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the phenomenon of “regrowth.”

ABSTRACT: In the US approximately 60% of all biosolids are currently land applied. Al-
though it is known that bacteria in biosolids normally decrease to low or non-detectable
levels following treatment, a major concern is that regrowth of pathogens may occur.
Specifically the question arises: “Does regrowth occur following reintroduction or
recolonization of pathogens after land application or during storage under favorable
conditions.” The following paper reviews available information on survival and potential
regrowth of pathogenic and indicator bacteria in biosolids, compost, soil, and land ap-
plied biosolids. Based on the literature, a conceptual framework is provided to explain

INTRODUCTION

ILLIONS of dry tons of biosolids are produced ev-

ery year. Recycling of them and the safety of dis-
posal isan issue at the center of anational debate. Due
to the nutrient content of biosolids, they can be reused
beneficially as a soil amendment on numerous areas,
such as parks, forests, and agricultural land [41].
Biosolids can also be sold in bulk to consumersfor use
on home gardens or lawns, as in the case of
Milorganite®.

One of the reasons for the continuing debate regard-
ing land application isthat even though biosolids treat-
ment isrequired, metals, harmful toxins, and pathogens
may still be present following treatment. Microorgan-
ismspresent in biosolidsmay include, viruses, bacteria,
helminthes, and protozoa [11,12,30]. Many concerns
and allegationsexist regarding the effect of land applied
biosolids on the health of the general population and
personnel in the wastewater industry [6,18,20,24].
However, there has never been an established link be-
tween land application and illness.

Although the United States Environmental Protec-
tion Agency supportsand regul atestheland application
of biosolids, the concerns of pathogens affecting hu-
mans and animals through direct contact, transfer to
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groundwater, run-off into surfacewater, transfer tofood
cropsgrown onland appliedfield, or eventhrough aero-
solsremain [40,42]. Although it is known that bacteria
in biosolidsnormally decreaseto low or non-detectable
levels following treatment, a major concern is that
regrowth of pathogens may occur. Specifically the
guestion arises: “Does regrowth occur following rein-
troduction or recolonization of pathogensafter land ap-
plication or during storage under favorabl econditions.”

SALMONELLA AND INDICATORSIN
BIOSOLIDS

The growth of bacterial pathogens during the storage
of biosolids prior to land application is of concern.
Gibbs et al. tested anaerobically digested dewatered
sludge in 1m high piles placed on a sandy soil over a
limestone base [13]. Two studies were conducted, in-
cluding a60 week study from autumnto winter and a24
week study from summer to winter. Samplesweretaken
from depths of 20-40 cm and 40-60 cm below the sur-
face of the piles and were assayed for fecal coliforms,
fecal streptococci, and Salmonella.

In the first trial, fecal streptococci decreased but al-
ways remained detectabl e throughout the experiment.
Fecal coliformswere undetected after 34 weeks, while
Salmonella were undetected after 16 weeks. Following
the commencement of the winter rains, fecal coliforms
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increased to levels of 1.2 x 10° CFU/gram, while Sal-
monellalevelswere detected at 2.2 MPN/gram. For the
second trial, an increase of fecal coliforms and Salmo-
nella occurred corresponding to rainfall events.

For both trials, rainfall did not affect the moisture
content of the piles as they both remained around 80%
throughout both studies. From these experiments there
seemed to be no definite explanation for the regrowth
seen in the sludge piles, as moisture was not afactor. It
was concluded that fecal contamination from animals
was not the reason for the observed regrowth because
the Salmonella serotypes detected in the biosolids
throughout the study were all found to be Salmonella
mbandaka. Rainfall may have been important for in-
creasing anecessary substrate for growth to certain ar-
eas of the stored biosolids. This could be possible as
Burge et a. were able to extract a substrate from
biosolids that was able to support growth of Salmo-
nella, and could potentially permit regrowth [4]. From
thisstudy it was concluded that storage of biosolidsfor
1year isan ineffective meansfor treating biosolids due
to the potential for repopulation of fecal bacteria.

Ahmed and Sorensen evaluated pathogen inactiva-
tion during storage of biosolids [1]. The pathogens
tested were S. typhimurium, Yersinia enterocolitica,
Campylobacter jejuni, Ascarissuum, bacteriophagef2,
and poliovirus. The biosolids tested were aerobically
digested, and two of the samples collected had been
stored through winter and had undergone freezing and
thawing, whereas the third sample was produced after
the winter period. Samples seeded with the pathogens
were incubated under both anaerobic and aerobic con-
ditionsin reactorsat 5, 22, 38, and 49.5°C for up to 62
days. Therewasno differencein the death of the organ-
isms under aerobic or anaerobic conditions. Pathogen
destruction in stored biosolids occurred at all tempera-
tures, and survival decreased as the temperature in-
creased. Also, morerapid destruction of Salmonella oc-
curred in two of the tests where the moisture contents
were lower at 47.7% and 50%, compared to 67.3%
moisture.

Research by Ward et al. determined the response of
Klebsiella, Enterobacter, Proteus mirabilis, Salmo-
nella typhimurium, Escherichia coli, and Streptococ-
cus faecalis to moisture loss through evaporation at
21°C in the laboratory [45]. In raw sterilized sludge
with 5 % solids, seeded enteric bacteria initially in-
creased in concentration with dewatering. Thisincrease
was always followed by a consistent decrease in num-
bers with further dewatering especially below 50%

moisture. A 1-2 log reduction was seen for all microor-
ganisms except Proteus, which showed a 4 log reduc-
tion within 7 days as biosolids percent solidsincreased
to 95%. For indigenous bacteria in non-sterilized raw
dludge, the same basic pattern of initial growth then
subsequent inactivation was observed, except more
growth occurred during theinitial dewatering.

In an accompanying paper, Y eager and Ward deter-
mined the effects of moisture content on survival and
potential regrowth of bacteriaduring long-term storage
of biosolids [47]. According to the authors, bacterial
regrowth would be directly related to the moisture con-
tent due to the necessity of water for bacterial growth
and survival. Sterilized raw sludge samples dried by
natural evaporation at 21°C were brought to different
moistures ranging from 10-95% solids, and were
seeded with S. faecalis, P. mirabilis, or S. typhimurium.
When the samples were tightly sealed and stored at
37°C, growth was seen for every organism in samples
containing <75% solids, while no growth was seen in
samples containing >85% solids.

The results of this study led to the suggestion that
sand-bed drying of sludge and water |oss may not ade-
guately inactivate bacteriain sludge, however thesere-
sults may not be supported under field conditions
[45,47]. According to the authors, long term storage of
sludge with moisture contents maintained between 10
and 50% may be an effectiveway toinactivate bacterial
pathogens, whilestorage at lessthan 10% moi sture may
support long-term survival of Salmonella. This is in
comparison to Gibbs et al. who stated that storageisan
ineffective means for inactivation of bacterial patho-
gens[13].

Various studies were conducted in our laboratory to
determine the survival and regrowth potential of indig-
enous indicator microorganisms and Salmonella in
biosolids [48]. Laboratory studies were performed in
order to determinethe survival of coliformsand E. coli
in anaerobically digested biosolids under conditions of
constant temperature and moisture and constant tem-
perature with variable moisture. When desiccation was
prevented, both organisms decreased over time even
though water was not being lost. Survival decreased as
the temperaturestested increased from 45°C to 57.5°C.
When biosolidswereallowed to dry out, increased tem-
perature and rates of desiccation decreased survival for
both coliforms and E. coli. Survival and potential
regrowth of Salmonella and fecal coliforms were then
determined during field studiesinvolving the use of so-
lar drying beds. In both anaerobically digested and aer-
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obically digested biosolids, both organisms decreased
as the temperature and rate of desiccation increased.
Regrowth for both Salmonella and fecal coliformswas
observed following rainfall. It was determined that the
high levels of organisms present in the biosolids after
regrowth was most likely due to fecal contamination
from birds.

Summary

1. Regrowth of indicatorsand Salmonellaispossiblein
biosolidsunder conditionsof favorablemoistureand
temperature, or substrate availability.

2. Indigenous microorganisms present in biosolids are
important for controlling potential regrowth of bac-
terial pathogens.

3. Storage of biosolids may be effective in reducing
pathogen levelsif biosolids are maintained at specific
controlled moisture and temperature conditions.

SALMONELLA AND INDICATORSIN
COMPOST

Composting is also an effective means for reducing
pathogens, but there is a concern for the possibility of
regrowth due to outside contamination during storage.
Experimentsby Sidhu et al. were performed with anaer-
obically digested dewatered biosolids that were subse-
guently composted using windrows [34]. The compost
ranged in age from two weeks to two years. The main
objectives were to determine the role of indigenous
microfloraand maturity in theinhibition of Salmonella
regrowth. The work consisted of two separate studies
using sterile and non-sterile samples seeded with Sal-
monella. A rifampicin-resistant strain of S
typhimurium, shown to have ahigher maximum growth
ratecompared to other strainsof Salmonellaand E. coli,
was used for all experiments.

In the compost sterilized by autoclaving, Salmonella
grew rapidly within 30 hoursof inocul ation and incuba-
tion. Seeded Salmonella grew to levels of 10%/gramin
compost stored for 2 weeks, and athough growth oc-
curred in compost stored for 33 and 117 weeksthe con-
centrationsand growth rate decreased. Thedie-off rates
were low in sterilized biosolids, whereas limited
growth and increased die-off rates occurred in
non-sterilized samples seeded with Salmonella. It was
found that Salmonella growth increased significantly
when indigenous microorganisms were not present,

and the presence of indigenous microfloraseemedto be
the most important factor suppressing Salmonella
growth. The authors specul ated that the presence of so-
matic Salmonella phage, the ability of someindigenous
microorganisms to outcompete Salmonella for limited
nutrients, or the higher activity of indigenous microor-
ganisms during favorable conditions may be the reason
for suppression of growth. The conclusions from this
study werethat all composts seem to have the potential
for regrowth, and the long-term storage of the compost
is not recommended. The inactivation rate of Salmo-
nella decreased significantly with longer storagetimes,
most likely dueto the declinein indigenous microflora
over time.

Dueto the possibility of theintroduction or contami-
nation of Salmonella into compost by vectors, the po-
tential for regrowth of inoculated Salmonella in com-
post was evaluated by Hussong et al. [15]. Thirty one
samples composted by the Beltsville aerated pile
method were inoculated with Salmonella. Irradiated
and non-irradiated sampleswere both tested for growth
of Salmonella after incubation at 37°C. Salmonellawas
shown to grow well inall but two of theirradiated com-
poststested. In the non-irradiated compost, Salmonella
was not detected in half of the samples within 7 days.
Samples were also incubated for a period of 6 months,
and in non-irradiated compost, Salmonella decreased 2
logsin the first month and was subsequently undetect-
able. Dried compostswith 10, 6, and 7% moisture were
also monitored for 26 weeks, and Salmonella was
shown to decline several logswithin 4 weeksin bothiir-
radiated and non-irradiated samples. In moist soils, Sal-
monella grew well only when soilswere sterilized. The
only difference between the irradiated and non-irradi-
ated samples was the presence of other microorgan-
isms, so it was concluded that competition from other
organisms suppressesthe growth of Salmonellain com-
post. It has been suggested that compost be sterilized as
a fina treatment, but this could allow for potentia
regrowth of pathogensdueto thelack of competitivein-
digenous microorganisms in the compost.

Another experiment to assess the role of indigenous
microflorain the suppression of bacterial pathogensun-
der different temperature and moisture conditions was
performed by Pietronaveet al. at the University of East-
ern Piedmont in Norvara, Italy [28]. Both sterile and
non-sterile composts, adjusted to moisture contents of
10, 40, and 80%, were tested. Sampleswere inocul ated
with S. arizonae or an enteropathogenic strain of E. coli
and wereincubated at either room temperature or 37°C.
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In non-sterile compost, with moisture contents of 40
and 80%, Salmonella concentrations increased briefly
and then declined below the original seeded levels
within two weeks. The concentrations of organisms
werelower in the 40% moisture samplethaninthe 80%
moisture sample. Temperature did not have an effect at
higher moisture contents, but it did have an effect onthe
survival of Salmonellaat 10% moisture. After 48 hours,
concentrationswere much lower in non-sterilized com-
post incubated at 27°C than in samples incubated at
37°C. In sterilized samples, Salmonella concentrations
increased within 24 hours for all moisture levels, and
then decreased gradually over 30 days. For E. coli, low
moisture had adetrimental effect onthesurvival inboth
sterile and non-sterilized composts. At 40 and 80%
moisture, E. coli levelsinitially increased and then de-
creased below the seeded dose at 40% moisture, while
remaining above the seeded dose at 80% moisture.
From these experiments it was concluded that indige-
nous microorganisms in non-sterilized composts sup-
pressed the growth of both Salmonellaand E. coli inall
trials. Moisture, more than temperature, played an im-
portant role in the regrowth of both E. coli and Salmo-
nella, and high moisture and increased temperature
positively affect regrowth.

Biosolids composted for 3 days at 55°C are thought
to be free of pathogens and safe for distribution to con-
sumers. The mgjor concern for compost isthe possibil-
ity for re-contamination or recol onization of pathogens
from outside sources and subsequent regrowth of these
organisms to hazardous levels. Research by Millner et
al. was performed in order to addressthis concern [23].
They focused on the importance of indigenous
microflora on the growth and suppression of Salmo-
nella in composted sewage sludge. Three different en-
vironmental isolates of Salmonella, along with three
laboratory strains, were inoculated into compost along
with several isolates of actinomycetes, fungi, and bac-
teria. Theinitia tests showed that only 6 fungi isolates
inhibited growth of Salmonella while none of the
actinomycetes or bacterial isolates caused suppression
of growth.

Several different studies were then performed in or-
der to determine suppression or growth in sterile and
non-sterile compost samples. Recol onization testswith
individual organisms were performed using sterile
samples of compost. Inhibitory isolates, found in the
previous studies, were either inoculated into compost
simultaneously or 7 days prior to inoculation of Salmo-
nella. From these studiesthey found that none of the or-

ganisms that caused inhibition on agar plates (fungi),
caused the same inhibition in actual sterile compost.

A series of three separate studies were then per-
formed using different mixtures of microbes found in
compost. The first series used compost that had been
subjected to different temperatures, which represented
different communities of organisms. One sample was
collected from the 70°C-plus zone of a21 day compost,
the second sample was from the same zone as the first
sample but was incubated at 55°C for an additional
week. Thethird samplewastaken from alaboratory op-
erated composter that operated at 55°C, and the final
sample was compost from a 25-40°C zone of a 60 day
pile. The second series inoculated groups of microor-
ganisms obtained by filter fractionation of compost ex-
tracts, into sterile composts 7 days before Salmonella
was inoculated. The final third series used mixtures of
non-coliform or coliform gram-negative bacteria, in-
cluding E. coli, Enterobacter hafniae, Enterobacter
sp., and Citrobacter freundii.

It was observed that the growth of Salmonella de-
pended on thetypesand amounts of microbespresentin
the samples. The first series of tests showed that sup-
pression of Salmonella increased with the presence of
gram-negative bacteria and high levels of mesophilic
actinomycetes and bacteria. The 70°C treated compost
used in this study wasthefirst example of anon-sterile
compost that did not show suppression of Salmonella
growth. In this compost, initial amounts of
actinomycetes, bacteria, and fungi levelswerevery low
or even absent. From these studies it was also deter-
mined that Salmonella death would only occur in the
presence of the complete microflora that is found in
compost, which occurred when the 60 day compost was
used.

For the second seriesof tests, whereorganismsin dif-
ferent fractionswere used, it wasfound that fungi were
relatively insignificant in the death and suppression of
Salmonella. It appeared gram-negative bacteriain com-
bination with mesophilic actinomycetes was necessary
for a negative effect on growth. In the final studies, it
was shown that prior growth of coliforms, beforeinoc-
ulation of Salmonella, resulted in adecrease of Salmo-
nella to 75% less than that of the inoculum. If Salmo-
nella was inoculated simultaneously with coliforms or
7 daysafter noncoliforms, then Salmonella numbersin-
creased.

From these studies it was concluded that Salmonella
regrowth would be negligible in properly cured com-
posts where the presence of coliforms is established.
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The presence of coliforms should not be regarded as a
health threat because prior colonization by coliforms
and gram-negative bacteriasignificantly decreased Sal-
monella populations upon reinocul ation. It wasal so de-
termined that a single group of indicators cannot be
used to assess the Salmonella present in a compost at
any given time because the death of Salmonella was
never related to asingle group of microbes.

Russand Yanko indicate that thereisalack of agree-
ment on the regrowth potential in composted biosolids
[31]. Someresearchers seemto believe that composting
is an effective means for reducing Salmonella concen-
trations below detectable and hazardous levels, while
others believe that repopulation (regrowth) of Salmo-
nella in composting under certain conditions could be
hazardous. They refer to studies done by Epstein and
Wilson showing that it was possible for inocul ated Sal-
monella at levels of 10° bacteria/lgram of solid to in-
crease to 10° bacteria per gram within afew days of in-
cubation[9]. Russand Yanko conducted experimentsin
order to determineif controlling variables such astem-
perature and moisture could eliminate the potential for
Salmonella regrowth in compost [31]. Compost was
dried in the lab for 1 year until total solids was 92.8%
and Salmonella was undetected, but the compost was
not sterilized. These sampleswere brought up to differ-
ent moisture contents of 9, 16, and 21% and were incu-
bated at temperatures of 4, 28, 36, and 44°C in amoist
incubator to prevent desiccation. The experiment was
al so repeated under the same conditionsbut Salmonella
was inoculated into the composts before incubation, in
order to achieve initial high concentrations of Salmo-
nella. In the uninoculated samples, indigenous Salmo-
nella populations increased by 4 orders of magnitude
within5daysat 28°C and 36°Cinsamplesat 21% mois-
ture. At 28°C, Salmonella was still detected after 21
days of incubation. The inoculated Salmonella grew to
levels of >3.3 x 10 MPN/gram within 5 days again at
both 28 and 36°C. It was shown that regrowth of Salmo-
nella did occur, but population levels peaked after five
dayswith subsequent die off. After 21 days Salmonella
was undetectable in the majority of samples. The au-
thors support the idea that repopulation of Salmonella
is a potential health hazard, due to the fact that they
were able to demonstrate regrowth of Salmonella even
in unsterilized conditions with indigenous microbes
present.

Brandon et a. also showed growth of Salmonellain
sterile compost [3]. Salmonella was inoculated into
sterile compost at 60% solids and growth to hazardous

levelsoccurred. Within only two days of incubation the
levels had increased from 10%gram to 10°%gram.

Sidhu et al. studied the survival of a number of Sal-
monella and E. coli strains seeded into sterilized com-
post [33]. The moisture contents used were between 50
and 55%, and the samples were incubated for 5 days at
37°C in awater bath in order to prevent desiccation of
the samples. It only took alimited amount of time for
inoculated bacteria to adjust to the environment in the
sterilized compost, and seeded bacteria grew very rap-
idly in sterilized compost achieving levels greater than
108 organisms per gram after only 30 hours of incuba-
tion. It was recognized that it isimportant that experi-
ments be done with non-sterilized compostsin order to
determine a more realistic recolonization potential of
Salmonella and E. coli in compost.

According to Skanavis and Yanko, the greatest po-
tential for health hazards in regards to compost is the
use of biosolidsproductsin homes[35]. Inhomes, there
would be an increased exposure risk to children dueto
yard and garden work, and the ingestion of uncooked
vegetables that may be grown in the gardens. These
studies monitored Salmonella and total and fecal
coliformsfor one year in: (1) compost; (2) the amend-
ment materials added to compost (rice hulls, sawdust,
etc); and (3) thefinal productsthat can be distributed to
homes. For total and fecal coliforms, the highest levels
werefound in compost-based products compared to the
compost and the amendments alone. It was suggested
that regrowth of coliforms occurs post-composting due
to the introduction of nutrients present in the amend-
ments. Salmonella was not detected in either the com-
post or amendments alone, but were found in all of the
products tested. When Salmonella was detected, the
majority of the samples complied with the 40 CFR Part
503 pathogen regulations[40]. They also found that the
greatest number of samples positive for Salmonella oc-
curred during April. Salmonella was not isolated in
samples where fecal coliforms were less than 1 x 10°
MPN/gram, but it is not understood whether the Salmo-
nella detected in the soil amendment products resulted
from contamination or regrowth of indigenous Salmo-
nella. Due to the fact that Salmonella was detected at
low levels in the compost suggests the potential for
regrowth under favorable conditions, and post treat-
ment handling may be apotential causefor Salmonella
regrowth.

Soares et al. studied regrowth after Schumann dem-
onstrated regrowth following the rewetting of compost
[32,37]. They performed comprehensive studies to
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evaluate regrowth influenced by moisture, nutrients,
and indigenous populations [36]. Other studies were
donein order to eval uate regrowth potential along with
compost stability [5]. In order to evaluate compost
quality in regardsto pathogens and the regrowth poten-
tial, compost collected from 16 composting facilitiesin
Massachusetts during the summer of 1994 were ana-
lyzed for total coliformsand E. coli. Samples were in-
oculated with E. coli in order to ensurethat the microor-
ganismswould be present and sampleswereadjusted to
50% moisture if necessary. Fifty gram samples were
thenincubated in awater bath at 37°C. Two of the sam-
ples, which had initial moisture levels of 19.6 and
18.4%, showed substantial growth of E. coli, whereas
other composts did not show a substantial decrease in
populations after 5 days of incubation. It was deter-
mined that moistureisone of the major factorsin deter-
mining stability and the potential for recolonization of
compost. It wasthought that organic matter isnot com-
pletely degraded during the composting process when
the compost becomes too dry and microbial popula-
tionsceaseactivity. Thiscould allow for regrowth of in-
digenous or reinoculated pathogenic microorganisms
after rewetting dueto the presence of remaining carbon

[37].
Summary

1. Growth of inoculated Salmonella and E.coli ispos-
sible in sterile compost.

2. Growth or regrowth of indicators and Salmonellais
inhibited in non-sterile compost, most likely dueto
competition or predation from indigenous microor-
ganisms.

3. Moisture is an important factor in the survival and
potential regrowth of Salmonellaand E. coli in com-
post. Temperature and desi ccation become moreim-
portant in decreasing survival at lower moisture con-
tents.

SALMONELLA AND INDICATORSIN SOIL

Van Donsel et al. looked at the survival of inoculated
fecal coliformsand fecal streptococci, used astracer or-
ganisms, and indigenous soil microorganisms in out-
door soil plots [44]. Two types of soil and soil plots
were studied: (1) a coarse loam soil in a well shaded
area; and (2) adense clay with exposure to direct sun-
light. The locations were not subject to human activity

but squirrelsand raccoonswereoccasionally seeninthe
area. An E. coli tracer was inoculated into the soil at a
range of 1.2 x 10'° to 2.8 x 10*?, while the S. faecalis
tracer wasinoculated at 3.8 x 10! to 1.8 x 10*2. While
monitoring these organisms, it was seen that during the
summer the indicators died off fairly rapidly at both
sites, while surviving longer in the shaded environ-
ment. The effect of the protected shaded environment
was most notablein the summer and autumn when both
indicatorslasted longer inthe shaded sitethanin the ex-
posed site. The conditions for both of these seasons
werewarm, dry, clear conditions. During thewinter and
spring when the weather was cool and wet, with heavy
cloud cover and shortened days, the survival of indica-
tors at both sites were fairly similar. There was also a
seasonal difference observed in the survival between
the two organisms at both sites. During the summer E.
coli survived longer than S. faecalis, whereas S
faecalis survived longer than E. coli in the winter and
spring. Definitive conclusionsregarding survival of or-
ganisms between the shaded and exposed site may be
difficultto reach fromthisstudy. Two different typesof
soil werepresent at thetwo sitesand soitispossiblethat
the differences in survival were more related to soil
type than environmental factors noted in the studies.
Aswith many other studies, growth of both tracer
organisms and indigenous soil coliforms was seen
during wet weather. When fecal coliform levelswere
low, it was possible to see growth of indigenous soil
coliforms closely associated with temperature and
rainfall. When rainfall was followed by warm
weather, a larger increase in the regrowth of total
coliformswas seen than when cool weather followed.
When the moisture of the soilswas maintained above
20%, without the addition of more water from rain-
fall, the number of total coliforms increased when
temperatures remained elevated for afew days. The
only timethat a decrease in the number of organisms
was seen when the moisture content was high was
when sub-freezing conditions occurred. The re-
searchersbelievethat it isunlikely that regrowth was
caused by run off from adjacent areas because even
just alight rainfall caused an increase in the number
of coliformsinthesites. Also, it wasbelieved that an-
imal contamination was not the reason for the
growth, because it occurred simultaneously at both
sites, and an increase in the tracer organisms was not
seen. The authors concluded that there are a number
of conditions which might alter survival of organ-
isms in the soil environment such as moisture, pH,
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and even repeated freezing and thawing conditions.
They also state the importance of the concept that or-
ganisms from wild animals might differ in survival
from the laboratory stock organisms used.

Parker and Mee studied the survival of feca
coliforms and S. adelaide in two coarse sands from
Perth, Australia[26]. The two coarse sandstested were
Bassendean and Spearwood sand, with the Bassendean
sand having ahigher percentage of course sand (96.9%
compared to 76.9%). Fecal coliforms and Salmonella
were inoculated into the sands at moisture contents of
5% and 23% (saturated), and were seal ed and incubated
at 15°C. Increased growth of the organisms was seen
within the first 16 days of incubation, and fecal
coliforms and Salmonella both survived for extended
periodsof timeinall treatments. It wasal so seen that the
organisms survived better in the sand containing the
higher percentage of coarse sand (Bassendean), and
that survival decreased under saturated conditions. In
this experiment coarser soils showed better survival,
while Mallman and Litsky showed that E. coli survived
longer in loam and muck soils than in a sandy soil
[22].

Along with soil on agricultural or public lands, there
isalso aconcern regarding the survival of fecal bacteria
in marine and freshwater sedimentsthat may be present
under sewage outfalls. Davies et a. evaluated the sur-
vival of fecal coliforms and fecal streptococci in sedi-
ments and the effects of predation by protozoa [7].
Cycloheximidewasused in order toinhibit protozoafor
predation studies. In both marine and freshwater sedi-
ments, fecal coliforms and streptococci decreased over
time, with thefecal coliforms decreasing more rapidly.
Inthe predation studiesit was observed that numbers of
fecal coliforms increased slightly in samples contain-
ing cycloheximide, and so it was concluded that growth
may be possible in sediments in the absence of preda
tors, but that die off would occur inthe presence of natu-
ral predators.

Van Donsel and Geldreich determined the survival
and relationship of Salmonella and indicator organisms
in mud taken from a creek that received moderate to
heavy pollution from sewage [43]. The mud was stored
a 20°C, and within 7 days Salmonella and feca
coliforms showed identical survival, which was a 90
percent die off. Fecal streptococci and total coliforms
showed increased survival and thetotal coliforms even
increased within thefirst day of storage. Out of theindi-
cators tested, Salmonella activity most closely paral-
leled the activity of thefecal coliforms. Theresearchers

concluded that fecal coliforms are good indicators of
enteric pathogens.

The importance of the relationship between Salmo-
nella detection and moisture in the environment was
again shown by Thomason et a. [39]. Samples from a
forest areaand from poolslocated on thetop of amoun-
tain weretaken and analyzed for Salmonella. Theforest
area was utilized by warm and cold-blooded animals
but had only limited human activity. In contrast, thetop
of the mountain had less animal activity but increased
human activity dueto tourism. Theimportance of mois-
turefor thesurvival of Salmonella and the evidencethat
even harsh environments can support the survival of
Salmonellawasdocumented. Intheforest samples, Sal-
monella was not detected in any of the dry samples
while 10 of the 12 wet sampleswere positive. Increased
isolation of Salmonella was also seen in wet samples
compared to dry samples from the mountain weather
pools. This raised the question of what happens to the
Salmonellain the pools during thewet and dry periods.
Dothe Salmonella die off during thedrying processand
then become reintroduced from outside sources, or do
the bacteria survive the drying process, possibly in a
“viable but nonculturable” state, and regrow when
moistureis again present?

If bacteria become undetectable due to lack of
culturability, thiscould poseacondition for regrowth of
Salmonella or E. coli when soilsare rewet. Bogosian et
al. investigated whether E. coli enters the “viable but
nonculturable” (VBNC) state, or whether they just be-
come non-viable in sterile and non-sterile soils [2].
Samplesof siltloamwereincubated inthedark at 4, 27,
and 37°C after inoculation with E. coli K-12 strain
W3110. When E. coli was inoculated into non-sterile
soil at high initial concentrations, levels rapidly de-
clined at all temperaturestested. In sterilized soil at all
temperatures, a decline in E. coli concentrations was
not seen even after 100 days of incubation. From these
studies it was determined that E. coli did not enter the
VBNC state. Through the use of plate counts, direct
counts, and other methods such as PCR, it was deter-
mined that E. coli waskilled by competition or by pre-
dation by protozoa. When cells became nonculturable,
resuscitation of these cellswas not possible which sup-
ports the fact that cells die and do not enter a VBNC
state.

Kibbey et a. examined the survival of afecal strepto-
coccusisolated from raw sewagewhenitisadded to soil
[16]. Five soil types, including a silt loam, silty clay
loam, and a gravelly loam of different moisture con-
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tents, ranging from air dried soil to saturated condi-
tions, were incubated with S, faecalis at 4, 10, 25, and
27°C. Although reduction times varied between all
soils at different temperatures, S. faecalis died rapidly
under drier conditions at higher temperatures and sur-
vived the longest in moist conditions at the cooler tem-
peratures in al samples. The importance of moisture
was seen because at any giventemperature, the bacteria
survived the longest under saturated conditions. They
hypothesized that the increased survival of S. faecalis
under moist, cool conditions could be dueto lack of an-
tagonistic activity by the indigenous microflora. Also,
lack of moisture caused adecreasein survival for theor-
ganisms due to desi ccation, but when moisture was not
lacking and temperaturesincreased, the decrease could
be dueto thermal effectsor increased activity of thein-
digenous microorganisms.

Freeze-thaw experiments were al so performed in the
previous experimentsin order to eval uate the response
of S. faecalisto numerousfreeze-thaw procedures. Pots
were frozen and thawed 1, 4, and 8 times, and survival
was lowest in the treatment with 8 freeze-thaw inter-
vals. There was also increased survival in the treat-
ments with less moisture due to the fact that there was
less ice formation due to the lack of water that could
damage cells.

Weiser and Osterud studied thesurvival of E. coli un-
der various freezing and thawing procedures and at-
tempted to determine the manner in which the death of
bacteria during freezing occurs [46]. They demon-
strated that extracellular, not intracellular, ice was re-
sponsible for the death of bacteriaat low temperatures.
Thisis partly due to the observation that protection by
substances, such as colloids and sugars, decreases for-
mation of intracellular ice and hence decreases death of
bacteria at low temperatures. Also, like Kibbey et al. it
was seen that repeated freezing caused more damage
than asingle freezing or storage in afrozen state [16].

There are many theories asto why E. coli levels de-
crease quickly when cells are added to soil, ranging
from nutrient availability to the presence of toxic com-
poundsin thesoil. Klein and Casidaattempted to deter-
mine the controlling factors of E. coli survival in natu-
ral soil [17]. In one experiment, sterilized soil was
added to normal soil with E. coli inoculants ranging
from 10 to 107 cells/gram. Except for the sampleswith
lower concentrations of E. coli, the addition of sterile
soil to the non-sterile soil caused an increasein the sur-
vival of E. coli. Thisincreased survival isbelieved to be
due to the observation that sterile soil possesses an in-

creased level of available nutrients due to the steriliza-
tion process that become available to bacteria when
addedto soil. Experimentswereal so performed by add-
ing carbon and nitrogen sourcesto soils, in the form of
glucoseand ammonium nitrate. Different combinations
of glucose and ammonium nitrate were added to soils
with 10° cells/gram of E. coli, and were incubated at
26°C. The addition of ammonium nitrate, with or with-
out glucose, had no effect on E. cali survival, whereas
glucose additions had a positive effect on survival.
However, in order to allow for the extended survival of
E. coli in sail, it was necessary to add glucosein excess
of levelsthat are normally foundin soils. When glucose
was not added to soil, therate of survival decreased and
E. coli populations decreased to levels lower than con-
centrations measured when glucose was added in any
amount. Successive additionsof glucoseto soil allowed
for multiplication of indigenous microorganisms but
also alowed for maintenance of the E. coli population
at high levels.

Ostrolenk et al. studied the survival of E.coli and fe-
cal streptococci at 7.2C and room temperature in soils
that were unfertilized, artificially contaminated, and
fertilized with chicken manure [25]. In the soil fertil-
ized with chicken manure stored at room temperature,
fecal streptococci were not recovered after 21 days
whereasE. coli wasstill present on the 66th day of sam-
pling. When stored at 7.2°C, both organisms survived
109 days. In the unfertilized soil at room temperature,
E.coli was not present after the initial sampling but fe-
cal streptococci were still present after 109 days. When
stored at thelower temperature, E. coli only survived 66
dayswhereas fecal streptococci survived for 123 days.
When the artificially contaminated soil was stored for
160 days, agradual decrease was seen for both organ-
ismsfrom 1 x 107 per gram to 1 x 10° per gram.

Summary

1. Survival of Salmonella and indicators in soil in-
creases under moist conditions.

2. Indigenous microorganisms are important in de-
creasing survival of Salmonella and indicators in
soil due to predation and competition.

3. Multiple freeze-thaw conditions cause adecreasein
microorganism survival in soil.

4. E. coli does not seem to enter a “viable but
nonculturable” state in soil.

5. Sail type affects the survival of Salmonella and E.
coli.
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SALMONELLA AND INDICATORSIN
BIOSOLID AMENDED SOIL

When biosolids are land applied, the soil may pro-
videafinal barrier for the prevention of transmission of
diseasesto humansdueto the destruction of pathogens.
Lang et al. stated that enteric organisms are poorly
adapted for survival in the environment and their sur-
vival is influenced by many factors including climate,
soil moisture, temperature and sunlight [19]. Experi-
ments were focused on the fate of E. coli when soil is
amended with biosolids during spring and autumn. The
soil used was an acidic sandy loam and the biosolids
tested included: a dewatered anaerobically digested
sludge, a composted sludge with green waste (CPT),
and a thermally dried digested product. Field experi-
ments were conducted on small 1.5m x 1.5m plots, and
the biosolids were incorporated immediately into the
soil upon addition. Two trials were conducted using
bare ground conditionsand afew sub-plotsin each trial
were covered with a perforated polythene film in order
to manipulate environmental conditions. Due to the
polythene film cover, subsurface soil temperatures
were always 4-5°C higher than the temperature of the
bare soil, and soil moisture levels were always higher
after wetting. The conventionally treated anaerobically
digested sludge applied during Trial 1 achieved theUS
EPA'sClass B statuswhereasin Trial 2 it exceeded this
limit. The composted of thermally dried biosolids met
the US EPA’s Class A standards for biosolids. In en-
hanced treated biosolids applied to soil, E. coli popula
tions declined when moisture was low, and then
regrowth occurred after rewetting following rainfall.
When soil moisture remained near field capacity and
rainfall was not an issue, populations remained fairly
consistent. When the soil was covered, temperature and
moisture increased, and this extended periods of
regrowth due to more favorable environmental condi-
tions. For conventionally treated biosolids, a2—3log re-
duction of organismsand adecreaseto background lev-
elswasseenwithin 56 daysafter application. Lang et al.
concluded that pathogens shoul d declineto background
levels within 2—3 months, and should be safe for agri-
cultural use after specified waiting periods.

Estrada et a. monitored the survival of
enterobacteriaceae, including fecal coliforms and E.
coli, after the addition of sludgeto soil containing 74%
sand, 20% alluvial matter, and 6% clay [10]. Three
types of sludge were used: (1) anaerobically digested
sludge followed by mechanical dewatering; (2) anaero-

bically digested and mechanically dewatered sludge
with additional heat-drying; and (3) sludgefromadairy
food factory that was aerobically digested followed by
gravity thickening. Open air studiesand controlled lab-
oratory studies were performed utilizing each type of
sludge. For the open air studies, in which temperature
and humidity could not be controlled, pots containing
soil were mixed with different amounts of sludge (10 t
ha'and 15t ha). Inthe open air experiments, soil that
had been fertilized with calcium ammonium nitrate one
year earlier, wasal so tested with 15t ha* of sludge. For
the laboratory studies, in which temperature and hu-
midity were controlled, only 15t ha of the sludges
were added to the soil.

Under open air conditions, enterobacteriaceae in the
heat-dried sludge initialy increased within 10 days,
and higher concentrations were achieved when more
sludge was added to the soil. Within 80 days, regardless
of the amount of sludge used, the concentrations de-
creased to 10° cfu/gram dry matter. Similar behavior
was observed for the enterobacteriaceae in the
non-heat-dried sludge, although lower concentrations
of enterobacteriaceae weredetected after 20 days. Fecal
coliform concentrations peaked within 20 daysin both
sludges, and higher numberswere again observed when
more sludge was added to the soil. E. coli results were
similar totheresultsfor thefecal coliforms, and after 80
days E. coli was undetected in most samples. When
chemical fertilizer was used in soil, growth of some
bacteria seemed to be stimulated, as microorganisms
were still detected after 80 days in the samples.

Inthelaboratory studies, both the enterobacteriaceae
and fecal coliformsinthesoil containing thedairy plant
sludge declined rapidly from 10* CFU/gram dry matter
to undetectable levels within 80 days. For these sam-
ples, E. coli wasinitially undetected, increased within
the first five days, and then decreased rapidly until be-
coming undetected after day 20. For the mechanically
dehydrated sludge, all three organismsdropped in num-
bersover thefirst 5 days, with an increase between day
5 and 10, and then a subsequent decrease to undetect-
ablelevelsafter day 40. In the heat-dried sludge, all or-
ganisms behaved similarly to the other sludge tested.

From these studies, it was concluded that survival of
the E. coli was not dependent on climatic conditions,
such astemperature and moisture. Even when moisture
and temperature conditions were favorable for growth,
adecrease in the concentrations of organismswas seen.
Thisled the authors to believe that survival in soil de-
pends more on the physical and chemical conditions of
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the soil, and on the microorganisms’ ability to survive
on soil nutrients. Regardless of the conditions tested,
most of the populations of microorganismswere below
detectablelevelsafter 80 days, so they concluded that it
does not seem as if a problem exists due to fecal con-
tamination of soil.

Gibbs et al. studied survival and potential regrowth
of microorganisms in a sandy soil amended with
biosolids[13]. Soilswere monitored for up to 37 weeks
for Salmonella, fecal coliforms and fecal streptococci.
The plots used for these experiments were fenced from
the public, but native animalswould still have accessto
the site. Samples were collected from a depth of 10cm
and moisture content and temperatures at the siteswere
monitored. Original fecal coliforms and fecal strepto-
cocci levelswere 6.3 x 10*and 2.8 x 10* CFU/gram, re-
spectively. Thelevel sof bothindicators dropped below
detectable levels within the first 4 to 12 weeks but in-
creased at week 19 following rainfall, which brought
the moisture content of the soil from 1% to 22%. Initial
Salmonella levels were fairly low (0.09 MPN/g) and
were undetected between weeks 8 and 29. During week
36 Salmonella were again detected at low levels (0.72
MPN/g), which were higher than original concentra-
tions detected. Gibbset a. statethat few previous stud-
ies had documented regrowth of Salmonella, whereas
regrowth of indicator organisms was shown to be a
common observation [13]. For example, they referred
to research by Hagedorn, in which increases of indica-
tors occurred in soil amended with digested sludge
[14]. Theregrowth seen here seemed to be dueto storm
events.

Other research has shown that regrowth of indige-
nous Salmonella does not occur in biosolid amended
soil after drying and subsequent rewetting [48]. Inlabo-
ratory studies, anaerobically digested biosolids were
added to aclay loam soil and wereincubated at 30C al-
lowing for desiccationto occur. Anaerobically digested
biosolidswithout the addition of soil wasused asacon-
trol in these experiments. Both indicators and Salmo-
nella decreased to low or undetectable levels within a
few weeks of incubation in both the control and the
amended soil. Indicator concentrations increased fol-
lowing rewetting, whereas Salmonella remained unde-
tected in both biosolidsand amended soil. The possibil-
ity of contamination was not possible in these studies,
and so it was determined that regrowth of indigenous
Salmonella does not occur in biosolids or when
biosolidsareadded to soil. Asmoisturewasnot limiting
following rewetting, regrowth of Salmonella was most

likely suppressed due to competition with coliforms
and other microorganisms.

Pepper et al. showed survival and regrowth of indica-
tor microorganismsin laboratory and field studiesin a
clay and sandy |oam soil commonly found in the South-
west [27]. It was shown that total coliforms, fecal
coliforms, and fecal streptococci all decreased over
time in both clay loam and sandy loam soilsin labora-
tory experiments. Survival decreased with increasing
temperature, and survival was always extended in the
finer textured soil, which offered greater protection of
the organisms. The influence of environmental factors
onthesurvival of indicatorswasdetermined in two sep-
aratefield studiesdoneduring fall and spring. Inthefall
experiment, indicators decreased with decreasing soil
moisture, and regrowth was seen following rainfall. In
the spring experiments, moisture contents were again
correlated with the numbers and regrowth of indicators
observed following rainfall. Death of enteric indicator
organismsin soil is most likely due to different biotic
and abiotic stresses, such asthe presence of indigenous
soil  microorganisms, temperature and moisture
changes, and increased clay content.

Many forest soils result in poor-quality forests, and
so the use of biosolidsis apotential meansfor improv-
ing the quality of these soils. Edmonds determined the
length of survival of total and fecal coliformsin sys-
tems where sludge was applied to clearcut field areas
with gravelly glacial outwash soil [8]. Studies were
doneinthe summer and winter, and samplesweretaken
from the biosolids and the soil beneath the biosolids.
For the sludge applied in the summer, the total
coliforms decreased initially and then increased during
the spring with asubsequent decrease the next summer.
Fecal coliform countsfell morerapidly reaching zeroin
thewinter, and then increasing againin the spring, sum-
mer, and fall. The total and fecal coliforms in the soil
beneath the sludge followed the same pattern but con-
centrations were generally lower.

When sludge was applied in the winter, concentra-
tionsfor bothindicatorsdroppedtolow level swithin 62
days. Total coliformsincreased during spring and fall
and decreased in winter and summer, whereaswhen fe-
cal coliform concentrations reached zero they only in-
creased once during the spring. In the soil beneath the
sludge, fecal coliform levels were essentially zero and
total coliform levels were highest in the late fall and
winter. Indicator survival was related to biotic and
abioticfactors, and regrowth of both organisms seemed
to be influenced by moisture increases due to rainfall.
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Survival also increases when sludges wereinitially ap-
plied in the summer compared to the winter, probably
due to the initial cold temperatures. Indicators were
found in the soil beneath the sludge, but the soil wasan
effective filter and few organisms were found past the
first 5 cm.

Summary

1. Studies evaluating the regrowth of Salmonella and
indicators in biosolid amended soil have shown
mixed results.

2. Regrowth and survival of organisms in biosolid
amended soil is associated with increased mois-
ture.

3. Survival of microorganisms increases in finer tex-
tured soils.

DISCUSSION

Upon reviewing the literature it is apparent that there
are contradictory statementsthat have been madewith re-
spect to survival, growth and regrowth of entericindicator
and pathogenic bacteriain environmental samples. Part of
the problem may be due to comparisons made between
laboratory and field studies; Class B versus Class A
biosolid studies; and studieswhere pathogensin biosolids
are monitored following re-inoculation rather than moni-
toring indigenous populations. In an attempt to defray
this confusion we offer relevant definitions for this area
of research (Table 1).

Survival and Regrowth in Biosolids and Compost

Previousresearch suggestsgrowth of Salmonellaand
enteric indicator microorganisms is possible when in-
oculated into sterile biosolids and compost. Thiswould
only apply in situations where contamination occurs
from outside sources, such asfrom birds and other ani-

Table 1. Relevant terms and definitions for biosolid
and land application studies.

Survival Maintained viability of a microbial population
over time.

Growth Increase in detectable numbers of a known mi-
crobial population over time

Regrowth Increase in numbers after a period of decline in

bacterial numbers of indigenous viable bacteria
Recolonization Reintroduction of bacteria to a substrate
(biosolids) followed by growth

mal's, and when an indigenous popul ationisnot present.
In thisreview, we refer to this as recol onization. When
Salmonella and indicators have been inoculated into
non-sterile biosolids and composts, containing an es-
tablished indigenous population of microorganisms,
growth occurred but could not be maintained. Steriliza-
tion has been suggested as a means for producing safe
biosolidsproducts, but itislikely that aconstant indige-
nous popul ation of coliformsand other organismsises-
sential for preventing growth of Salmonella and E. cali
introduced from outside sources. More research needs
to be conducted in order to determine the actual
regrowth potential for indigenous Salmonella and E.
coli and indicators in biosolids and compost after die
off and subsequent rewetting. Itisstill not understood if
Salmonella actually die, or if they enter a “viable but
nonculturable” state, but understanding this phenome-
noniscrucial in determining if regrowth of indigenous
pathogensis possiblein land applied biosolids foll ow-
ing rewetting.

The survival and potential regrowth of pathogens
during storage of biosolidsis also an important aspect
of biosolids management supported by conflicting
views. Some studies showed that storage of biosolids
did not seem to be an effective means for decreasing
Salmonella in biosolids, due to the fact that mature
biosolids seemed to support growth of pathogens.
Other studies suggest that storage al one can create safe
biosolids products if maintained under specific mois-
ture conditions, asmoisture and temperature are critical
in the survival or inactivation of enteric bacteria in
biosolids and compost. Moist environments allow for
survival of microorganisms, as moisture is necessary
for cellsto function properly. By maintai ning particul ar
temperatures and moisture, and by monitoring matu-
rity, an indigenous bacterial population could be main-
tained inthe stored biosolidswhich should hel p prevent
pathogen regrowth or recol onization during storage.

It was often noted that when biosolids and compost
samples areinitially incubated, an increase in the con-
centration of organisms can occur. Thisincrease could
cause concernif elevated level sare achieved, but thein-
crease is usually followed by a subsequent decrease to
levelsthat would be considered acceptable for land ap-
plication. Most importantly, more field research is
needed for determining survival and the regrowth po-
tential and recolonization for pathogens and indicators
in biosolids and compost under various environmental
conditions. A summary of the literature regarding sur-
vival and regrowth of Salmonella and indicators in
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Table 2. Summary for Salmonella and indicator microorganism survival in biosolids and compost.

Re-inoculated Organisms*

Organisms Indigenous to Biosolids

Organism Environmental Factor Survival Growth Recolonization Survival Growth Regrowth
Salmonella | | | | | NE
E. coli Moisture Increase** | I I I I |
Indicators | | N | | |
Salmonella ) N N | D N N
E. coli Temperature Incrgase with N N | D N N
Indicators Adequate Moisture N N N D N N
Salmonella ) D N N D N N
E. coli Temperature Incre?se without N N N D N N
Indicators Adequate Moisture N N N D N N
Salmonella D D D N N N
E. coli Biotic Competition D D D N N N
Indicators N N N N N N

| = increase, D = decrease, N = no data available, NE = no effect, *due to contamination, and **without freezing.

biosolids and compost is presented in Table 2, which
clearly showsthat there arelarge datagapsin thelitera-
ture.

Survival and Regrowth in Soil and Biosolid
Amended Soil

Regrowth of enteric bacterial indicators in biosolid
amended soil is commonly documented, but experi-
ments done with indigenous Salmonella showed that
regrowthto only low concentrationswasobserved. Pre-
dation and competition from indigenous microflorais
an important aspect affecting the safety of biosolids
when applied to land. Enteric bacterial pathogens are
not adapted for survival in the soil environment, and so
they are often outcompeted or destroyed by predation

from other microorganisms. If a population of indige-
nous microorganisms in the soil or biosolids is main-
tained, then growth of enteric bacterial pathogensfrom
contamination should not be an issue of concern.

As with biosolids and compost, many studies have
been performed with seeded organisms in soil or
biosolid amended soils. Again this only applies to
recol onization and more studies need to be done utiliz-
ing indigenous pathogens. In soil and biosolid amended
soil, survival and regrowthispositively associated with
increased moisture. Survival is also associated with
finer textured soil sand thetemperaturesduring land ap-
plication. A summary of the literature regarding sur-
vival and regrowth of Salmonella and indicatorsin soil
and biosolid amended soil is presented in Table 3,
which again shows major data gaps.

Table 3. Summary for Salmonella and indicator microorganism survival in soil and biosolid amended soil.

Re-inoculated Organisms*

Organisms Indigenous to Biosolids

Organism Environmental Factor Survival Growth Recolonization Survival Growth Regrowth
Salmonella | | N | \Y Vv
E. coli Moisture Increase** N N N I I |
Indicators | | | | | |
Salmonella ) N N N N N N
E. coli Temperature Incrgase with N N N N | |
Indicators Adequate Moisture N N N | | |
Salmonella . N N N N N N
E. coli Temperature Incregse without N N N N N N
Indicators Adequate Moisture D N N D N N
Salmonella N N N D D D
E. coli Biotic Competition D D D N N N
Indicators D D N D D N

| = increase, D = decrease, N = no data available, V = variable effects , *due to contamination, and **without freezing.
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A CONCEPTUAL FRAMEWORK FOR
REGROWTH

Tablelillustratesthat regrowth can be differentiated
from recol onization when different sources of microor-
ganisms are being considered. However, in both cases,
an increased number of organismsis observed. Three
other parameters appear to determine whether or not
overall numbers of a given population increase or de-
crease. One parameter isclearly the moisture content of
the environmental matrix, with microbial numbers of-
ten increasing following rainfall events. The second
factor seemsto bethe critical mass of agiven indicator
or pathogen population surviving at any point in time.
Basic soil microbial ecology principles suggest that
very small initial microbial populations behave differ-
ently insoil than larger populations[21]. Differencesin
growth characteristics can easily be observed in pure
culture, when initial inoculant doses are varied. Spe-
cifically, with low inoculant doses, along lag phase oc-
curs prior to exponential growth. Therefore it is also
possiblethat in environmental samples, acritical patho-
gen threshold population is a prerequisite for an in-
creasein numbersof agiven pathogen population, even
if conditions become favorable. If so, the effect of a
given environmental parameter may depend onwhether
the population is above or below the threshold. Finally,
the presence of indigenous non pathogenic popul ations
appear to influence pathogen survival and growth.
Large populations of indigenous microbes clearly im-
pose biotic stress on pathogensthrough competition for
resources. These concepts are illustrated in Figure 1.
Based on Table 3 and Figure 1, rational explanations of
cited literature can be made.

Figure 1(a): Under non-stressful soil conditions, the
microbial pathogen population survivesand growth oc-
curs after arainfall event.

Figure 1(b) Rainfall event occurs after the pathogen
population has decreased beneath the critical threshold
required for growth, hence die-off occurs.

Figure 1(c): Rainfall event occurs when the pathogen
population hasinitially decreased but isstill at or above
critical threshold, hence regrowth occurs.

Figure 1(d): Pathogen popul ation decreases beneath
the critical threshold, but reinoculation increases the
numbers to above the threshold. Hence following rain-
fall, recolonization occurs.

Based on these concepts, it may well be that true
“regrowth” rarely occurs. However, “recol onization” of
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Figure 1. Influence of number of organisms and enhanced moisture
on growth, die-off, regrowth and recolonization phenomena.
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Class A materialsis possible for example during com-
posting of biosolids viawindrows. Here “hot spots” of
pathogens on the exterior of the windrow can act as a
source of reinoculation during the turning and mixing
of thewindrow. Recolonization can & so occur viaani-
mal waste contamination. Hence, Class A materias
need to be stored carefully, prior to land application. In
addition, duetoindigenous biotic competitionitisvery
unlikely that regrowth or recolonization of ClassB ma-
terialsoccurs, particularly when such materialsareland

applied.
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