
Microbial Communities in High and Low Recharge
Environments: Implications for Microbial Transport in the
Vadose Zone

D.L. Balkwill,1 E.M. Murphy,2 D.M. Fair,1 D.B. Ringelberg,3 D.C. White3,4

1 Department of Biological Science, Florida State University, Tallahassee, FL 32306-3043, USA
2 Environmental and Energy Sciences Division, Pacific Northwest National Laboratory,

Richland, WA 99352, USA
3 Center for Environmental Biotechnology, University of Tennessee, Knoxville, TN 37932-2567, USA
4 Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

Received: 6 November 1996; Accepted: 9 May 1997

A B S T R A C T

Microbial communities along vertical transects in the unsaturated zone were evaluated at five sites

in the Pasco Basin, in southeastern Washington State. Sites with contrasting recharge rates were

chosen to maximize or minimize the potential for microbial transport. Pore water ages along the

vertical transects were established using natural chloride tracers, and ranged from modern to either

∼15,000 yBP (years before present) or ∼30,000 yBP at the two low-recharge sites. Unsaturated flow

processes were short-circuited by preferential flow at two of the three high-recharge sites, resulting

in rapid movement of water through the vertical transects. Microbial numbers and biomass, based

on plate counts, and phospholipid fatty acid (PLFA) concentrations decreased with depth at all sites.

The majority (55–90%) of the culturable chemoheterotrophs recovered from most samples were

streptomycete bacteria. 16S rRNA gene sequence and MIDI analyses indicated that 75% of the

remaining isolates were Gram-positive bacteria (most likely species of Arthrobacter and Bacillus)

25% were Gram-negative bacteria (probably members of several genera in the alpha- and gamma-

Proteobacteria). Comparison of microbial communities at low-recharge sites vs. high-recharge sites,

where preferential flow occurs, revealed several differences that might be attributed to vertical

transport of microbial cells at the high-recharge sites. Plate counts and PLFA analyses indicated that

the proportion of streptomycetes, which were abundant at the surface but present in the subsurface

as spores, decreased, or remained constant, with depth at the low-recharge sites, but increased with

depth at the high-recharge sites. PLFA analyses also indicated that Gram-negative bacteria displayed

increased nutrient stress with depth at the high-recharge sites characterized by preferential flow, but

not at the low recharge site. This may be a result of advective transport of microbes to depths where
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it was difficult for them to compete effectively with the established community. Moreover, PLFA

community structure profiles fluctuated considerably with depth at the low-recharge sites, but not

at the high-recharge sites. This might be expected if transport were distributing the microbial

community along the vertical profile at the high-recharge sites. In contrast to the high-recharge sites

at which preferential flow occurs, filtration likely prevented vertical transport of microorganisms at

the high-recharge site that was characterized by unsaturated flow.

Introduction

The ability of microorganisms to survive and adapt to oli-

gotrophic environments, such as deep vadose zones and

groundwater, has become an important issue as the use of in

situ bioremediation as a clean-up technology increases [10,

33, 49, 50]. In the arid and semi-arid areas of the western

United States, microorganisms can be transported to

groundwater through unsaturated zones that may range in

depth from a few meters to hundreds of meters. Past dis-

posal practices at many defense facilities took advantage of

these deep vadose zones by disposing of waste directly into

soil cribs (e.g., drainage fields), trenches or settling ponds,

and underground storage tanks that have occasionally de-

veloped leaks [13, 31, 44]. An understanding of the processes

by which microorganisms move and survive under unsatu-

rated flow conditions is important for designing bioreme-

diation methods that involve seeding of non-native species

[60] or introduction of nutrients to stimulate intrinsic bio-

degradation [25, 41].

Field-tracer experiments have effectively elucidated the

transport of microbial analogs (microspheres) in saturated

porous media over relatively short time period and distance

scales [23, 24]. These experiments focused on the important

‘‘passive’’ transport processes, such as advection, dispersion,

exclusion, filtration, and adsorption. Passive transport may

be magnified under unsaturated flow, in which processes

such as advection and dispersion may only occur during

relatively short, seasonal rainfall events when soil water con-

tents are sufficiently high to create continuous water films

[15, 20, 47]. Under unsaturated flow, microorganisms are

transported in water films that move by capillary forces [68].

As the water content decreases, capillary forces retain water

in increasingly smaller pore spaces. Therefore, in arid and

semi-arid environments, microorganisms may be trans-

ported through the smallest pore spaces. This invariably in-

creases the likelihood of physical filtration [18, 45] and at-

tachment to particle surfaces [26].

In natural systems, active processes such as growth and

decay, adhesion, and taxis [43, 69] may either promote or

retard transport, and are superimposed on the passive pro-

cesses. Although some reports have highlighted growth as an

important dispersal mechanism in porous media [27, 28, 43,

52], others have dismissed it as insignificant process [9].

When nutrients are limiting, active processes may only be

manifested over long time scales, making short-term, direct

observations of transport difficult. The time-frames of trans-

port through arid vadose zones may range from days to

thousands of years. These time-frames affect the survival

response of microorganisms. Under rapid transport, micro-

organisms may need to respond with relatively short-term

physiological or behavioral changes, while, under slow trans-

port, microbial communities may respond by long-term ad-

aptation or selection of phenotypes [6]. Microorganisms

have developed specific survival mechanisms for oligotro-

phic environments, ranging from changes in cell structure

(e.g., spore-formation or alteration of cell membrane prop-

erties) to capacities for resisting stressful environmental fac-

tors (e.g., heat, osmotic changes, or oxidative stress) [65].

Transported microorganisms may exhibit stress from com-

petition with established microbial communities (e.g., if they

are transported into an environment favoring survival strat-

egies that they have not evolved; see [2]). Little is known

about the interaction of species within microbial communi-

ties during the transport process.

In this study, we investigate the potential transport of

microorganisms in a semi-arid environment through indi-

rect observation of microbial communities along a vertical,

unsaturated flow path. Although transport cannot be un-

equivocally established by indirect observation, multiple

lines of evidence are employed in this comparative field

study to show variations between microbial communities at

sites where the conditions for microbial transport are maxi-

mized, and those at sites where microbial transport through

water films would be extremely slow. Transport times for

vadose-zone pore waters are established using natural geo-

chemical tracers [38], and provide time-frames over which

microorganisms could be transported by water films.
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Materials and Methods

Description of Study Site

Five sites in the Pasco Basin of southeastern Washington State were

chosen for study with contrasting recharge rates (Fig. 1). Recharge

in this semi-arid area is largely controlled by topography; run-on

accumulates in topographic low areas, resulting in rapid recharge,

whereas adjacent high areas may have extremely low rates of re-

charge. If microbial cells are carried by the water phase, then the

likelihood of transport is maximized at the high-recharge sites. A

low-recharge (‘‘control’’) site, where microbial transport would be

far less likely, was paired with two of the high-recharge field sites.

The Benson Ranch and Cold Creek Alluvium sites are located in

low drainage. These sites are dry much of the time, but run-on can

accumulate rapidly in the spring as a result of snowmelt or intense

rainfall. This results in focused recharge to the unconfined aquifer,

and, in some years, ponded water lasting a few days to a week. In

contrast, and to provide a field experimental control to the high-

recharge sites, the Benson Springs and Yakima Barricade sites are

located in topographically high areas, where run-on does not occur

and infiltration from precipitation is low. The Yakima Barricade

site served as the low-recharge control for the Cold Creek Alluvium

site. Benson Springs was the low-recharge control for the Benson

Ranch site. At a fifth site, Wye Barricade, recharge was expected to

be high because the site is characterized by coarse sands, no surface

silt loam layer, low shrub cover, and, hence, low evapotranspira-

tion. Unlike the Benson Ranch and Cold Creek Alluvium sites,

however, the Wye Barricade site is not located in a drainage. Fo-

cused run-on does not accumulate at this site.

Apart from the occasional spring run-on (annual to decennial

events) that can occur in low drainage, the Pasco Basin was inun-

dated by catastrophic floods when glacial dams in western Montana

and northern Idaho were breached during the late Pleistocene,

spilling massive volumes of glacial melt water (primarily glacial

Lake Missoula) across eastern and central Washington. The last

series of floods occurred ∼13,000 yBP (years Before Present by

radiocarbon [37]; equivalent to ∼15,000 calendar years) and

reached a high water elevation of ∼350 m [4,39]. Based on eleva-

tion, all of the study sites except Benson Springs were affected by

these late Pleistocene floods. It has been estimated that dozens of

catastrophic floods may have occurred during an ∼2000 y period

near the end of the Pleistocene, effectively flushing the vadose zone

with glacial melt water over a large portion of eastern Washington

state (see inset, Fig. 1).

Aseptic Drilling Techniques

Two common drilling methods were used: a truck-mounted, hol-

low stem auger (all sites except Yakima Barricade) or cable tool

drilling (Yakima Barricade). The drilling components were steam

cleaned prior to use. Regardless of the drilling method, a continu-

ous sediment core was collected using a split-tube sampler. The

sampler was advanced ∼60 cm in front of the auger or cable flights.

Autoclaved Lexan liners were inserted in 60 × ∼6 cm stainless steel,

Fig. 1. Location and surface topogra-

phy of study sites in the Pasco Basin of

southeastern Washington State. The

shaded area of the insert shows the area

affected by late Pleistocene catastrophic

floods.
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split-tube samplers that were cleaned with ethanol and flame ster-

ilized in the field. On recovery, the cores were capped immediately

with sterile caps, labeled, and placed in an ice chest. The cores were

then transported to a sterile laminar flow hood for laboratory pro-

cessing. Split core samples for microbiological analyses were pack-

aged in sterile containers, on ice, and sent by overnight express to

Florida State University and the University of Tennessee, for fur-

ther processing. Core samples for chemical and physical measure-

ments were placed in air-tight containers and stored at 4°C. All

microbiological samples were processed within 24 h of receipt.

Chloride Mass Balance (CMB) Method

The natural tracer method based on CMB is one of the simplest,

least expensive, and most useful for determining recharge in arid

climates [1], and has been used for over two decades. In this

method, recharge is determined by applying a mass-balance argu-

ment on the chloride ion, in which the difference between the

chloride concentration of the soil water and the atmospheric input

concentration is due to evapotranspirative enrichment. Simply

stated, the chloride concentration in the pore water is inversely

proportional to the flux of water through the sediments. CMB

estimates of recharge often represent averages over hundreds or

thousands of years. Recharge is determined by the relationship

JR = S ClO
ClSW

D × p (1)

where JR is the net downward residual flux (e.g., recharge in cm

y−1), ClO is the average atmospheric chloride concentration in local

precipitation and dry fallout (mg l−1 or equivalent units of g m−3),

ClSW is the average chloride concentration in the soil water (mg

l−1), and p is the average annual precipitation (cm y−1). ClO can be

expressed as the total chloride mass deposited at ground surface, qCl

divided by precipitation, p.

The fundamental mass-balance relation (mass input = mass

present) allows determination of the pore water age, t, at a given

depth interval:

t × qCl = ∑i (Cli zi rb) (2)

where Cli is the chloride concentration in the interval i (gCl/gsoil),

zi is the thickness of the interval i (m), rb is the bulk density (g

m−3). The term ∑i(Cli zi rb) represents the total chloride mass of

the peak, in g m−2, over depth interval zi.

The chloride concentration profile was determined at approxi-

mately 0.3 m intervals over the depth of the borehole at each site.

Bulk density and gravimetric water contents were first determined

by removing ∼20 cc of sediment from the intact core using a modi-

fied disposable syringe. After the volume was recorded, the samples

were quickly weighed, dried in an oven at ∼100°C for 24 h, and

reweighed. Approximately 10 g of dried sample was mixed with 20

g of Milli-Q water in a 25-ml glass Corex tube, shaken overnight,

and centrifuged at 4800 × g. The supernatant was filtered through

a 0.22-µm Millipore filter prior to the chemical analyses. Chloride

concentrations were determined by ion chromatography. The con-

centrations of chloride in the soil water were corrected using the

gravimetric water content [56]. Very little natural chloride is pre-

sent in the basalt and siliceous sediments found at these sites.

Sediment size distributions were determined for the five different

study sites using standard sieving and hydrometer methods [19].

Microbial Enumerations

The number of culturable aerobic (or facultatively anaerobic), che-

moheterotrophic microorganisms in each sample was determined

by colony counting on media plates with different concentrations

and sources of organic carbon. The samples were prepared for

plating by blending for 1 min in 0.1% Na2P4O7 z 0H2O at pH 7.0

[5]. Serial dilutions of the blended samples were prepared in a

phosphate-buffered saline solution containing the following ingre-

dients l−1 of distilled water: Na2HPO4, 1.18 g; NaH2PO4 z 1H2O,

0.22 g; NaCl, 8.5 g (pH 7).

For plate counting, serial dilutions were spread-plated in trip-

licate on four media: (i) PTYG (peptone-tryptone-yeast extract-

glucose agar; [5]), (ii) 1% PTYG (a 1:00 dilution of PTYG, except

that the concentrations of agar, MgSO4 z H2O, and CaCl2 z H2O

were the same as in PTYG), (iii) 5% TSA (BBL Trypticase Soy Agar;

a 1:20 dilution of the BBL formula except for the agar), and (iv)

0.5% TSA (a 1:200 dilution of the BBL formula except for the agar).

All plates were incubated aerobically at 25°C. PTYG plates were

counted after 5 days and 2 weeks. 5% TSA and 1% PTYG plates

were counted after 5 days and 4 weeks. 0.5% TSA plates were

counted after 1 week and 6 weeks.

Analysis of Colony Morphologies on Plates

Plates counts were evaluated, first, by determination of the total

number of colonies, and then by description of each visibly distinct

type of colony present at countable dilutions, based on relative size,

color, opacity, surface and edge characteristics, and elevation [54].

Colony characteristics typical of specific groups of microorganisms

(e.g., streptomycetes) were also noted. The number of distinct

colony types and the morphological characteristics of each were

recorded in a digitized database. The data were then sorted and

analyzed to determine how the diversity of viable aerobic chemo-

heterotrophs (i.e., the number of distinct colony types) varied be-

tween depths at each sample site.

Flotation Procedure for Examination of In Situ Microbial
Cell Morphology

In situ microbial cell morphologies were examined with the modi-

fied flotation method described by Bone and Balkwill [8]. Flotation

films were produced with 1% aqueous solutions of polyvinylpyr-

rolidone (PVP-360), retrieved on glass cover slips, and stained with

acridine orange as described previously [8]. The edges of the cover

slips were sealed with transparent fingernail polish instead of dental

wax. Each film was examined extensively with epifluoresence optics

(at 400 ×) to determine microbial cell shapes and sizes, the presence

of dividing cells or mycelia (in the case of streptomycetes and
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fungi), and the presence of microcolonies or other distinctive mi-

crobial features.

MIDI Analyses

Bacterial isolates were incubated on 5% TSA plates for 24 h to one

week, depending on growth characteristics. Cells were harvested

and processed for fatty acid composition after growth was observed

in the third quadrant, as described in the Microbial Identification

System operating manual, version 5 (MIDI, Inc., Newark, Del).

Briefly, cells were subjected to saponification in methanolic NaOH,

resulting in cell lysis and the liberation of fatty acids from cellular

lipids. The fatty acids were then methylated in methanolic HCl and

extracted for analysis by gas chromatography in hexane/methyl-

tert-butyl. Modifications to the MIDI protocol involved the use of

a 100°C heating block in place of a water bath and a vortex mixer

instead of a test tube rotator. All solvents and reagents were of the

highest purity available (Burdick and Jackson, Muskegon, MI and

Mallincrodt Chemicals, Paris, KY).

PLFA Analyses

Sediment samples, as 75 g aliquots, were pulverized, homogenized,

and extracted in a single phase, chloroform-methanol, organic sol-

vent system [7], modified to include a phosphate buffer [67]. Total

extractable lipid was then fractionated into lipid classes using silicic

acid column chromatography [62]. The polar-lipid fraction was

subjected to a mild alkaline methanolysis, whereby the polar-lipid

fatty acids were transesterified into fatty acid methyl esters [62] for

subsequent quantification and identification by gas chromatogra-

phy/mass spectrometry [30].

Analysis of 16S Ribosomal RNA Gene Sequences

A standard chloroform-isoamyl alcohol extraction procedure [29]

was used to isolate genomic DNA from selected bacteria cultured

from Benson Ranch and Benson Springs on 5% TSA (see Results).

Twenty ng of DNA was used as a template for polymerase chain

reaction (PCR) amplification [46] of an ∼1,500-base segment of the

16S ribosomal RNA (rRNA) gene. The PCR amplification primers

were fD1 and rP2 [66].

The PCR amplification products were sequenced with an Ap-

plied Biosystems Model 373A DNA sequencer, using the ‘‘Taq

DyeDeoxy™ Terminator Cycle Sequencing’’ method [3, 35]. The

sequencing primer was primer G [42]. It typically yielded about 400

bases of usable sequence, corresponding approximately to positions

375 to 775 in the 16S rDNA nucleotide sequence for Escherichia coli

[11]. The resulting sequences were evaluated in the context of the

proposed secondary structure of the 16S rRNA molecule [22], and

edited (when necessary) after examining the original output from

the ABI sequencer. Each edited sequence was then analyzed with

the Similarity Rank feature of the Ribosomal Database Project

(RDP) [34], to determine the names of the 10 strains or species of

bacteria in the RDP database (release 5.0; May 25, 1995) with the

most similar 16S rRNA sequences. The resulting information was

used to infer the most likely genus-level identity of each isolate

(recognizing that confirmation of these identities would require

additional analyses that were beyond the scope of this study).

Results
Hydrologic Characteristics of Field Sites

The pore water ages at the different study sites were calcu-

lated and are presented in Fig. 2. At the low-recharge sites,

the upper limit on the pore water ages ranged from ∼15,000

to 30,000 y. The upper limit at the Yakima Barricade site is

consistent with the timing of late Pleistocene catastrophic

floods, suggesting that vertical recharge from rainfall is very

low at this site (0.01 mm y−1 by CMB). The Benson Springs

Fig. 2. Sediment size distribution and chloride pore water ages

with depth at the five study sites.
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site is located above the high-water mark from the Pleisto-

cene floods, and contains pore water ranging to ∼30,000 y in

age. The recharge rate at this site is slightly higher (0.02 mm

y−1). The older pore water ages reflect the lack of impact

from the Pleistocene floods. The actual sediment ages are

one to two orders of magnitude older than those of the pore

water. The sediment ages at Benson Springs ranged from

ø100,000 y, in the shallow portions of the profile, to ù2

million years at 9 to 15 m depth, whereas the sediment ages

were >125,000 y between 10 and 15 m depth at Yakima

Barricade (Bjornstad, unpub data). The sediment ages reflect

the maximum age of microbial colonization; the pore-water

age reflects the minimum age of colonization (e.g., following

transport of the microorganisms to their current depth).

At the high recharge sites, the pore water ages are gener-

ally less than a few hundred years old (Fig. 2). Although the

age of pore waters at Benson Ranch ranged to 2500 y by

CMB, a second tracer, 36Cl, indicated 40-year-old pore water

at depths of 12 to 14 m. The discrepancy between the two

tracers indicates that preferential flow is occurring in re-

sponse to the periodic run-on in this drainage. Preferential

flow often occurs under saturated or near-saturated flow

conditions [12, 40] (e.g., periodic flooding from spring run-

on) and, thus, is a possible recharge mechanism at both the

Benson Ranch and Cold Creek Alluvium sites. In contrast,

preferential flow does not occur under conditions of low

water content below the root zone, as was observed at the

Yakima Barricade, Benson Springs, and Wye Barricade sites.

Although the pore water ages are <300 y at the Wye Barri-

cade site, the gravimetric water contents are low (2 to 8%);

they do not approach the saturated or near-saturated con-

ditions required for preferential flow. The distinction be-

tween the flow mechanisms at the high-recharge sites is im-

portant. Water moves through the smallest pores by capil-

lary force, under unsaturated flow conditions, as would

occur at Wye Barricade. However, when preferential flow

occurs at Benson Ranch or Cold Creek Alluvium, the largest

pores become saturated, rapidly transmitting water through

the vadose zone (e.g., largely bypassing routes through the

small pores).

The sediment size distribution (% gravel, sand, silt, and

clay; Fig. 2) indicates that the high-recharge sites are fairly

well matched with their corresponding low-recharge con-

trols. Furthermore, the pore water ages, as determined by

CMB, are not correlated with heterogeneity in the sediment

size distribution (i.e., water flux, rather than sediment het-

erogeneity, primarily controls pore water age). Both Yakima

Barricade (low recharge) and Cold Creek Alluvium (high

recharge) have the highest silt content in the upper 2 m and

high gravel content lower in the profile. The high gravel

content hindered sample recovery with the hollow stem au-

ger below 4 m at the Cold Creek Alluvium site. The Benson

Springs (low recharge) and Benson Ranch (high recharge)

sediments have similar clay contents, and are predominantly

composed of sand and silt. Wye Barricade is predominantly

composed of coarse to medium sand, and, unlike the other

study sites, does not have a well-developed silt loam soil at

the surface.

Microbial Biomass and Numbers

Analysis of ester-linked phospholipid fatty acids (PLFAs)

and plate counts made on four media were used to deter-

mine microbial biomass and population size of culturable

microorganisms, respectively, in each sample. The plate

counts on 5% TSA are shown in Fig. 3; similar results were

obtained with the other four media. PLFA values are also

shown in Fig. 3. They were converted from pmol PLFA g−1

sediment to microbial cells g−1 sediment, based on published

values for Escherichia coli of 5.9 × 1012 cells g−1 dry weight

[57] and 100 µmol PLFA g−1 dry weight [67]. The E. coli

conversion factor provides a useful working estimate of bio-

mass, but it must be realized that different species contain

differing amounts of PLFAs in their membranes. A number

of environmental factors can influence the amount of PLFA

produced by a particular species [5].

Plate counts and PLFA analyses were consistent with a

sharp decrease in biomass with depth at all five study sites

(Figs. 3 and 4). Plate counts ranged from 107 colony-

forming units (CFU) g−1 sediment, in the shallowest

samples, to below detection (approximately 102 CFU g−1) in

the deeper Benson Ranch, Benson Springs, and Wye Barri-

cade samples. The decrease in culturable cell populations

and biomass with depth was especially abrupt at the Wye

Barricade site. The plate counts on all media for all samples

taken below 0.85 m were below detection. PLFA values gen-

erally paralleled the plate counts and varied over an equally

wide range, with depth. Because the great majority of viable

microorganisms in environmental samples are not cultured

on laboratory media, the PLFA approach detected microor-

ganisms in many of the samples that were below the detec-

tion limit of the plating technique.

There was no correlation between the decrease in biomass

with depth and the gravimetric water content (Fig. 3) or soil

matric potential (data not shown) of the samples, especially

at the Benson Ranch, Benson Springs, and Wye Barricade
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sites. Gravimetric water contents ranged from a low of 1.4%,

at a depth of 5 m at the Yakima Barricade site, to a high of

17.4%, just below the surface at Cold Creek Alluvium. The

moisture contents were generally above 2% (Fig. 3). The

Benson Springs site was sampled in the fall, and the remain-

ing sites were sampled in the spring. The effect of snowfall

and spring melt was evident in the water contents of near-

surface samples from the spring sites, whereas the effect of a

summer drying period was evident in near-surface samples

obtained from the Benson Springs site.

Diversity and Types of Culturable Aerobic Chemoheterotrophs

The numbers of distinct colony types appearing on the plates

used for viable counts were a crude measure of diversity of

the microbial populations in each sample (see Materials and

Methods). The results for 5% TSA are shown in Fig. 3;

similar results were obtained with the other three media.

Between 25 and 40 types of culturable microorganisms (al-

most all bacteria) were recovered from most of the shallow

samples at each site. The numbers of distinct colony types

recovered decreased with depth at all sites. There were no

obvious differences in colony diversity between high- and

low-recharge sites.

The majority (55–90%) of the microorganisms recovered

from most samples on all four plating media could be iden-

tified as streptomycetes, on the basis of their cell and colony

morphological characteristics. To investigate the probable

identity of the remaining isolates, the non-streptomycetes

obtained from the Benson Springs and Benson Ranch

samples on 5% TSA were examined in two ways: (i) analysis

of 16S RNA gene (16S rDNA) nucleotide base sequences,

and (ii) analysis of fatty acid methyl esters by the MIDI

technique. The most likely genus-level identities of these

strains, based on the results of a Similarity Rank Analysis

that matched each 16S rDNA sequence to that of the most

similar species in the Ribosomal Database Project (RDP re-

lease 5.0; [34]), are summarized in Table 1. Seventy-five

percent of the isolates examined in this way were Gram-

positive. Most of them could tentatively be assigned to the

genus Bacillus (the rest were assigned to Arthrobacter). The

Gram-negative isolates included members of the alpha-

Proteobacteria (probable genera: Azospirillum, Rhizobium,

and Bradyrhizobium) and the gamma-Proteobacteria (Pseu-

domonas, Telluria, and Xanthomonas). Thirty-seven percent

of the isolates were not assigned to a particular genus by the

MIDI analysis, either because their lipid patterns did not

closely match any of those in the current database, or be-

cause there was insufficient growth for a valid analysis. For

the remaining isolates, however, the most likely genus-level

Fig. 3. Gravimetric water content (%),

numbers of culturable microorganisms

(CFU g−1), and diversity of colony types

plotted against depth at the five study sites.

CFU, colony-forming units.
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identities obtained by MIDI analysis generally agreed with

those obtained by sequence analysis (Table 1).

The percentages of isolates (from the Benson Springs and

Benson Ranch sites) falling into major microbial groups

(based on morphological characteristics for fungi and strep-

tomycetes, and 16S rDNA sequence analysis for all others)

are shown in Table 2. The percentages of streptomycetes

isolated on 5% TSA increased sharply with depth at Benson

Ranch (a high-recharge site), but decreased with depth at

Benson Springs (a low-recharge site). This difference was

due to the fact that a greater diversity of bacterial types,

especially low-G+C Gram-positive (Similarity Rank analysis

implied several different Bacillus species) and Gram-negative

bacteria, were isolated from the deeper Benson Springs

samples. Very few Gram-negative bacteria could be isolated

from any of the Benson Ranch samples. The non-strep-

tomycete isolates from the Yakima Barricade and Cold Creek

sites were not characterized, but similar trends were ob-

served regarding the percentage of streptomycetes recovered

by plating. The percentage of streptomycetes was relatively

constant with depth at the low-recharge Yakima Barricade

site (68% and 73% at depths of 1.1 and 5.5 m, respectively),

but increased sharply with depth at the high-recharge Cold

Creek site (30% and 69% at 0.55 and 4.1 m, respectively).

Direct Microscopic Examination of In Situ Cell Morphologies

The flotation procedure used to determine the in situ cell

morphologies of microorganisms showed that >95% of the

cells detected in all samples were cocci or coccoid rods. Most

of the rods were <1.5 µm in length and <1.0 µm in diameter.

A few groups of cells that may have been microcolonies were

seen in the shallowest samples from each site, but most cells

occurred individually and did not appear to be dividing. No

filamentous forms were detected in any of the samples, but

cells the size of typical streptomycete spores [32, 36, 45, 58]

were present in all of the samples. Except for the possible

microcolonies found in the shallowest samples, there were

no obvious differences in the cell morphologies observed in

samples from different depths or from different sites.

Fig. 4. Total PLFA and mole % for six spe-

cific types of PLFAs in samples from the Pasco

Basin study sites. The shaded areas on the Ya-

kima Barricade and Benson Springs graphs

represent the location and shape of the chlo-

ride profiles in the pore waters.
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PLFA Analyses for Community Composition and
Nutritional Status

Ester-linked PLFAs were extracted from each sample and

analyzed to obtain information on microbial community

composition that accounts for both culturable and noncul-

turable microorganisms. Mole percent values for six classes

of PLFAs, some of which are characteristic for specific

groups of organisms, are shown for all samples in Fig. 4.

The percentages of some groups of PLFAs varied between

the two depths sampled at the Yakima Barricade (low-

recharge) and Cold Creek Alluvium (high-recharge) sites,

but they varied in different ways. The percentages of termi-

nally-branched saturated fatty acids (characteristic of Ar-

Article 4, Table 1

Table 1. Probable identities of non-streptomycete 5% TSA isolates from the Benson Ranch and Benson Springs sites

Benson Ranch Benson Springs

Depth
(m) Sequence IDa MIDI IDb

Depth
(m) Sequence IDa MIDI IDb

0.55 Bacillus (macroides) Bacillus (megaterium) 0.77 Bacillus (pseudomegaterium) No IDc

Arthrobacter (globiformis) Arthrobacter (oxydans) Bacillus (lautus) No ID
Arthrobacter (globiformis) Micrococcus (roseus) Bacillus (macroides) No ID
Bacillus (macquariensis) No IDc Bacillus (macroides) Bacillus (megaterium)
Bacillus (macroides) Bacillus (megaterium) Bacillus (lautus) Bacillus (filicolonicus)
Bacillus (macroides) Bacillus (megaterium) Bacillus (macroides) No ID
Bacillus (viscosis) No ID Bacillus (macroides) Bacillus (megaterium)
Bacillus (polymyxa) No ID 2.7 Bacillus (lautus) No ID
Telluria (mixtra) Hydrogenophaga (pseudoflava) Bacillus (macroccanus) Bacillus (megaterium)
Bacillus (macroides) Bacillus (megaterium) 4.9 Bradyrhizobium sp. No ID
Bacillus (macroides) Bacillus (megaterium) Bradyrhizobium sp. Pseudomonas (diminuta)
Bacillus (macroides) Bacillus (megaterium) Arthrobacter (globiformis) Arthrobacter (oxydans)
Arthrobacter (globiformis) Micrococcus (lylae) Azospirillum sp. Pseudomonas (putida)
Arthrobacter (globiformis) Micrococcus (roseus) Bacillus (macroccanus) Bacillus (megaterium)
Arthrobacter (globiformis) No ID Rhizobium (huakuii) No ID
Bacillus (macroides) Bacillus (megaterium) Xanthomonas sp. No ID

5.3 Azospirillum (brasiliensis) No ID Pseudomonas (putida) Pseudomonas (putida)
Azospirillum (brasiliensis) No ID Azospirillum sp. Pseudomonas (putida)
Azospirillum (brasiliensis) No ID 6.2 Bacillus (pseudomegaterium) No ID
Azospirillum (brasiliensis) Xanthobacter (agilis) Bradyrhizobium sp. Methylobacterium

Bacillus (subtilis) Bacillus (amyloliquifaciens)
Bacillus (macroides) Bacillus (megaterium)
Bacillus (pabuli) No ID
Bacillus (larvae) No ID
Bacillus (polymyxa) Bacillus (pabuli)

8.7 Bacillus (pseudomegaterium) No ID
Bacillus (larvae) Arthrobacter (globiformis)
Bacillus (pseudomegaterium) Arthrobacter (viscosus)
Bacillus (macroides) Bacillus (megaterium)
Bacillus (subtilis) Bacillus (brevis)
Bacillus (pseudomegaterium) Arthrobacter (viscosus)
Bacillus (pseudomegaterium) No ID
Bacillus (macroides) Bacillus (megaterium)
Bacillus (pseudomegaterium) Bacillus (sphaericus)
Rhizobium (huakuii) Bacillus (megaterium)
Bacillus (macroides) No ID
Bacillus (macroides) Bacillus (megaterium)

a Most likely genus-level ID and (closest species in the RDP database), based on Similarity Rank Analysis. Species names are provided for information only
and should not be taken as actual identities
b Closest genus and (species) in the MIDI database. Species names are provided for information only
c No ID = no match or insufficient growth to obtain ID by MIDI analysis
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throbacter sp. and other Gram-positive bacteria) and mid-

chain-branched saturated fatty acids (characteristic of acti-

nomycetes) decreased markedly between the two depths at

the low recharge site, but increased slightly between depths

at the high recharge site. In contrast, the percentage of

monoenoic fatty acids (characteristic of Gram-negative gen-

era such as Pseudomonas) increased sharply with depth at the

low recharge site, but decreased between the two depths

sampled at the high-recharge site. These trends are reason-

ably consistent with the percentages of streptomycete bacte-

ria recovered from the Yakima Barricade and Cold Creek

Alluvium samples by plating.

Differences in how the mole percentages of general PLFA

groups varied with depth were also noted at the Benson

Springs (low-recharge) and Benson Ranch (high-recharge)

sites (Fig. 4). The percentages of several classes of PLFAs

varied markedly between 1 and 10 m at the low-recharge

site, but remained relatively constant to a depth of 10 m at

the high-recharge site. Moreover, the overall trend observed

above was also observed at the Yakima Barricade and Cold

Creek Alluvium sites. The combined percentages of two

mid-chain, methyl-branched, saturated fatty acids character-

istic of actinomycetes (although they have also been detected

in Desulfobacter species) in the Benson Springs and Ranch

samples are shown in Fig. 5. The percentages of these two

fatty acids increased with depth at Benson Ranch (high re-

charge), even though total PLFA-detected biomass de-

creased. In contrast, the percentages of the actinomycete-

associated fatty acids decreased with total biomass at the

low-recharge site.

Additional differences between low- and high-recharge

sites were noticed in the case of specific fatty acids synthe-

sized primarily by Gram-negative bacteria (Fig. 6). The ratio

of the cyclopropyl fatty acid, cy 19:0, to its monoenoic pre-

cursor, 18:1v7c, increased with depth at the Cold Creek

(high-recharge) site; it did not vary with depth at the Yakima

Fig. 5. Percentages of 10me16:0 and 10me18:0 fatty acids and

total PLFA in samples from the Benson Ranch and Benson Springs

sites.

Fig. 6. Ratios of selected cyclopropyl fatty acids to their mono-

enoic precursors in samples from the Benson Ranch and Benson

Springs sites.

Table 2. Percentages of microbial typesa isolated from Benson Ranch and Benson Springs samples on 5% TSA

Sample
depth (m)

Total no.
of isolates Fungi Streptomycetes

Other high
G+C Gram-positives Low G+C Gram-positives

alpha-Proteo-
bacteria

gamma-Proteo-
bacteria

Benson Ranch
0.55 41 2.4 58.5 12.3 24.4 0 2.4
5.3 41 0 90.2 0 0 9.8 0
8.1 2 0 100 0 0 0 0
Benson Springs
0.77 36 0 80.6 0 19.4 0 0
2.7 28 0 92.9 0 7.1 0 0
4.9 40 2.5 75.0 2.5 2.5 12.5 5.0
6.2 16 0 56.3 0 37.5 6.2 0

a Fungi and streptomycetes determined by colony and cell morphological characteristics; all other types determined by analysis of 16S rRNA gene sequences
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Barricade (low-recharge) site. Similarly, the ratio of the cy-

clopropyl fatty acid, cy 17:0, to its monoenoic precursor,

16:1v7c increased with depth at the Benson Ranch (high-

recharge) site, it did not increase with depth at the Benson

Springs (low-recharge) site.

At the Wye Barricade site, the mole % of mid-chain-

branched, saturated fatty acids (typical of actinomycetes)

dropped sharply between 0.85 and 1.46 m, and then re-

mained quite low throughout the rest of the profile. The

mole % of monoenoic fatty acids (characteristic of some

Gram-negative genera) decreased only slightly with depth.

However, the predominant PLFAs (50–70 mole %) were

n-saturated fatty acids. They are produced by all types of

bacteria, and, therefore, cannot be related to any particular

group.

Discussion

Based on the chloride tracer data, the sample sites examined

in this study can be classified as: (i) low-recharge control

sites (Yakima Barricade and Benson Springs), where the like-

lihood of microbial transport is low or occurs over extremely

long time periods; (ii) high-recharge sites, where preferential

flow can short-circuit unsaturated flow processes, maximiz-

ing the potential for transport of microorganisms (Cold

Creek Alluvium and Benson Ranch); and (iii) a high-

recharge site where recharge occurs via unsaturated flow

processes (Wye Barricade), so microorganisms would be

transported through the smallest pore diameters (Fig. 2).

Also limiting microbial transport at the low recharge sites is

the high chloride concentration in the pore waters, which

reached ∼4000 mg l−1 at 2 m below the surface at Yakima

Barricade and at 6 m below the surface at the Benson Springs

site [38]. High ionic strength promotes sorption of bacteria

through compression of the ionic double layers on both the

cell and the binding surface [17, 48, 51, 53]. For example,

Gannon et al. [17] found that only 1.5% of Pseudomonas sp.

cells passed through a column saturated with a 0.01 M (570

mg l−1) NaCl solution. In contrast to the low recharge sites,

pore water chloride concentrations at the high recharge sites

were generally below 100 mg l−1 [38]. These low chloride

concentrations, coupled with periodic preferential flow pro-

cesses, would promote transport by advection and disper-

sion, and lessen the effect of retardation processes such as

filtration and adsorption. Depth-related trends in the mi-

crobial populations at the paired (high- and low-recharge)

sites (Cold Creek Alluvium vs. Yakima Barricade and Ben-

son Ranch vs. Benson Springs) are discussed first. We then

examine and compare microbial trends at the high-recharge

unsaturated flow site (Wye Barricade).

Plate counts (Fig. 3) and PLFA analyses (Fig. 4) indicated

that microbial populations and biomass decreased by several

orders of magnitude with depth at the four paired sample

sites. The viable counts represent the numbers of culturable,

aerobic (or facultatively anaerobic) chemoheterotrophs,

only. The PLFA-based biomass estimates represent total

(culturable and nonculturable) microbial populations. De-

creases in microbial populations with depth in the vadose-

zone have been reported previously [9, 26, 64], so the de-

crease seen in this study was not unexpected. The numbers

of distinct colony types recovered by plating also decreased

with depth at the Benson Ranch and Springs sites (Fig. 3),

but these data do not necessarily imply a decrease in micro-

bial diversity. Rather, the number of different colony types

detected in the deeper samples was limited by the very low

total number of colonies that appeared on the plates (the

numbers of culturable organisms in those samples being

only slightly above the detection limit of the plating proce-

dure).

The percentages of streptomycetes recovered on 5% TSA

(Fig. 3, Table 2; similar results for the other plating media)

decreased or remained constant with depth at the two low-

recharge sites (Yakima Barricade and Benson Springs), but

increased with depth at the analogous high-recharge sites

(Cold Creek Alluvium and Benson Ranch, respectively).

Similarly, mole percents of fatty acids associated with the

actinomycetes (which include the streptomycetes) decreased

with depth at both low-recharge sites, while increasing or

remaining constant at the high-recharge sites (Figs. 4 and 5).

These results suggest that streptomycetes, which are quite

abundant at the surface (typically >107 CFU g−1), are being

transported from the surface (to levels where the total num-

bers of microorganisms are substantially lower) when peri-

odic run-on is flushed through the high-recharge sites.

Extensive examination of flotation films by epifluores-

cence microscopy failed to detect filamentous bacteria in any

of the samples, so many of the abundant streptomycetes that

were readily detected by plating and PLFA assays probably

existed as spores. This is generally the case in soil environ-

ments [16]. Streptomycete spores might be very good can-

didates for passive vertical transport (advection processes) at

the high-recharge sites, because they are relatively small

(typically <1 µm in diameter [32, 36, 45, 58]), have an un-

complicated morphology (spherical or ovoid vs. filamentous

[32]), and have a net negative surface charge [14]; charac-
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teristics that would facilitate (or, at least, not hinder) their

movement through the pores. Ruddick and Williams [45]

found that the transport of actinomycete spores was primar-

ily influenced by the structure of the pore surface, spore

wettability, and the size of the pore spaces in columns

packed with porous media ranging from silt to coarse sand.

Vertically transported streptomycete spores initially

would not be adversely affected by harsher environmental

conditions at greater depths (e.g., lower moisture or nutrient

levels), because they are reasonably resistant to desiccation

and starvation [16]. Similarly, they would not have to com-

pete with established microorganisms as long as they re-

mained in the spore state. Thus, streptomycete spores could

be expected to persist for relatively long periods, after being

transported to the subsurface. If so, periodic transport down

from the topsoil could easily account for the higher percent-

ages of streptomycetes that were found in deeper samples at

the high-recharge sites.

If streptomycete spores are being transported downward

by water drainage at the two high-recharge sites, other forms

may also be transported. Yet, the percentages of Gram-

negative bacteria recovered by plating decreased with depth

at the Benson Ranch (high-recharge) site and increased with

depth at the Benson Springs (low-recharge) site. It must be

realized, however, that plating detects only the numerically

predominant forms of culturable microorganisms; thus,

Gram-negatives may have existed in relatively low numbers

at the high-recharge site. Indeed, the PLFA analyses detected

lipids characteristic of certain Gram-negative genera (e.g.,

Pseudomonas) throughout the profile at Benson Ranch (Fig.

4). PLFA analyses also detected cyclopropyl fatty acids that

are associated primarily with Gram-negative bacterial me-

tabolism (Fig. 6).

Previous studies have indicated that bacteria are most

affected by passive transport processes (e.g., advection or

filtration) in unsaturated sediment profiles [9, 26, 61]. If the

Gram-negative populations are being passively transported

at the high-recharge sites, they may display physiological

changes in response to changing environmental conditions

at depth. For example, it has been shown that the ratios of

cyclopropyl fatty acids to their monoenoic precursors in-

crease when Gram-negative cultures enter the stationary

phase or are otherwise placed under environmental stress

[21]. It can be hypothesized, then, that an increased ratio of

cyclopropyls to their precursors in an environmental sample

is an indication of physiological stress within the Gram-

negative microbial community. PLFA analyses indicated that

the ratios of specific cyclopropyl fatty acids to their mono-

enoic precursors increased markedly with depth at both

high-recharge sites, but remained fairly constant with depth

at both low-recharge sites (Fig. 6). Thus, the Gram-negative

populations at the two high-recharge sites examined in this

study display increasing amounts of physiological stress at

greater depths, whereas those at the low-recharge sites do

not.

Increased physiological stress at depth among Gram-

negative bacteria at the high-recharge sites is a bit surprising

in the sense that one might expect nutrient levels to be

higher throughout the profile at the high recharge sites. On

the other hand, if Gram-negative bacteria were being trans-

ported downward from the surface soil, they (unlike strep-

tomycetes spores) would have to compete with established

species and deal directly with more adverse conditions in the

new environment. If these organisms were unable to adapt

quickly, they might well be placed under physiological stress.

In contrast, the Gram-negative bacteria found in samples

from the low-recharge sites have probably been in place for

long periods of time, and had, or developed, adaptations that

allow them to function, and possibly thrive, in these envi-

ronments. As a result, these organisms may not be under

physiological stress.

PLFA analyses showed that the relative percentages of

fatty acids representing specific groups of microorganisms

(e.g., Arthrobacter, actinomycetes, and Pseudomonas) re-

mained relatively constant to 10 m at Benson Ranch (high-

recharge site), but fluctuated considerably over the same

interval at Benson Springs (low-recharge site). Below 10 m,

the total amounts of PLFA were so low that percentages of

specific types may not be accurate. To some extent, similar

results were observed with the culturable populations at

these two sites, in that the types of organisms recovered

varied more with depth at Benson Springs than at Benson

Ranch (Table 2). The PLFA isolated from the profile at Ben-

son Springs shows consistency in the zone above the chloride

pulse (shaded area of Fig. 4). The top of the chloride pulse

is usually considered the bottom of the root zone [38], as

long as this depth is consistent with known root depths of

native plant species. Due to water uptake by plants, the

pore-water velocities may vary over two to four orders of

magnitude [63] in the rooting zone. The shallow portion of

the sediment profile is also the most susceptible to prefer-

ential flow from periodic intense rainfall. However, unless

the amount of water is massive, as may occur in flooding,

saturation of macropores cannot extend to significant

depths. The unique water dynamics of the root zone may

rapidly distribute microorganisms, as suggested by the uni-
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formity in the total PLFA and PLFA profiles down to ∼4 m

at Benson Springs. The extraction procedure for PLFA

analyses readily removes sorbed microorganisms, so en-

hanced sorption of microorganisms in the presence of high

chloride concentrations should not have affected the PLFA

measurements.

The greater uniformity of the fatty acids with depth at the

high recharge site may be additional evidence that preferen-

tial flow processes at this site tend to distribute the commu-

nity along the vertical profile. It has long been recognized

that bacterial movement through macropores can be signifi-

cant in unsaturated systems [55, 59, 64]. Advective transport

of microorganisms would dominate under preferential flow.

An extreme example of preferential flow likely occurred over

much of the Palouse region of southeastern Washington

state during the Pleistocene-Holocene transition, when mul-

tiple glacial floods inundated this area. In contrast to the

relatively uniform distribution of fatty acids with depth at

the high-recharge sites, it is possible that the low-recharge at

the Benson Springs site has allowed distinct populations to

develop and become established at each depth. Benson

Springs is also above the surface elevation affected by the

glacial floods.

The Wye Barricade site provided an interesting compari-

son to the other sites. The Wye Barricade has the highest

unsaturated flow recharge rate of all the sites examined in

this study. This high recharge results from the medium-to-

coarse sands that dominate this site, absence of a developed

soil horizon, and a low vegetative cover. In spite of the

relatively high recharge, however, biomass in samples from

below ∼2 m at the Wye Barricade was extremely low (gen-

erally <2 pmol PLFA g−1; Fig. 4). Consistent with the other

high-recharge sites, the community profiles at Wye Barri-

cade, from PLFA, showed little variation with depth, except

for a sharp change at the most shallow depth. Unlike the

other sites, normal saturates dominated the PLFA profiles at

all depths. Although all microorganisms contain normal

saturates, a predominance of normal saturates can be in-

dicative of low membrane fluidity brought about by adverse

environmental conditions. The concentration of PLFA in

these samples was insufficient to determine nutritional

stress, as was shown at the other sites (Fig. 6). Consistent

with the low biomass by PLFA, and predominance of normal

saturates (suggesting environmental stress), was our inability

to culture viable microorganisms at all but the most shallow

depths at Wye Barricade. Even though the sandy sediments

at Wye Barricade contribute to the high recharge, the re-

charge, and, hence, moisture content, of these sediments

fluctuates seasonally. Silts and clays, which tend to moderate

moisture fluctuations, are very minor components in these

sediments (Fig. 2). In addition, several factors limit organic

nutrients: 1) low silt and clay, which tend to sorb organic

nutrients, 2) low rate of organic nutrient input due to poor

vegetative cover, and 3) lack of run-on to transport organic

nutrients from adjacent areas that have more vegetative

cover. These will result in physiological stress and contribute

to our inability to culture microorganisms at this site.

Under unsaturated flow, water moves through the small-

est pores by capillary pressure. Particles or microorganisms

moving through these small pores will be subject to pro-

cesses, such as filtration, to a greater degree than microor-

ganisms that are advectively transported during preferential

flow. This may explain the sharp decline in biomass and the

rapid change in the PLFA community profile at shallow

depths at Wye Barricade, while a more gradual decline in

biomass occurs with a fairly constant community profile at

Benson Ranch (high recharge, preferential flow). These re-

sults suggest that, under normal unsaturated flow processes,

few microorganisms may be transported through deep va-

dose zones found in semi-arid regions such as the Pasco

Basin.

In summary, passive microbial transport processes, such

as advection and filtration, seem to dominate, and may best

explain the collective results discussed above. Specifically,

transport appears to occur primarily under conditions of

preferential flow. At the high-recharge site not characterized

by preferential flow, filtration processes may effectively pre-

vent movement of most microorganisms to significant

depths under unsaturated flow. Superimposed upon the pas-

sive transport processes are survival strategies employed by

different genera. Streptomycetes and Bacillus species, form

spores, facilitating both survival and advective transport pro-

cesses. In contrast, the Gram-negative bacteria at the high-

recharge sites show physiological stress that is likely associ-

ated with transport into the subsurface. At both of the low-

recharge control sites, the microbial communities appear to

be well-adapted to their low-nutrient environment.
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