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Abstract- The addition of a sterilized, sludge-based fertilizer to experimental salt marsh plots 
increased both the nitrogen and the heavy metal content of the surface sediment. Aerobic 
heterotrophic microorganisms collected from these plots differed from microbes collected from 
control plots in their oxygen uptake rates on a uniform sediment medium both in the presence and 
absence of metals. When metals were not present, microbes from fertilized plots took up 
significantly less oxygen that did microbes from control plots. In the presence of metals, oxygen 
uptake by microbes from both plots was depressed; however, activity of microbes from the fertilized 
plots was significantly less inhibited than was that of microbes from the control plots, indicating a 
greater degree of metal tolerance in the former. 

To assess the effect of a metal on the microbial community in the absence of nutrient 
enrichment, chromium solutions were applied to several 1-m2 marsh plots. Microbes from these 
plots developed a tolerance to both copper and chromium within I month. The oxygen uptake on 
sediment media in the absence of metals did not differ from that demonstrated by nonmetal-tolerant 
microbes. 
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INTRODUCTION 
*To whom correspondence may be addressed. 
This is Contribution No. 4865 of the Woods Hole 

Oceanographic Institution. 

Changes in the level of decomposer ac
tivity are of special interest in salt marsh 
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ecosystems, where most of the energy fixed 
by marsh grasses passes through the decom
poser food chain [ 1). The majority of 
consumers in marshes rely on detritus for at 
least part of their diet. Little is known about 
the effect of heavy metals on marsh food 
webs, even though heavy metals are cur
rently entering marshes through sewage, 
dredging, leaching from adjacent landfills 
and industrial discharge [2]. 

As part of a study to examine the fate of 
metals and nutrients introduced into salt 
marshes, we have been adding a sewage 
sludge fertilizer that contains heavy metals 
to experimental plots in Great Sippewissett 
Marsh, Massachusetts. The addition of fer
tilizer to our plots increases grass biomass, 
and the fertilized grasses contain a greater 
percentage of nitrogen than do unfertilized 
grasses [3]. The grasses on the fertilized plots 
also have significantly higher levels of cad
mium, chromium, copper and zinc than do 
the unfertilized grasses [4,5). These metals, 
as well as several others not taken up by the 
grasses, such as lead and iron, show greatly 
increased levels in fertilized sediments [5]. 

Many studies have shown that heavy 
metal contamination may adversely affect 
microbial communities. Low levels of cad
mium inhibit both microbial colonization 
and decomposition of leaf material in fresh 
water [6). Forest leaf litter decomposition 
was considerably depressed in soils heavily 
contaminated with zinc by a smelter in 
Palmerton, Pennsylvania [7], and the num
bers of bacteria, actinomycetes and fungi 
were also reduced in these soils [8]. Lead has 
been shown to severely inhibit respiration, 
dehydrogenase activity and decomposition 
in soils with low cation exchange capacities 
[9,10]. These studies indicate that metals 
may affect long-term mineral cycling 
and organic matter turnover in soils and 
sediments [7,11). 

Little is known about the effect that 
metals in sewage sludge would have on the 
natural population of microorganisms in es
tuarine environments. Recently, using litter 
bags, the decomposition rates in fertilized 

and control salt marsh plots were examined. 
In spite of the high level of metals present, 
decomposition of grasses proceeded at least 
as rapidly, or faster, in the fertilized plots 
than in the control plots (Valiela et a!., 
unpublished data). 

A possible explanation for these results is 
selection for a community of metal-resistant 
microbes. Chronic metal addition to labora
tory cultures often results in the selection of 
metal-tolerant microorganisms [12]. Metal
tolerant bacteria and fungi have also been 
isolated from natural populations, and a 
greater percentage of metal-tolerant mi
crobes is present in metal-contaminated 
soils and sediments than is present in similar 
uncontaminated environments [8, 13-15]. 
Genetic studies on pure cultures have 
shown that resistance to metals is often me
diated by plasmids [ 16-18), which may also 
carry genes for resistance to antibiotics [16, 
17]. Many metal-tolerant organisms from 
areas contaminated by sewage and me
tals also show an increased resistance to 
antibiotics [15,19,20]. 

Another possible explanation for the rel
atively rapid decomposition on the fertilized 
plots is that stimulation of microbes by 
nutrients in the fertilizer more than compen
sates for any inhibition caused by the 
metals. If stimulation by nutrients were the 
sole explanation for the apparent lack of 
inhibition, we would expect microbes from 
control and fertilized populations to have 
equal sensitivity to metals when grown on a 
low-nutrient substrate. 

Finally, it is possible that the metals are 
sequestered in an unavailable form. If 
this were true, we would not expect to see 
selection for metal resistance among micro
organisms from fertilized plots. The uptake 
of metals by the animals and grasses on the 
plots tends to argue against the metals being 
unavailable [5]. 

To evaluate these alternatives and to 
assess the effect of metal tolerance in micro
organisms on decomposition rates, we 
designed a series of experiments in which we 
measured the effect of metals on the hetero-
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trophic activity of microbes from both 
control and fertilized plots. Heterotrophic 
activity was measured by inoculating a 
sterile sediment medium with microbes 
collected from these plots and measuring 
oxygen uptake in biological oxygen demand 
(BOD) bottles in the presence or absence of 
either copper or cadmium. To measure the 
effects of metals on an unfertilized marsh 
community, we established additional plots 
in the field that received metals several times 
a week. We then compared the heterotroph
ic activity of microbes from these plots with 
that of microbes from·control plots. These 
experiments also allowed us to determine 
how rapidly metal tolerance could appear. 

METHODS 

Field plots 
The microbes tested for metal tolerance 

were isolated from control and experimen
tal plots in Great Sippewissett Marsh, 
Massachusetts. The experimentally fertil
ized areas were established in April I97 4 
[3]. The two fertilized plots receive 
75.5g/m2/week of a metal-containing fertil
izer made from sewage sludge. The heavy 
metal content of the fertilizer has varied 
considerably during the course of the study, 
ranging from 8 to 425 ppm for copper and 
from 5 to 200 ppm for cadmium [2I ]. The 
cumulative metal loading and the retention 
of metals by the plots has been reported 
previously [22]. 

Preparation of sterile sediment media 
We collected surface sediment from 

Great Sippewissett Marsh in an area well 
away from the experimental plots. The mud 
was homogenize j and frozen at - 20°C. 
Before each experiment, a portion of the 
mud was thawed and autoclaved. The 
seawater used for these experiments was 
diluted to a salinity of 20 o/oo with distilled 
water and then filtered through a 0.45-~tm 
Millipore filter. The water was allowed to 
stand overnight with activated charcoal, 
which removed most of the dissolved or
ganic material. The water was refiltered 

once through a Whatman GF/C glass-fiber 
filter, once through a 0.22-~tm Millipore fil
ter and then stored at 4°C. Immediately 
before use, the water was autoclaved. Sterile 
sediment medium was then prepared by ad
ding I ml of the autoclaved sediment to 300 
ml of the sterile seawater in a BOD bottle. 
Acridine orange-direct counts of bacteria 
[23] showed that this procedure effectively 
sterilized the mud and seawater. 

Inocula 
We prepared the inocula by scraping sedi

ment from the top several millimeters of the 
marsh surface in several locations in the 
short Spartina alterniflora zone. Sediment 
was removed from two fertilized and two 
control plots and placed in separate, acid
washed jars. Equal amounts of sediment 
from the two fertilized plots were then 
pooled and mixed well. Five cubic centi
meters of this mud was removed, placed in 
an acid-washed Virtis homogenizing flask 
with I25 ml of sterile 20 o/oo seawater and 
homogenized for 5 min. The Virtis flask was 
immediately placed on a magnetic stirrer, 
and I-ml aliquots of the suspension were 
pipetted into acid-washed 300-ml BOD bot
tles that contained sediment medium. The 
same procedure was used to prepare an inoc
ulum from control marsh plots, and this 
inoculum was added to a second group of 
bottles. All inoculations were done within 
0.5 h of each other and not more than 3 h 
after collection from the field. 

Measurement of metal tolerance by aerobic 
respiration 

We determined metal tolerance by 
comparing the aerobic respiration of micro
organisms growing on sediment medium in 
the presence and absence of added metals. 
Aerobic respiration was taken as the rate of 
decrease of oxygen concentration in the 
BOD bottles. Metal-treated bottles received 
I ml of a stock metal solution before stopper
ing. Oxygen concentration was measured 
every 24 h for up to 6 d with a YSI oxygen 
electrode. We rinsed the oxygen electrode in 
sterile seawater between measurements to 
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prevent cross-contamination. The bottles 
were stirred by a magnetic stirrer while the 
oxygen measurements were made. The 
temperature was maintained at l8°C 
throughout the experiment. 

Four experiments designed to test for 
metal tolerance were performed. Only 
copper tolerance was tested in the first ex
periment. We inoculated 12 BOD bottles 
with microbes from the fertilized plots, and 
inoculated 12 with microbes from the con
trol plots. Four bottles from each of these 
groups received no sediment substrate and 
served as controls to test whether the ino
culum alone accounted for a significant 
portion of the oxygen uptake. Four bottles 
from each group received the sediment 
medium (SED), and four received SED 
plus a stock solution of copper sulfate 
(SED + Cu), which resulted in a copper 
concentration of 2.5 ppm in the bottle. 
In addition, eight uninoculated bottles 
were run, four with SED and four with 
SED + Cu. These bottles were considered 
blanks, and were used to test for chemical 
oxygen demand and contamination. In the 
final three experiments, tolerance to cadmi
um was tested. Eight additional bottles con
taining SED were included in the design. 
Four of these were inoculated with mi
crobes from the control plots and four re
ceived inocula from the fertilized plots. 
These bottles also received a stock solution 
of cadmium chloride (SED + Cd). The met
al tolerance experiments were repeated 
twice with metal concentrations of 5 ppm 
Cu and 5 ppm Cd, and once with I 0 ppm Cu 
and 10 ppm Cd. 

Sediment analysis 
Sediment used for the sediment medium, 

as well as that used for the inoculations, 
was analyzed for numbers of bacteria and 
content of water, nitrogen, carbon, organic 
matter and metals (Cd, Cu and Cr). Bacteria 
were enumerated using the acridine orange
direct counting technique [23]. Water con
tent was measured as weight loss after 
drying for 3 d at 60°C. Organic matter was 

estimated by measuring the loss on ignition 
after ashing at 550°C for 24 h. Metals were 
analyzed by wet-ashing the sediment with 
nitric acid at 60°C for 6 h. Residual organic 
matter was oxidized with 30% hydrogen 
peroxide. The samples were filtered through 
glass-fiber filters, diluted with distilled water 
and the metals measured by atomic absorp
tion spectrometry [5]. Carbon and nitrogen 
were analyzed on a Perkin-Elmer HCN 
analyzer. 

Field metal additions 
To test the effect of metals without nu

trients on microbial activity, four 1-m2 

plots were set up in a uniform stand of short 
Spartina a/ternijlora. Two plots served as 
controls. Four liters of a 10-ppm chromium 
solution (as Cr2(S04h · 15H20) was applied 
three times a week at low tide for 4 weeks to 
the other two plots. Mud for the inocula was 
collected from the plots before the additions 
began and on the fourth and tenth days of 
the experiment. The microorganisms from 
the plots were tested for heterotrophic activ
ity on sediment medium alone. After 4 
weeks, the microbes were tested for toler
ance to chromium and copper. This allowed 
us to see if metal resistance could develop 
rapidly in natural populations and if the 
resistances would be specific for the metal 
added or of a more general nature. 

RESULTS 

The application of a metal-containing 
fertilizer to the treated plots has increased 
both the nitrogen ·and the heavy metal con
tent of the sediment (Table 1). Fertilized 
sediment contained one order of magnitude 
more copper, cadmium and chromium than 
sediment from control plots. The nitrogen 
content of control sediments was about 
1.1% by weight, compared with 3.5% in 
sediments from the fertilized plots. The 
numbers of bacteria and the water content 
of the fertilized sediment were slightly 
higher than in control sediments, but the 
differences were not significant (t test, 
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Table I. Comparison of the physical and chemical characteristics of the control and fertilized sediments, and 
the sediment media used for the experiments 

Fertilized Control Substrate 
sediment sediment (autoclaved) 

% Organic matter (gdw) 55±5 38±6 31 ±4 
%Nitrogen 3.50±0.03 1.06 ± 0.1 1.01 ± 0.2 
% Water/cc 80±9 71 ±II 
Carbon/nitrogen 6.6 13.5 14.0 
Cd (pprnlgdw) 25±5 2.0±0.4 1.8 ± 0.3 
Cu (ppm/gdw) 680± 50 38± 10 42±8 
Cr (ppm/gdw) 500±42 10±4 8±3 
No. bacteria/gdw 2.1 X 1010 1.8 X 1010 0 

Values are means ± SE, n = 4. An asterisk between columns indicates samples not significantly different 
(p :5 0.05). gdw, grams/dry weight. 

p ::::; ·0.05). The sediment used for the sedi
ment medium in the experiments was not 
significantly different in metal or nutrient 
content from sediment in control plots. 

When sterile sediment medium was inoc
ulated with microbes from either plot, there 
was a rapid uptake of the oxygen in the 
bottle. Sediment media without inocula ex
hibited no oxygen uptake for the first 48 h, 
indicating that no chemical oxygen demand 
was present. Oxygen uptake at the end of 
the experiment by these sterile controls was 
normally < 1 to 1.5 ppm. Since these bottles 
did not exhibit oxygen uptake for the first 24 
to 72 h, we believe that oxygen consump
tion was not due to chemical oxygen 
demand but rather to contamination that 
occurred while taking the oxygen 
measurements. Low numbers of bacteria 
were present in these bottles at the end of the 
experiment. Bottles which received the inoc
ulum without sterile sediment medium had 
oxygen uptakes of < 1 ppm over the course 
of the experiment. There was no significant 
difference (t test, p ::::; 0.05) in oxygen up
take of microbes collected from the treated 
and control plots within these substrate-free 
controls. We conclude, therefore, that most 
of oxygen uptake in the experimental bot
tles was due to microbes growing on the 
sediment medium. 

When growing on sediment medium 
without metals, microbes from control plots 
used significantly more oxygen than did · 
those from the fertilized plots (Fig. 1). This 
result was seen in all four experiments, and 

the difference in oxygen uptake between mi
crobes from the control and fertilized plots 
was significant (ANOVA, p < 0.05). The 
addition of 10 ppm Cu to sediment medium 
reduced the oxygen uptake in both groups; 
however, there was a greater reduction in 
uptake by microbes from the control plots 
(Fig. 1). The inhibition of heterotrophic ac
tivity due to metals was expressed as net 
reduction in oxygen uptake. The net reduc
tion of oxygen uptake due to metals was 
calculated as the difference between oxygen 

10 ppm Cu 

" u 

Time (hrs.) 

Control • 

Fertilized • 

0 48 96 144 

Fig. I. Left: Oxygen uptake by microbes from the 
control and fertilized plots in the presence and absence 
of I 0 ppm Cu (X ± SE; n = 4). Right: Net reduction of 
oxygen uptake due to the addition of copper for the 
control and fertilized microbes. Net reduction is calcu
lated by subtracting the oxygen uptake in the presence 
of copper from the oxygen uptake when no metals are 
present. 
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uptake when microbes were grown on sedi
ment media alone and oxygen uptake when 
metals were added. The net reduction of 
oxygen uptake caused by copper addition 
was consistently greater for the control 
group than for the fertilized group (Fig. l). 
The same result was observed in bottles con
taining I 0 ppm Cd (Fig. 2). Microbes from 
the fertilized and control plots were signifi
cantly different in their response to I 0 ppm 
Cd or 10 ppm Cu (AN OVA, p :s 0.05). 

At all metal levels tested, microbes from 
the control plots took up less oxygen than 
did those from the fertilized plots with met
als added. The net reduction in oxygen 
uptake due to the metals after 144 h 
of incubation is shown in Figure 3. In the 
first experiment, only copper was tested, 
whereas, in subsequent experiments, both 
copper and cadmium were tested. Copper 
always proved inhibitory to microorganisms 
from fertilized and control plots. The con
trol group always showed a greater degree of 
inhibition than did the microbes from the 

10 ppm Cd 
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Fig. 2. Left: Oxygen uptake by microbes from the 
control and fertilized plots in the presence and absence 
of I 0 ppm Cd (X ± SE; n = 4). Right: Net reduction of 
oxygen uptake due to addition of cadmium for the 
control and fertilized microbes. Net reduction is calcu
lated by subtracting the oxygen uptake in the presence 
of cadmium from the oxgen uptake when no metals are 
present. 

fertilized plots, although the difference was 
not significant at the lower copper levels. 
The degree of inhibition increased with in
creasing copper concentratjpn for both 
groups. 

Cadmium was always inhibitory to mi
crobes from control plots, but 5 ppm Cd 
seemed to enhance oxygen uptake in mi
crobes from the fertilized plots (Fig. 3). This 
result was unexpected, since cadmium has 
no known physiological function. Sterile 
controls did not show this effect, so chemi
cal oxygen demand due to cadmium can be 
ruled out. Ten parts per million cadmium 
depressed both groups, but microbes from 
the control plots again showed the greatest 
inhibition. The results of all four experi
ments show that aerobic heterotrophic 
microbes from the fertilized plots have 
significantly higher rates of oxygen uptake 
in the presence of metals than do their coun
terparts in the control areas (Wilcoxon rank 
sign test for paired observations, p :s 0.02). 

Microbes from field plots that received 
chromium showed no difference in their 
oxygen uptake on sediment medit:m, com
pared with microbes from control groups 
(Fig. 4). The oxygen uptake of both groups 
was not significantly different, and did not 
change over time (ANOVA, p < 0.05). 
When copper or chromium was added to the 

Cu 

Control 0 
Fertilized ~ 

10 

5 

Fig. 3. Net reductions in oxygen uptake after 144 h 
due to addition of copper or cadmium for the four 
experiments (X ± 95% confidence limits; n = 4). 
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sediment medium, microbes from the chro
mium-treated plots had a greater oxygen 
uptake than did microbes from the control 
plots (Fig. 5). Microbes from chromium
treated plots were significantly more toler
ant of metals than were those from control 
plots (ANOVA, p :5 0.05). 

DISCUSSION 

Other investigators have reported that 
the addition of sewage to an area can 
increase the percentage of metal-tolerant 

· bacteria and fungi in sediments [15]. Since 
the fertilizer applied to the marsh is dried 
and sterilized, our work shows that this tol
erance can develop in situ and need not be 
the result of differential survivorship of tol
erant organisms already present in the 
sludge. Three mechanisms could be contrib
uting to the metal tolerance of fertilized 
microbes that we observed in our experi
ments: greater survival among microbes in 
the initial inoculum, greater respiration per 
cell or higher growth rates in the presence of 
metals. Our experiments did not allow us to 
distinguish between these mechanisms; 
however, greater numbers of metal-resistant 
bacteria can be plated from the fertilized 
plots [24,25]. This indicates that differential 
survival of microbes exposed to metals may 

6 
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10 ppm Cr 

From Plots 

Cr Treated e 
Control 0 

5 ppm Cu 

6 

4 

3 
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2436 0 2436 

Time (hrs.) 

Fig. 5. Oxygen uptake by microbes from the chromi
um-treated and control plots in the presence of either 10 
ppm Cr or 5 ppm Cu after I month of chromium treat
ment (X ± SE; n = 6). 

be important in explaining the differences in 
oxygen uptake. 

When metals were not present, mi<;robes 
from the fertilized plots had lower oxygen 
uptake rates on the sediment medium than 
did microbes from the control plots. It is 
possible that this effect is directly linked to 
the increased metal tolerance shown by 
these organisms. However, if metal toler
ance alone were responsible, metal-tolerant 
microbes from the chromium-treated plots 
would also show lower oxygen uptake on 
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Fig. 4. Oxygen uptake on sediment medium alone by microbes from control and chromium-treated plots before 
additions of chromium (day 0), after 4 d of chromium treatment and after I 0 d of chromium treatment (X ± SE; 
n = 6). 
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sediment media when compared to controls. 
This is clearly not the case (Fig. 4). The sedi
ment medium is similar in nitrogen and 
carbon content to the sediment from control 
plots (Table 1). It is probable that the mi
crobes from the fertilized plots have adapted 
to the more eutrophic conditions found in 
their habitat, and so cannot use the sub
strate containing less nitrogen and carbon as 
effectively as microbes from control plots. 
Other investigators, using plate counts, 
have shown that there is a difference in the 
microbial communities in the two plots [25]. 
Proteolytic, cytophaga-like bacteria are the 
predominant mercury-resistant bacteria in 
fertilized plots, and these may require differ
ent carbon and nitrogen sources than do 
psuedomonads, which are the predominant 
mercury-resistant bacteria in control plots 
[25; Hamlett eta!., unpublished data]. 

The microbes from the chromium
treated plots exhibited tolerance to both 
copper and chromium. This is consistent 
with other findings that resistances to a 
number of heavy metals may be linked and 
need not be specific to the metal stress re
ceived [ 16]. Resistance in the field also devel
oped quickly, within I month of the 
chromium additions. However, the adapta
tion to the metals may continue for several 
years. When bacteria were isolated on a 
nutrient-rich Zobell (2216E) agar that 
contained 10- 3M Cd, more colonies of 
cadmium-resistant bacteria could be iso
lated from plots that had received sludge 
fertilizer for 6 years than from plots 
that had received sewage fertilizer for 
only I year [24]. No cadmium-resistant 
colonies were isolated from the control area. 

As expected, inhibition of activity oc
curred at low levels of added soluble metal, 
compared to the total concentration of met
a! present in the sediment. This is because 
the majority of the metals are complexed or 
precipitated as solids in the sediment, and 
only a small portion is available to the micro
organisms. Samples of interstitial water 
from our marsh plots showed that, in con
trol areas, soluble copper seldom exceeds 20 

ppb and the soluble cadmium never exceeds 
I ppb [21]. Soluble copper and cadmium 
levels in the fertilized plots were several 
times greater than those in the control plots, 
although they were still in the microgram 
per liter range. The metal concentrations 
used in our experiments are considerably 
greater than the pore water metal concen~ 
trations; however, most of the added metal 
becomes complexed [21]. Complexa
tion greatly reduces the toxicity of metals in 
solution [26,27]. Some of the chemical pro
cesses controlling metal availability in the 
experimental plots have been described 
previously [21]. 

In conclusion, we have demonstrated 
that the addition of a sludge-based fertilizer 
alters the aerobic heterotrophic microbial 
community in salt marsh sediments. The mi
crobial communities on the fertilized and 
control plots differ both in their aerobic res
piration rates on control (low nitrogen, low 
metals) sediment medium and in their respi
ratio~ rates in the presence of metals. The 
lower oxygen uptake rates of the microbes 
from fertilized plots growing on control sedi
ment medium are apparently caused by 
nutrient limitation, since the addition of 
metals alone in the field does not select for 
this difference. The addition of metals to 
field plots, with or without nutrients, leads 
to a micr.obial community that exhibits a 
greater degree of metal tolerance. These 
findings are consistent with those of other 
investigators using plate counts on the same 
plots [24,25; Hamlett et a!., unpublished 
data]. 
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