tended 
to decrease during the period of restoration. 

Concentrations of Cd and Pb were significantly greater in earthworms 
collected from sludge treatments compared to control or fertilizer 
treatments throughout the 5-year study (Figs. 1 and 2), but concentration 
values tended to decrease, especially in 1993. Copper and zinc 
concentrations, however, tended to increase in earthworms collected 
from sludge-treated plots, especially during 1993. Increased copper and 
zinc concentrations in 1993 compared to 1992 may be a result of a 
cycling of organic matter and trace elements in the old-field community. 
This is suggested by a decrease in soil organic matter content and 
increased soil nitrate levels in enriched treatments during 1993 
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Figure 1. Mean concentrations (ppm)-I-SE of cadmium and copper in 
earthworms and in soil collected from sludge-treated, fertilizer-treated, and 
control plots (1989-1993). 
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Figure 2. Mean concentrations (ppm)_SE of lead and zinc in earthworms 
and in soil collected from sludge-treated, fertilizer-treated, and control plots 
(1989-1993). 
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compared to 1992 (Brewer and Barrett, in preparation). Decreasing soil 
organic matter content and increasing soil nitrate concentrations suggest 
that organic matter has been decomposed and inorganic elements may 
be available in the soil for uptake into the food web. Heavy metals have 
been shown to adsorb to and bind organic matter particles in soil, 
removing the metals from solutions and rendering them unavailable to 
higher trophic levels (Kelling et al. 1977, Petruzzelli et al. 1977). 
Decreased organic matter content in the soil during 1993 (Brewer and 
Barrett in preparation) may have resulted in higher concentrations of 
metals such as Cu and Zn present in free ionic form in solution, therefore 
available for uptake by earthworms as well as the plant community. 
Kruse and Barrett (1985) reported that earthworms collected from these 
sludge-amended treatments in 1981 accumulated Cd, Cu, Pb and Zn to 
significantly higher levels than those collected from control or fertilizer 
treatments. Zinc concentrations in earthworms from sludge treatments 
increased to a threshold (2 = 1218 ppm) during June and declined 
thereafter, suggesting that a maximum tissue Zn level may have been 
reached (Kruse and Barrett 1985). The soil in sludge-amended 
treatments during 1981 also contained significantly higher levels of all 
four metals than control or fertilizer treatments throughout the growing 
season. Cd, Cu, and Zn also accumulated to greater concentrations in 
earthworms compared to soil collected from sludge treatments during 
1981. Cd concentrations in earthworms (2 = 136.0 ppm) was magnified 
105 times above soil concentrations (2 = 1.3 ppm). Cu concentrated to a 
mean 20.8 ppm in earthworms compared to 16.9 ppm in soil (1.2X 
magnification), and Zn to 1087.0 in earthworms compared to 136.9 ppm 
in soil (8.0X). Lead, however, only concentrated to a mean 8.8 ppm in 
earthworms compared to 23.1 ppm in soil collected from sludge 
treatments in 1981. 

Levine et al. (1989) found that earthworms collected from these sludge- 
treated plots in 1986 and 1987 again accumulated Cd, Cu, Pb, and Zn to 
significantly higher levels than those collected from control or fertilizer- 
treated plots. Whereas Cd concentrations in earthworms collected from 
sludge-treated plots peaked at 135.6 ppm in 1981, then declined 
thereafter, ranging from 42.8 ppm in 1989 to 96.4 ppm in 1990. Zinc 
concentrations in earthworms peaked at 1087.0 ppm in 1981 and 
decreased to 315.0 ppm in 1992 before increasing to 831.4 ppm in 1993. 
Copper concentrations varied only slightly, ranging from 10.3 ppm in 
1989 to 39.8 ppm in 1993. Lead concentrations rose from 8.8 ppm in 
1981 to a peak of 28.5 ppm in 1989, then declined thereafter. 

Cd, Cu, Pb, and Zn in soil collected from sludge treatments during the 12- 
yr period ranged from 1.3 ppm to 2.7 ppm, 16.9 ppm to 36.0 ppm, 23.1 
ppm to 48.0 ppm, and 81.0 ppm to 140.5 ppm, respectively. Levine et al. 
(1989) reported significant bioconcentration of Cd and Zn in earthworms 
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above levels in soil. For example, earthworms concentrated Cd as high 
as 32 times above soil levels in sludge treatments in 1987 (Levine et al. 
1989). However, copper concentrations in earthworms were similar to 
those found in soil whereas mean lead concentrations in worms were 
actually lower than those reported for soil. 

Copper and zinc concentrations in earthworms fluctuated significantly in 
all treatments during this study. These fluctuations were attributed to (a) 
natural cycling of these essential metals within the old-field community, 
(b) changes in plant community composition (i.e., nutrient-enriched plots 
dominated by annuals during early restoration, then by perennials during 
the fifth year of restoration), and (c) changes in soil organic matter as a 
result of decomposition and possible release of metals into the food web. 
Increased Zn and Cu concentrations in earthworms in 1993 may also be 
a result of a lag period between sewage sludge application and release 
of heavy metals from the organic layer (Levine et al. 1989). Although Cd 
and Pb concentrations in earthworms decreased in 1993, earthworms 
bioconcentrated Cd and Zn above levels found in soil. For example, 
earthworms concentrated Cd as high as 46 times above soil levels in 
1991 and 1992 and Zn as high as 7.7 times above soil levels in former 
sludge-treated plots in 1993. This suggests that heavy metals in the 
detritus layer are being ingested by detritivores and likely become 
available to higher trophic levels. Similar to the results reported in 
Levine et al. (1989), Pb concentrations in earthworms were below those 
found in soil and Cu concentrations were equivalent in soil and 
earthworms. 

Since earthworms represent an important food source for primary and 
secondary consumers (Ireland 1977; Kruse 1985; Brueske and Barrett 
1991), and because they serve as an ideal indicator species in old-field 
ecosystems (Hartenstein et al 1980; Kruse and Barrett 1985), 
earthworms appear to represent an important taxonomic group to monitor 
regarding both heavy metal toxicity and rates of community recovery 
following long-term nutrient enrichment. 
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