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Fecal Bacteria Survival and Infiltration through a Shallow Agricultural Soil:
Timing and Tillage Effects

C. S. Stoddard, M. S. Coyne,* and J. H. Grove

ABSTRACT

Human and livestock exposure to fecal pathogens via contaminated
surface or groundwater is an important water quality concern for soils
receiving animal wastes. The effects of manure application timing
(spring or fall application) and soil management (no-tillage or conser-
vation tillage) on fecal bacteria infiltration through shallow karst soils
in central Kentucky (the Bluegrass region) have not been evaluated.
We performed a field experiment to measure fecal coliforms and fecal
streptococci in leachate from dairy manure-amended no-tillage and
conservation tillage soils. Manure significantly increased fecal bacteria
in leachate compared with unmanured treatments. After manure ap-
plication, the leachate that collected in zero-tension lysimeters 90 cm
below the soil surface contained up to 6 × 104 fecal coliforms/100 mL
and generally exceeded 3 × 103 fecal coliforms/100 mL. Neither the
timing nor the tillage method significantly affected fecal coliform
concentrations in leachate. Fecal bacteria in leachate declined to non-
detectable levels within 60 d of manure application. In the well struc-
tured soil used in this experiment, fecal bacteria moved below the
crop root zone whenever there was rainfall of sufficient duration or
intensity to cause flow after manure application. Manure application
to no-tillage soil in spring did not accelerate water contamination by
fecal coliforms relative to fall manure applications. No-tillage did not
accelerate water contamination by fecal coliforms relative to tilled
soils. The potential for groundwater contamination depended on soil
structure and water flow more than on fecal bacteria survival at the
soil surface.

(E. coli) move rapidly through well-structured soils with
moderate to high water addition rates (Smith et al.,
1985). Rahe et al. (1978) demonstrated that E. coli re-
covery in sampling wells distant from a point source of
contamination could occur before E. coli recovery closer
to that point source. Significant water quality degrada-
tion can occur soon after liquid manure application to
tile-drained soils (Dean and Foran, 1992).

The effect of tillage (or lack thereof, i.e., no-tillage)
on bacterial infiltration is poorly documented for field
conditions. Evidence of microbial transport through
well structured soils (Smith et al., 1985) and of no-tillage
effects on soil structure and water transmission (Blevins
et al., 1983) suggest that no-tillage would enhance bacte-
rial movement through soil. Dean and Foran (1992)
noted that fields tilled before manure application had
insignificant microbial contamination in the drainage
water. They suggested that shearing of macropores at
the soil surface limited microbial transport.

The objectives of this field study were to evaluate
fecal coliform and fecal streptococci transport through
shallow no-tilled and conservation tilled soil amended
with dairy manure in the fall and spring, and to assess the
survival of these indicator bacteria in the manured soil.

ONE of the main concerns with land-applying animal
manure is that bacterial pathogens will reach

groundwater. Considerable research has addressed the
characteristics (Fontes et al., 1991) and modeling (Corap
cioglu and Haridas, 1985; Peterson and Ward, 1989)
of bacterial transport in homogenous (Gannon et al.,
1991a,b), undisturbed (Smith et al., 1985), and model
(Sharma and McInerney, 1994) soil systems. Soil tillage
management also affects whether soil is a good or poor
medium for bacterial filtration, but this has not been
widely evaluated at the field scale. In shallow, well-
drained, karst soils, which occur in central Kentucky
(the Bluegrass region), no-tillage is practiced to control
erosion, but the consequences of manure application to
no-tillage soils, and its effect on groundwater, are undoc-
umented.

Agronomic practices, such as manure application and
no-tillage, influence soil structure and affect water
movement. Well structured soils may have macropore
flow, which allows water infiltration without appreciably
wetting the soil mass (Thomas and Phillips, 1979). Sol-
utes and bacteria can rapidly move from the soil surface
to significant depths, followed by a slower moving front
of displaced water. For example, Escherichia coli
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MATERIALS AND METHODS

Study Site and Experimental Design

This experiment started in 1991 at the Kentucky Agricul-
tural Experiment Station in Lexington to examine the re-
sponse of continuous corn (Zea mays L.) and vadose zone
water quality to dairy (Bos taurus) manure application, tillage,
and fertilizer N rate. Only the water quality data with respect
to fecal bacteria concentrations are reported here. The soil
was a Maury silt loam (fine, mixed, mesic Typic Paleudalf),
a well drained soil formed in the residuum of phosphatic
Ordovician limestone. The site was in bluegrass and fescue
sod (Poapratensis L. and Festuca arundinacea L., respectively)
for at least 10 yr before initiating the experiment.

A typical pedon for the Maury series has weak to moderate
granular structure in the Ap horizon (0-18 cm) (A.D. Karatha-
nasis et al., 1993, unpublished data). The BA horizon (41-32
cm) has weak medium subangular blocky structure. The Btl
(32-48 cm) and Bt2 horizons (48-63 cm) exhibit moderate
medium subangular blocky structure. The Bt3 horizon (63-102
cm), which includes the depth to which lysimeters were in-
stalled, has moderate medium and coarse subangular blocky
structure. Depth to bedrock ranges from as little as 152 cm to
greater than 502 cm. Maury soils at this site have permeability
ranging from 5 to 15 cm/h (Blevins et al., 1990).

The experimental design was a split-plot laid out in three
randomized blocks. Treatment structure was a complete facto-
rial with six tillage-manure timing treatments and 3 N rates
as subplots. Main plots consisted of (i) no-tillage, no manure;
(ii) no-tillage, fall manure; (iii) no-tillage, spring manure; (iv)

Abbreviations: CFU, colony forming units; GLM, general linear mod-
els; LSD, least significant difference.
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no-tillage, fall and spring manure; (v) conservation tillage (i.e.,
chisel/disk), no manure; and (vi) conservation tillage, spring
manure. This report includes data collected in a 2-yr period
from April 1993 to March 1995.

Lysimeter Installation

Twenty stainless steel, tension-free, pan lysimeters (Tyler
and Thomas, 1977) were installed within the field experiment
in April and May 1993 to observe treatment effects on ground-
water quality. The lysimeters measured 0.61 by 0.91 m in area,
and were 25.4 cm at their deepest point. The top of each
lysimeter was covered by stainless steel expanded metal and
two sheets of wicking nylon cloth to exclude sediment and
to maintain hydraulic contact with the overlying soil. Each
lysimeter had a volume of approximately 85 L (15 cm rain
capacity). Lysimeters were installed in two replicates of sub-
plots (those amended with 0 and 168 kg N/ha) within the main
plot treatments (tillage-manure timing). Sixteen of the 20 pans
were used to test tillage and presence or absence of spring
manure and 8 of the 20 pans were used to test manure timing
effects (data from some sets of pans were applicable to more
than one treatment effect).

The lysimeters were placed at a 90-cm depth, midway be-
tween the two center corn rows in each plot, and 1.8 m from
the end of selected plots (Fig. 1). To minimize soil disturbance,
a trench was dug adjacent to selected plots. Soil from the
trench was separated into subsoil and topsoil for backfilling.
A lysimeter was installed under each selected plot by digging
a slot in the trench wall so that the front of the lysimeter was
flush with the trench wall. The top of each slot was prepared
to facilitate uniform contact with the surface of the lysimeter.
The soil was then packed tightly around the lysimeter to ensure
good contact between it and the soil, and to prevent movement
of the lysimeter or overlying soil. Once lysimeter installation
was complete, a PVC access tube was attached with a liquid
sealant to an elbow joint on the lysimeter, and the trench was
backfilled according to soil layer. The elbow joint prevented
channeling of leachate around the PVC pipe from directly
entering the lysimeters.

Field Operations

Dairy manure was surface-applied with a commercial
spreader to appropriate main plots before planting in late
April to early May for the spring manure treatments, and
postharvest in early to mid-November for the fall manure
treatments. The manure was 20 to 35% solids and exposure to
sunlight before application was minimal. The seasonal delivery
rates (Mg/ha dry manure) were 10.3 in spring 1993, 8.6 in fall
1993, 11.6 in spring 1994, and 15.9 in fall 1994.

Immediately following spring manure application, tilled
treatments were chisel plowed to a depth of 20 to 25 cm and
disked twice. Chiseling was performed using twisted 10-cm
shanks on 30-cm centers. No cultivation was performed on
the no-tillage plots, including those that received manure.
Corn cultivar Pioneer ’3279’ was planted on 21 May 1993 and
10 May 1994 at 57 000 seeds/ha. Contact and preemergence
herbicide applications resulted in excellent weed control. Ni-
trogen fertilizer was top-dressed 5 to 6 wk after planting.
Winter rye (Secale cereale L.) was drilled in 17.8 cm rows on
all plots after harvest, but before fall manure application.

Leachate Sampling

Leachate sampling began on 14 June 1993 (approximately
1 mo after installation of all pans was completed) before fall
manure addition, and continued through 15 Mar. 1995. Lea-
chate was collected and volumes measured 24 to 48 h after each
rain of sufficient intensity and/or duration to cause drainage.

Fig. 1. Illustration of iysimeters installed 90 cm below the soil surface.
Soil above the lysirneter was not disturbed.

Samples were collected using a hand-held plastic rotary pump.
The pump, tubing, and sample container were rinsed with
deionized water before sampling. The first 200 mL of leachate
from a lysimeter was used to rinse the pump, tubing, and
sample container and discarded. A 500-mL aliquot (or the
remainder of the leachate in the lysimeter) was then collected
for analysis. Approximately 120 mL was poured into an auto-
claved plastic bottle for bacterial analysis. The lysimeter was
then pumped dry and the volume recorded. This procedure
was repeated for each lysimeter. Leachate samples were refrig-
erated at 4°C and analyzed for fecal coliforms and fecal strep-
tococci within 2 d, usually within 24 h.

Fecal Bacteria Survival in Manured Soil

Three survival studies were performed, the first in May
1993, the second in November 1993, and the third in April
1994. A few samples were also taken following manure appli-
cation in the fall of 1994. Immediately after the May 1993
manure application, nine soil cores (0-15 cm depth) were
randomly taken along the length of each main plot with a
hand-held soil probe, alternating between the rows of stalks,
composited, placed in sterile plastic bags, and refrigerated at
4°C. Only no-tillage plots and plots that received spring ma-
nure were sampled. Three unmanured strips were also sam-
pled as controls and as baseline measurements of fecal coli-
forms and fecal streptococci in soil. Soil samples were collected
using this protocol every week for 5 wk, then on a monthly
basis until bacteria counts declined to levels comparable to
those of the unmanured controls. Immediately after the No-
vember 1993 manure application, samples were taken from
no-tillage plots that received manure. Sampling frequency was
every 2 d for 2 wk, then at weekly intervals for 4 wk, and on a
monthly basis thereafter. Background bacterial concentrations
were determined in plots 1 d before manure application.

The main goal of the survival study performed in spring 1994
was to observe the effects of tillage (no-tillage vs. conservation



1518 J. ENVIRON. QUAL., VOL. 27, NOVEMBER-DECEMBER 1998

tillage) on bacterial mortality after spring manure application.
Surface soil samples were taken every 2 wk, as previously
described, on appropriate main plots immediately following
manure and tillage operations.

Fecal Bacteria Analyses

Within 24 h of soil sample collection, fecal coliforms in soil
were quantified by membrane filtration and most probable
number methods, while fecal streptococci were quantified by
membrane filtration methods alone (APHA, 1992). Ten grams
of hand sieved, moist soil were added to 90 mL of sterile
0.05% NaC1/phosphate buffer and agitated on a mechanical
shaker for 20 min. These solutions were serially diluted 10-
fold. Soil moisture was measured on all soil samples and results
are expressed as colony forming units (CFU) on an oven-dry
soil weight basis.

Presterilized, gridded, 0.45-p~m membrane filters were used
for membrane filtration. Duplicate filters were inoculated with
10 mL each of sample from an appropriate dilution (one that
would yield between 20 and 200 well-isolated colonies) and
placed on Difco mFC agar (Difco Co., Detroit, MI) for fecal
coliforms, and Difco KFS agar for fecal streptococci, mFC
agar plates were incubated at 44.5°C for 24 h and KFS plates
were incubated at 35°C for 48 h. Only those glistening colonies
that were blue to dark blue on mFC plates were counted as
fecal coliforms. All red to rust-colored colonies that could be
seen without magnification on KFS plates were counted as
fecal streptococci.

The MPN method was performed using Difco EC-MUG
(E. coli 4-methylumbelliferyl [3-D-glucuronide) broth with
5 tubes/dilution. One mL of sample was added to each tube,
incubated at 44.5°C for 48 h, then exposed to long wave UV
light (366-qm) for enumeration. Fluorescence indicated a posi-
tive (presence of [3-glucuronidase positive E. coli) MUG reac-
tion. The MPN of fecal coliforms in soil was calculated ac-
cording to published tables in Alexander (1982) for use with
10-fold serial dilutions and 5 tubes/dilution.

Fecal coliforms were enumerated in leachate samples from
the lysimeters to assess the extent of fecal coliform infiltration
through the Maury soil (fecal streptococci data were incom-
plete and they are not reported in this study). Leachate sample
data correspond to manure applications on 12 May 1993, 24
Nov. 1993, 20 Apr. 1994, and 30 Nov. 1994. Leachate samples
were refrigerated at 4°C until enumeration. Fecal coliform

analyses were performed using the membrane fiblration tech-
nique previously described.

Statistical Analyses

Soil samples were analyzed for bacterial mortality studies
after assuming logarithmic first-order exponential decay (Eq.
[11):

M, = Moe-k’ [1]

where Mt = the microbial concentration at time. t, Mo = the
initial microbial concentration, k = the first order rate coeffi-
cient for the net mortality rate for organisms/dayl and t =
the time in days. Regression analyses were performed on the
average plate counts of fecal coliforms and fecal streptococci
for each field replication after any regrowth had occurred. The
data from each season were modeled, assuming an exponential
death rate as given in Eq. [1] for the entire sampling period
within each season (147 d for spring and 112 d for fall in 1993;
80 d in spring 1994). The average daily air temperature during
the study period is shown in Fig. 2.

The leachate data were analyzed by subdividing the year
into eight seasonal periods as described in Table 1. Grouped
data facilitated analysis and reduced the influence of individual
events on variation. Mean microbial counts for fecal coliforms
in leachate samples were analyzed, by period, after log trans-
forming the original data to stabilize the variances (no flow
weighted averaging was performed). A normal distribution of
the transformed data was assumed. Statistical analyses were
performed using the Statistical Analysis System v. 6.0 (SAS
Inst., 1989). The general linear models (GLM) procedure 
used for the analysis of variance. Separate statistical analyses
were performed on the lysimeter data to determine the main
effects of spring manure application and tillage (16 pans) and
the main effects of manure application timing (eight pans).
The manure timing analysis was performed as a 2 x 2 factorial
arrangement (presence vs. absence of manure by fall vs. spring
application). Means separation among treatments was deter-
mined by least significant difference (LSD). Though a signifi-
cance level of a = 0.05 is traditional, consideration of the
relative risk of Type I or Type III decision errors, vs. Type
II decision error, led us to choose a significance level of a =
0.25. For a thorough discussion of the consequcnce of signifi-
cance level selection on risk assessment and management deci-
sions, see Carmer and Walker (1988).

VIII

1993 1994 1995
Fig. 2. Average dally air temperatures at the experiment site for the 3-yr period encompassing the study. Arrows indicate dates of manure

application corresponding to 12 May 1993, 24 Nov. 1993, 20 Apr. 1994, and 30 Nov. 1994. The relevant periods into which the data was
organized for statistical analysis are denoted by the roman numerals between the delineating lines. The corresponding dates for each period
are given in Table 1.



STODDARD ET AL.: FECAL BACTERIAL SURVIVAL AND INFILTRATION

Table 1. Sample periods for leachate analysis and precipitation measures.

1519

Inclusive Rain’~ Sampling Total Maximum Average
Period dates events events precipitation rain event rain event

cm HzO
Spring 1993 15 April-

30 June 15 4 26.9 6.0 2.0 ± 1.7:~
Summer 1993 1 July-

14 November 25 4 46.7 8.7 1.7 ± 2.1

Fall 1993 15 November-
31 December 10 3 14.4 8.8 2.2 ± 2.7

Winter 1994 1 January-
14 April 20 6 42.7 6.3 2.0 -+ 2.1

Spring 1994 15 April-
30 June 16 4 20.9 5.3 1.9 -+ 1.9

Summer 1994 1 July-
14 November 21 3 34.3 6.8 1.5 ± 1.5

Fall 1994 15 November-
31 December 8 3 12.6 3.6 1.8 ± 1.5

Winter 1995 1 January-
14 April 21 5 25.5 5.7 1.1 ± 1.6

A rain event was considered to be all consecutive days in which measurable precipitation occurred (>0.03 cm).
Mean -+ 1 standard deviation.

RESULTS

Fecal Bacteria Survival in Soil

Most probable number is the preferred method to
enumerate fecal coliforms in soil because soil particu-
lates and debris tend to clog and obscure filters and
make enumeration difficult when the membrane filtra-
tion method is used (Turco, 1994). Nevertheless, 
used membrane filtration to enumerate fecal coliforms
in our soil samples because sufficient dilution occurred
during dilution procedures to minimize filter clogging,
and because regression analysis performed on the log-
transformed soil and water data showed a significant
(p - 0.01) linear correlation (r = 0.91 and 0.95, respec-
tively) between fecal coliform enumeration by mem-
brane filtration or MPN (Fig. 3). Therefore, fecal coli-
form data are presented as colony forming units as
measured by membrane filtration. This allowed a direct
comparison to fecal streptococci data, which were only
obtained by membrane filtration. Even though extrac-
tion efficiency was undoubtedly <100%, all samples
were treated identically, so the test of treatment effects
on fecal bacteria survival should not have been com-
promised.

The mean fecal coliform and fecal streptococci num-
bers in manured treatments sampled immediately be-
fore and after manure application are presented in Table
2. Manure was unevenly distributed within main plots;
consequently, microbial concentrations were extremely
variable. The mean fecal coliform and fecal streptococci
concentrations in the control samples before manure
application (approximately 50 CFU/g) were used to de-
termine when manured treatments reached background
levels. Fecal coliforms and fecal streptococci declined
to background levels in about 6 mo after spring manure
applications and within 2 mo after fall manure applica-
tions (Fig. 4).

Fecal coliform mortality was significantly affected by
season. Fecal coliform mortality was delayed in spring
1993 but began immediately after manure application

in fall 1993. The mortality rate constant (k) for fecal
coliforms after the fall application was significantly
greater than after spring application (p <- 0.05) (Table
3). In contrast, the fecal streptococci mortality rate was
significantly greater in spring than in fall (p -< 0.05)
(Table 3).

No differences due to tillage were found in the mortal-
ity rate constants after the 1994 spring manure applica-

10

--= 0

Water
y=O.O7+O.93X

ye

~=0.90

I ~ I ~ I , I , I
0 2 4 6 B

In MPN ~cal coliforms lOOmL1

14
Soil ~3
y = 0.53 + 0.90x 0

0 0 ~,~ ~_~1~ rz = 0.83
0o~0Ci. :r~;~~ 13

~ 10 ~-

o o
4

c 2 "~o °o o

0 2 4 6 8 10 12 14

In MPN fecal conforms g’~ soil

Fig. 3. Regression analysis of the correlation between fecal coliforms
in soil and water samples enumerated by either membrane filtration
or most probable number (MPN) techniques.
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Table 2. Initial fecal coliform (FC) and fecal streptococci (FS) concentrations in manured and unmanured soils.

Unmanured~ Manured
Application
date FC FS FC FS

10May 1993 7 × 101 ± 5 × 10t~
24 Nov. 1993 I × 101 ± 7 × 10°
20April 1994 3 × l0t ± 4 × l0t

colony forming units/g dry soil
1× 10z± 1× 102 5 ×10s ±4×10s

2× 102± 1 × 10z 7×10s±2×10s

nd§ 7×10s± 2 ×10s

7 × 10~ ± 4 × l0s
9 × l0s ± 5 × l0s
1 × l0s ± 3 × l0s

"~Unmanured treatments were sampled 1 d before manure application.
:~± 1 Standard error of the mean (n = 3).
§ No data.

tion (Table 3), but tillage affected the total fecal bacteria
enumerated at each sampling event. Conservation tilled
soil had consistently fewer fecal coliforms and fecal
streptococci/gram dry soil than did no-tillage soil, pre-
sumably because greater dilution of fecal bacteria oc-
curred within the tilled soil (data not shown).

Fecal Coliform Transport

Fecal coliforms moved to at least 90 cm (the depth
of the lysimeters) with the first rain sufficient to cause
leaching after manure application. Of the 136 rain events
that occurred during the study, 24% produced enough
leachate to sample (Table 1). Modest rain could cause
leaching. The first event after the three initial manure
applications averaged only 1.4 cm (3.3 cm for the last
manure application).

A comparison of the fecal coliform leachate concen-
trations in spring manure treatments and unmanured
controls is presented in Table 4 (fecal streptococci data
are not shown due to missing data). Contamination of
leachate in the controls and fall-only manure treatments
occurred after the spring application. This contamina-
tion was most likely due to the manure application
method, since the commercial spreader used in this ex-
periment had some over spray. Manure application sig-
nificantly increased fecal coliform concentrations in
leachate compared to unmanured controls (p <- 0.25)
in spring 1993 and 1994, and winter 1995.

In the first lysimeter sample after spring manure-
application, fecal coliform concentrations in no-tillage

14
13
12
11
10

~ 7It.

5
4
3
2

Apr Jul Oct Jan
1993 1994

Apr Jul Oct Jan
1995

Fig. 4. The mean fecal coliform (FC) and fecal streptococci (FS) 
centrations/gram of dry soil as affected by manure application
during the study period. Manure was appfied in April and Novem-
ber of each year. Basefine is the mean fecal coliform and fecal
streptococci concentration in unmanured plots.

leachate were as great or greater than those found in
leachate from tilled soil (Fig. 5). Although conservation
tillage treatments tended to have higher mean fecal
coliform concentrations throughout the experiment, this
trend was not consistent. Tillage significantly affected
fecal coliform leachate concentrations only in the spring
and fall of 1993, and spring 1994 (p -< 0.25) (Table 
After the spring 1993 manure application, no-tillage had
significantly higher fecal coliform concentrations than
conservation tillage treatments (p <- 0.25). This result
was reversed after the spring 1994 manure application.
So, no conclusions can be drawn.

Average fecal coliform concentrations exceeding
60 000 CFU/100 mL were measured following manure
applications in spring and fall of 1994 (Fig. 6). The
heaviest manure applications were also made during
these periods. Fecal coliform concentrations in leachate
from manured plots declined to nondetectable levels
within 60 d, and thereafter were not significantly differ-
ent from unmanured treatments until the next manure
application. Fecal coliform concentrations fluctuated
frequently, however, often increasing again after the
initial drop in concentration (Fig. 6) but not to levels
exceeding 200 CFU/100 mL.

The main effect of manure timing on fecal coliform
concentrations was usually significant (p -< 0.25) in the
period when manure was applied (i.e., spring and fall of
1993 and 1994) (Table 4). Thus, the treatment receiving
both fall and spring manure applications usually had the
highest mean fecal coliform concentrations in leachate
samples throughout the experiment, ranging from non-
detectable levels to 665 CFU/mL (Table 4).

Table 3. First-order mortality rates (k) and half-lives (t~) of fecal
coliforms (FC) and fecal streptococci (FS) after manure appli-
cation.

Period TillageS" Organism r2 (In CFUId) t~2§

1993
Spring NT FC 0.71 0.09b 7.7
Fall NT FC 0.88 0.12a 5.8
Spring NT FS 0.55 0.08a 8.7
Fall NT FS 0,75 0.05b 13.9

1994
Spring NT FC 0.72 0.10a 6.9
Spring CD FC 0.76 0.10a 6.9
Spring NT FS 0.70 0.09a 7.7
Spring CD FS 0.65 0.08a 8.7

NT = no-tillage, CD = chisel/disk.
Estimated die-off coefficienffday assuming logarithmic first-order die-
off kinetics. Values within the same organism class with the same letter
are not significantly different (p < 0.05).
Days needed to reduce fecal bacteria populations by 50%.
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Table 4. Average fecal coliform concentrations in lysimeter pans as affected by manure and tillage for the eight periods of the study
(April 1993-April 1995).

Sample period
Treatment

Spring Summer Fall Winter Spring Summer Fall Winter
Manure~- TillageS: 1993 1993 1993 1994 1994 1994 1994 1995

CD
NT

mean in CFU§/100 mL
Main effect of presence/absence of spring manure

1.3b 1.2a 1.1a 0.07a 3.7b 1.7a 0.7a 0.1b
2.9a 1.7a 1.8a 0.10a 5.2a 1.2a 0.5a 0.4a

Main effect of tillage
1.8b 1.7a 1.9a 0.10a 4.7a 1.3a 0.7a 0.2a
2.9a L2a LOb 0.07a 4.3b LSa 0.Sa 0.4a

Main effect of manure timing
N NT 3.1 1.9 1.0 0.3 4.7 2.2 0.7 0.4
S NT 2.0 1.9 nd nd 5.3 1.0 nd 0.7
F NT 2.8 2.7 4.6 0.7 5.1 1.4 5.5 0.6
F + S NT 4.0 3.2 3.8 0.3 7.7 0.8 6.5 1.3
LSD(0.25) 1.2 1.3 1.5 0.4 0.9 1.6 0.8 0.4

N = none, S = spring, F = fall, and F + S = fall and spring manure application.
CD = chisel/dlsk, NT = no-tillage.
Mean of the natural log of fecal coliform colony forming units/100 mL leachate. Means within a main effect and a sampling period, with the same letter,
are not significantly different (p > 0.25).
Not detectable.

DISCUSSION

Methodological Considerations

Leachate collection was performed without surface
sterilizing the sampling equipment between lysimeters,
so cross contamination between lysimeters was a con-
cern. However, considerable rinsing of the sample
equipment with distilled water occurred between sam-
pies, and the sampling equipment was also rinsed with
leachate from each lysimeter. Since the approved
method for minimizing cross contamination in the mem-
brane filtration method is simply to rinse each funnel
unit thoroughly with distilled water (APHA, 1992), the
field protocol was judged to be sufficiently rigorous to
negate cross contamination between lysimeters. There
was no evidence that cross contamination occurred in
our membrane filtration results.

The holding time (maximum of 2 d) of leachate sam-
pies was longer than prescribed by standard methods
for fecal coliform analysis in water (APHA, 1992). The
principle concern is that mortality of fecal coliforms
during storage would cause the potential for water con-
tamination to be underestimated, which has serious reg-
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Fig. 5. Average fecal coliform (FC) concentration in leachate samples
as affected by tillage during the study. Vertical lines indicate when
manure was applied.

ulatory impacts for drinking and recreational water. Our
study, however, was not designed to generate data appli-
cable to regulatory standards for water quality analysis;
it was constrained by its need to adequately compare
treatment effects. Consequently, we ensured that hold-
ing times were identical for all samples collected on the

Jul Oct Jan A )r Jul Oct Jan
1993 1994 1995

Fig. 6. Average fecal coliform (FC) concentrations in ieachate sam-
ples as affected by manure application. Manure was applied in
April and November of each year.
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same date rather than that they were all analyzed within
24 h.

We did not feel constrained to process our samples
for analysis within 24 h because Howell et al. (1996)
demonstrated that fecal coliforms in cattle manure re-
suspended in water samples at 4°C (the holding temper-
ature for our study) had a half-life of 15.6 d. Conse-
quently, we assumed that the potential mortality during
a maximum 2-d holding period would not have affected
the treatment comparisons in our study.

Fecal Bacteria Survival in Soil

Fecal bacteria numbers in soil usually decline to pre-
application levels in 2 to 3 mo depending on soil temper-
ature and potential exposure to desiccation and ultra
violet light (Elliot and Ellis, 1977). Modeling fecal bacte-
ria mortality within the surface 15 cm of no-tillage soil
by first-order exponential decay was adequate to assess
their decline in our study, but was complicated by a
delay in the initial decline of the fecal bacteria, and
their occasional regrowth. Moist conditions, mild tem-
peratures, and manure crusting all contribute to fecal
bacteria regrowth (Crane et al., 1980). Our enumeration
procedures also quantified only culturable cells. We as-
sume that injured/viable but nonculturable cells were
present, but that their mortality rates were similar to
that of the viable cells. Davies et al. (1995) showed that
the proportion of culturable to viable but nonculturable
E. colt in freshwater sediments was constant. Thus, we
have probably underestimated the total fecal bacteria
numbers at each sample period in soil and water, but
reasonably reflected how those bacteria behave in terms
of survival and transport in manure-amended fields rela-
tive to the treatments that we imposed.

Mixing soil and manure, in addition to diluting fecal
bacteria, often increases fecal bacteria mortality rates
(Reddy et al., 1981). Alternatively, manure may form
crusts in no-tillage treatments, and fecal bacteria may
persist within the crusted manure until their release by
rainfall because of decreased interaction with the soil
and atmosphere (Thelin and Gifford, 1983). However,
the mortality rates for the 1994 manure application
showed almost no difference between incorporated and
unincorporated manure. Crust formation was either not
great enough to enhance bacterial survival (for example,
provide protection from desiccation and ultra violet
light), or tillage operations were insufficient to cause
greater soil-manure contact in conservation tillage
treatments and increase the mortality rate for these
bacteria.

The fecal streptococci enumerated in this study did
not necessarily originate from the dairy manure, which
complicated analysis of their mortality. Many fecal
streptococci are indigenous soil residents and the heter-
ogeneity of fecal streptococci in manure and soil may
have affected the mortality rates we observed. Fecal
streptococci regrowth in these samples may simply be
a response of indigenous fecal streptococci to additional
nutrients supplied by manure.

The most rapid mortality of fecal coliforms occurred

after the fall manure application. This was most likely
due to freezing conditions, which are usually lethal to
fecal bacteria, especially when several freeze-thaw cy-
cles occur in conjunction with high (>35%) soil mois-
ture levels (Kibbey et al., 1978). Night temperatures
following the fall 1993 manure application were below
freezing within the first week, and by the end of Decem-
ber the temperature had dropped as low as -20°C.

Fecal Bacteria Transport

Fecal coliform concentrations in leachate samples and
the potential for groundwater contamination from sur-
face-applied manure were similar, regardless of when
manure was applied. Midsummer or midwinter applica-
tions might have given dramatically different results
because of greater climatic stress (e.g., desiccation or
freezing). The average rain events in summer periods,
for example, were among the lowest we observed in
the study. From an agronomic point of view, however,
manure application during midsummer or midwinter
would be neither common nor recommended practice.

While the observed mortality rates in this study were
greater in fall than spring, this difference was not large
enough to attenuate leachate concentrations after a late
fall manure application. Rather, bacterial concentra-
tions in leachate samples were similar regardless of
when manure was applied (Fig. 4). Additionally, mortal-
ity rates appeared to have little effect on the time re-
quired for leachate samples to drop to preapplication
levels. This suggests that the mortality rate of fecal colt-
forms within 2 mo after a manure application has little
bearing on the potential for bacterial groundwater con-
tamination. Instead, the potential for groundwater con-
tamination depended more on soil structure and wa-
ter flow.

The elevated fecal coliform concentrations that ap-
peared in leachate with the first rain sufficient to cause
drainage after manure application were consistent with
other studies (Dean and Foran, 1992). The decreased
concentrations with subsequent drainage events after
manure application may have occurred because, in addi-
tion to bacterial mortality, the bacteria moved into the
soil matrix and sorbed to clay particles. The fecal bacte-
ria did not necessarily die, but they did not move into
the lysimeters with subsequent rainfall until saturated
conditions occurred. Bacteria sorbed to soil can become
resuspended and travel significant distances under satu-
rated conditions (Rahe et al., 1978). Fecal coliform per-
sistence after spring, moreover, may have contributed
to the increased concentrations that we observed in
leachate during the late summer of 1993 and 1994, be-
fore the fall manure application.

Disturbed or plowed soils may dramatically attenuate
bacterial concentrations in leachate water (Dean and
Foran, 1992; Smith et al., 1985), so it was interesting
that average fecal coliform concentrations in leachate
from plowed plots tended to be as high or higher than
those from no-tillage plots. The tillage operations, which
were a form of conservation tillage, may ihave insuffi-
ciently disrupted soil structure. On the other hand, Qui-
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senberry and Phillips (1976) observed that macropore
flow is still possible in tilled soil at the lower boundary
of the Ap horizon when the soil is not saturated.

Manure crusting in the no-tillage plots may also have
prevented interaction of bacteria with rain. Dried ma-
nure deposits exhibit hydrophobic properties (Edwards
et al., 1993; Thelin and Gifford, 1983). In addition to
providing protective cover, the crusted manure we
observed on the no-tillage plots may have prevented
water from moving through the deposits, thus lowering
leachate concentrations compared to conservation till-
age plots.

CONCLUSIONS
There can be immediate, negative effects of dairy

manure application on the bacterial quality of vadose
zone water. Substantial fecal coliform movement be-
yond the root zone occurred whenever there was a rain
of sufficient duration or intensity to cause flow, and
substantial fecal contamination of leachate occurred re-
gardless of whether manure was fall or spring applied.
The seriousness of fecal bacteria movement depends on
the proximity of wells and springs to manure application
sites, and the dilution of fecal bacteria that occurs in
vadose zone water. These were issues that this study
could not address. Fecal coliform concentrations, as an
indicator of potentially serious bacterial pathogens, usu-
ally declined below detectable levels within 60 d of
manure application, which corresponded to the time
needed for the fecal coliforms to die-off at the soil
surface.

In this study, tillage had no consistent affect on the
concentration of fecal coliforms in leachate. The lack
of significant differences probably occurred because the
tillage performed in conservation tillage plots was insuf-
ficient to cause substantial changes in soil structure,
moisture, and infiltration. Spring manure was usually a
statistically significant factor in many responses, but the
manure x tillage interaction was not. Therefore, the
agronomic benefits (increased yields) and environmen-
tal problems (increased fecal bacteria in leachate) asso-
ciated with spring manure application applied equally
to both tillage systems used in this experiment.
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