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Abstract. Bacterial populations on above-ground plant surfaces were esti-
mated at three different biological scales, including leaflet disks, entire leaflets,
and whole plants. The influence of sample scale on the estimation of mean
bacterial population size per unit and per gram and on the variability among
sampling units was quantified at each scale. Populations were highly variable
among sampling units at every scale examined, suggesting that there is no
optimal scale at which sample variance is reduced. The distribution of popula-
tion sizes among sample units was sometimes, but not consistently, described
by the lognormal. Regardless of the sampling scale, expression of population
sizes on a per gram basis may not reduce variance, because population size
was not generally a function of sample unit weight within any single sampling
scale. In addition, the data show that scaling populations on a per gram basis
does not provide a useful means of comparing population estimates from
samples taken at different scales. The implications of these results for designing
sampling strategies to address specific issues in microbial ecology are dis-
cussed.

Introduction

Epiphytic bacteria are common inhabitants of plant leaflet surfaces and can have
important effects on the plants on which they live. Accurate estimates of epiphytic
bacterial population sizes are needed to assess their role in several important
biological phenomena. For example, reliable disease forecasts [19, 31], prediction
of frost damage [6, 20, 21, 23-25], and assessment of the risks associated with
the release of genetically engineered microorganisms into the open environment
[4] depend on accurate estimates of bacterial population structure.
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Epiphytic bacterial population sizes are usually estimated from one of several
possible units. Three such units include small leaf segments, entire leaves, or whole
plants. Most commonly, individual leaves or leaflets have been chosen as the
sampling unit [30]. Estimated bacterial population sizes are usually scaled on a
per unit weight (or sometimes per unit area) basis to allow population estimates
to be directly compared with those from other studies or from those taken at
different scales (e.g., leaf disks vs. whole leaves). Scaling of population data by
weight or by unit area is often done assuming that variability in bacterial population
sizes among leaves is partly a function of weight and that bigger leaves or bigger
sampling units will support larger populations in relation to their greater weight.
Thus, in addition to permitting comparisons among samples of different unit size,
scaling on a per unit weight basis has been perceived to provide a reduction in
sample variance when samples contain units covering a range of sizes. However,
neither the variability in bacterial population sizes relative to the variability in
weight among sampling units nor the influence of sampling scale on the estimation
of bacterial population sizes has been rigorously quantified. Specifically, the manner
in which the size and weight of the sampling unit may influence the distribution
of bacterial population sizes among units and the mean—variance relationships at
each scale have not been investigated.

Although some information is available on the distribution of microbial population
sizes among sampling units for whole leaves [1], such information is missing for
smaller and larger sampling scales. Previous work has shown that the distribution of
total and fluorescent pseudomonad population sizes among individual leaves can be
described by the lognormal [7, 9, 10]. However, although some qualitative studies
on bacterial spatial pattern on leaves have been published [3, 17, 18, 28, 29, 34,
35], accurate quantitative distributions of bacterial population sizes among small
segments of a single leaf or different leaves have not been well described. Motile
bacteria can relocate to different sites on the leaf surface under conditions of leaf
wetness [16], but the extent to which different portions of a leaf may vary as a habitat
for bacterial growth or survival is not known. Thus, though studies suggest that
bacterial populations are aggregated on leaves, the scale of the aggregation and its
influence on the variance of bacterial population size among leaf subunits are not
known. In addition, although it may be expected that the physiological state of plants
is an important biological factor that could influence bacterial population sizes,
little information is available on the distribution of bacterial populations among
plants.

Overall, the lack of information on the influence of sampling scale on the estimation
of bacterial populations seriously restricts our ability to select optimal sampling strate-
gies and scales logically. If the varjability in population size among sampling units
differs greatly as a function of sampling scale, statistical analyses of differences in
bacterial population sizes among treatments and the ability to quantify interactions
among coexisting bacterial strains may be significantly influenced by the scale at
which the bacterial populations are sampled. Additionally, population estimates ob-
tained using samples taken at different scales may not be directly comparable. Thus,
acritical evaluation of the influence of sampling scale on the estimation of population
parameters, such as the mean and variance, for epiphytic bacteria is needed. The
implications of this information for designing sampling strategies to address specific
issues in risk assessment and microbial ecology are discussed.
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Materials and Methods
Bacterial Strains

Pseudomonas syringae strain B728A was isolated from a bacterial brownspot lesion on a bean leaflet.
The characteristics and source of this strain have been reported [27]. Pseudomonas syringae strain
TLP2 was isolated from an asymptomatic potato leaflet. This strain was found to be non-pathogenic
on all plant species tested [22]. Both strains were resistant to 100 pg/ml of rifampicin. Laboratory
cultures were stored at —80°C in sterile 15% (v/v) glycerol in 25 mm potassium phosphate buffer
(pH 7.0). Strains were cultured on King’s medium B (KB) at 24°C for 24 h for inoculum production.
Cells were harvested from plates with a sterile loop and suspended in sterile distilled water. Cell
concentrations were determined turbidimetrically and diluted with sterile water to the appropriate di-
lution.

Plant Growth and Bacterial Inoculations

In the greenhouse, potato plants (Solanum tuberosum cv. Russet Burbank) were grown from surface-
sterilized potato tubers. Tubers were grown in a sterilized sand—peat mixture for approximately 28
days, when plants were about 20 cm in height. Snapbean plants (Phaseolus vulgaris cv. Bush Blue
Lake 274) were grown from seed in a sand—peat mixture for approximately 14 days or until primary
leaves were fully expanded and the first trifoliate leaves had just emerged. Bacterial suspensions (ca.
10° cells per milliliter in sterile distilled water) were spray-inoculated onto leaflets until runoff. Each
leaf received between 1 and 2 ml of bacterial suspension, and a substantial fraction (>50%) of this
dripped from the leaflets. The plants were then enclosed individually in clear plastic bags and incubated
under fluorescent lights (800 lux) at 21°C for 24 h. In some cases, as indicated in the results, plants
were subsequently exposed to cyclic changes in physical conditions. During the sampling, individual
leaflets were excised from the plants, retaining as little petiole as possible. Leaflets that showed no
damage or defects were chosen randomly from among the inoculated plants.

Potato plants were established in the field in a randomized complete block design at the University
of California Kearney Agricultural Research and Extension Center on 3 September 1987. Surface-
sterilized potato tubers (cv. Russet Burbank) were cut into pieces approximately 4 cm in diameter,
each of which contained at least one eye. Approximately 50 such seed pieces were planted in each
of four replicate blocks. On 23 November, when plants were approximately 25 cm tall and had at
least seven leaves, plants were spray inoculated with a suspension of P. syringae strain TLP2 (ca. 107
cells per milliliter). Bacteria were applied to plants to runoff, using a CO,-pressurized hand-held
sprayer operated at 40 psi, as in other studies [26]. Plants were subsequently exposed to ambient field
conditions (maximum daytime temperatures ca. 18°C, minimum nighttime temperatures 6°C). After
1 week, individual leaflets were sampled from each of two plants in each block, and bacterial
populations were estimated as described below.

Estimation of Bacterial Populations

Bacterial populations were estimated for individual leaflet segments, whole leaflets, and entire plants.
To quantify the distribution of bacterial populations within a single leaflet, individual leaflets were
cut into pieces, and population sizes were estimated independently for each piece. A total of 12
individual leaflets from different potato plants that were inoculated and maintained in a greenhouse
were examined. Each leaflet was sliced into 0.3 cm x 0.3 cm squares using a flame-sterilized razor
blade. Bacterial population sizes were estimated for all segments of each leaflet. The total number of
segments for each leaflet ranged from 50 to 120. For each leaflet, the location of each segment was
noted as coordinates that produced a leaflet map. Individual leaflet segments were placed in sterile
Eppendorf microfuge tubes containing 0.2 ml of sterile washing buffer (0.1 M potassium phosphate
buffer, pH 7.0, containing 0.1% Bacto peptone). Leaflet segments were macerated with sterile disposable
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Table 1. Bacterial populations (strain B7282) on individual leaflets, populations per 9-mm? leaflet
segment, numbers of segments per leaflet, and variance/mean ratios for populations per segment

Leaflet No. Total population® Mean per segment N¢ Variance/mean®
14 27,900 340 82 260
2 3,337 68 49 158
3 3,883 56 69 143
4 24,816 528 47 81
5 14,628 318 46 166
6 19,380 380 51 404

“Total number of bacterial colony-forming units from all segments. All segments were sampled on
each leaflet.

®Number of segments per leaflet.

¢Variance/mean ratio for number of bacterial colony-forming units per leaflet (nontransformed data).
Leaflets 1, 2, and 3 were sampled 24 h after bacterial inoculation; leaflets 4, 5, and 6 were sampled
48 h after inoculation.

plastic pestles. The entire leaflet macerate was then spread on the surface of KB containing 100 pg/
ml of cycloheximide and 50 g/ml of benomyl to inhibit fungal growth, and 100 pg/ml of rifampicin
(XBR). Bacterial populations on each leaflet segment were determined from colony counts on plates
after incubation at 28°C for 3 days.

To estimate bacterial populations on entire leaflets, individual leaflets were randomly selected from
bean or potato plants. Individual leaflet samples were collected both from greenhouse-grown bean
and potato plants and from field-grown potato plants. Sample sizes varied among experiments and
are indicated in Tables 1 and 2. Leaflets were weighed, and each was immersed in 20 ml of washing
buffer in a large test tube. Tubes were sonicated in an ultrasonic cleaner (Bransonic 52) for 7 min,
and 10-fold serial dilutions were plated on KBR. Bacterial populations on each leaflet were determined
based on bacterial colony counts on plates after 3 days incubation at 28°C.

For whole plant population estimates in the field, all the fully expanded leaves from each of eight
individual field-grown potato plants were sampled. The population size of strain TLP2 was evaluated
on each individual leaflet, as described above. For whole-plant population estimates in the greenhouse,
all the primary leaves and all leaflets from first trifoliates were processed individually at varying time
intervals following inoculation of bean plants with strain B728a. Plant incubation conditions were as
described above.

Statistical Methods

All statistical calculations were performed using SAS (version 6.03) (SAS Institute Inc., Cary, N.C.).
Analysis of variance of samples of different unit size was done on nontransformed and log-transformed
estimates of population size (log per gram and log per sampling unit) using the General Linear
Models procedure. Variance/mean ratios for nontransformed data provided an index to aggregation
of populations among units [2]. The goodness-of-fit of the normal distribution to the log-transformed
and nontransformed estimates of bacterial populations for samples of different unit size was tested
by the Shapiro-Wilk W statistic or the Kolomogorov D-statistic [32, 33] using the Univariate procedure
in SAS.

Results
Leaflet Segments as Sampling Units

The population sizes of strain B728a on individual 9-mm? segments of three potato
leaflets (representative of the leaflets sampled) are illustrated in Fig. 1. Mean
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Fig. 1. Pseudomonas syringae strain
B728a population sizes per leaf segment
(each segment approximately 9 mm?) on
three potato leaflets (A. Leaflet 1; B.
Leaflet 2; C. Leaflet 3). Plants were
inoculated 24 h before sampling and
maintained in clear plastic bags as
described in the text.
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population size per segment on different leaflets ranged from 56 to 528, though
within a given leaflet, there were segments with much larger population sizes and
segments with no detectable populations. Populations on the central vein of the
leaflets tended to be larger than those on the leaflet edges (mean population size
along the central vein was greater than that on the edge segments for five of
six leaflets).

Bacteria were clustered on segments within leaflets, as evidenced by the large
variance/mean ratios observed (Table 1, mean population per segment for leaflets
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shown in Fig. 1). Variance/mean ratios were greater than 50 for strains B728a and
TLP2 on all leaflets sampled. The variance in bacterial population size among
segments differed among leaflets, ranging from 8,008 to 153,520. Aggregation
was also evident at a larger scale on some leaflets. For example, segments with
high bacterial populations are clustered on leaflet C (Fig. 1C). The distribution of
bacterial population sizes on segments within individual leaflets was generally
described better by the lognormal than by the normal distribution (Table 2, leaflets
2 and 3; hypothesis of normality rejected for non-transformed data, not rejected
for the log-transformed data). However, the lognormal did not provide a good fit
for the distribution of population sizes per segment among segments for all leaflets
(Table 2, leaflet 1; hypothesis of normality rejected for both nontransformed and
log-transformed data).

Whole Leaflets as Sampling Units

Epiphytic bacterial population sizes and mean—variance relationships among indi-
vidual leaflets in both field and greenhouse studies are shown in Table 2. The
large variance/mean ratios for the nontransformed estimates of bacteria per leaflet
suggest that populations are clustered on specific leaflets in a nonrandom pattern
[2], or that there is a great deal of variability among leaflets in bacterial population
size when expressed per leaflet. This large variability among leaflets was present
directly following inoculation of leaflets (sample 1, greenhouse) and was maintained
over time in the greenhouse (samples 14 taken at 24-h intervals). Additionally,
the large levels of leaflet-to-leaflet variability were observed over a wide range of
population levels (mean bacterial population sizes per leaflet ranging from 3,543
to 2,776,325; Table 2) and following incubation of plants under both cool/wet
and hot/dry conditions. Variability in population size among leaflets for the log-
transformed data was much larger among inoculated leaflets in the field than in
the greenhouse.

Bacterial populations among leaflets have been shown to be well described by
the lognormal distribution [7], and this distribution was appropriate for the per
leaflet and per gram leaflet weight data in some of the whole leaflet samples (Table
2, samples 1 and 2). However, the lognormal distribution did not provide a good
description for all samples (Table 2, samples 3 and 4). In these cases, an alternative
transformation [11, 33] may be needed to meet the assumptions necessary for
normal-based statistics.

Plants as Sampling Units

Bacterial population sizes for whole-plant samples and the variability among plants
in these estimates are indicated in Table 2. On inoculated plants maintained under
controlled conditions in the greenhouse, population sizes among plants were highly
variable (populations ranged from 1,992-9,081 on small plants). Variance/mean
ratios in both the field and the greenhouse suggest clustering of bacterial populations
among plants. Variability in population size among plants was greater for inoculated
plants in the field than in the greenhouse.

For whole-plant samples, the sample size was not large enough to provide a
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Table 3. Relationships between leaflet weight and bacterial population per leaflet and population
density (population size per gram leaflet)

Leaflet weight and Leaflet weight and
population per leaf population density
Sample* r P r P
1 0.372 0.0001 -0.278 0.005
2 0.221 0.290 -0.370 0.718
3 —0.530 0.598 —0.098 0.335
4 0.167 0.096 —0.228 0.022

“Sample 1 directly following inoculation. Samples 2 and 4 were following 24 h incubation under
cool, moist conditions. Sample 3 followed 24 h incubation under hot, dry conditions. See text for
details. These data correspond to the whole-leaflet samples 1-4 in Table 2.

?Pearson product moment correlation. n = 100 for all samples.

“Probability of obtaining a more extreme value of r, indicates the significance of the correlation.

rigorous distributional test. Neither the normal nor the lognormal could be rejected
as possible descriptors of the distribution of population sizes among plants, and
the lognormal was also not inappropriate for describing the population per gram
among plants (Table 2; hypothesis of normality not rejected for nontransformed
or log-transformed data).

Scaling Factors and Population Assessment

Population sizes are generally scaled on a per sample unit, log per sample unit,
per sample unit weight, or log per sample unit weight basis. Depending on the
variability in weight relative to population sizes among sampling units, scaling on
a per unit weight basis may increase, decrease, or have no effect on the sample
variance (Table 2). In 100-leaflet samples of inoculated greenhouse plants, leaflet
weight was not consistently correlated with bacterial populations (Table 3). Addi-
tionally, there were sometimes significant negative correlations between population
density (population size per gram per leaflet) and leaflet weight (Table 3). In these
cases, heavier leaflets (leaflets that weighed more, though not necessarily leaflets
having larger surface areas) supported smaller population densities than the leaflets
with less mass.

Quantifying Differences Among Units

Data from multiple segments of individual leaflets permit a test of the hypothesis
that the mean population size per segment is not significantly different among
leaflets. Using data from all leaflet segments for the three leaflets described in
Table 1, this hypothesis is rejected (log colony-forming units [cfu] per segment
F = 58.10, P = .0001; log CFU per gram F = 59.06, P = .0001). Thus, based
on these data, we conclude that the mean population per 9-mm? segment (per unit
area) is not the same among different leaflets. Among sampled leaflets, larger
leaflets having a greater area tended to have larger total populations, apparently
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as a function of both more surface area and greater mean numbers of individuals
per unit area (Table 1).

Multiple samples of individual leaflets from the same plant allow a test of the
hypothesis that mean bacterial population size per leaflet is not significantly differ-
ent among plants. Under field conditions, mean population sizes of bacterial strain
TLP2 on individual potato leaflets were significantly different on different plants
(log CFU per leaflet; F = 3.27, P = .0098). Thus, plants with the same or similar
numbers of leaflets may support different total bacterial populations. The influence
of leaflet position (height) within the potato plant canopy on bacterial population
size was also investigated using these data. We found no significant influence of
leaflet position on mean bacterial population size per leaflet (log CFU per leaflet;
F = .14, P = .9676). In the greenhouse, mean population sizes of strain B728a
per leaflet and per gram per leaflet were also significantly different on different
plants (log per leaflet F = 3.28, P = .0157; log per gram F = 4.63, P = .0024).
Thus, in both the field and in controlled environmental conditions in the greenhouse,
individual plants appear to differ in their ability to support inoculated bacterial popu-
lations.

Comparing Population Data Among Samples Taken at Different Scales

At similar sampling intensities (sample size n = 5), no clear reduction in variance
could be obtained by the selection of one sampling scale over the others (Table
4). Though variance in population size among segments is smaller than that among
leaflets or among plants—reflecting in part the much smaller population sizes on
leaflet segments versus on leaflets or whole plants—once data are appropriately
transformed, differences in variance associated with scale are no longer consistent
(Table 4).

Because bacterial populations were aggregated among sampling units at all
scales, estimates of the mean log cells per gram based on samples taken at a
small scale will underestimate the log cells per gram at a larger scale (Table 5).
Alternatively, Table 5 illustrates that whole-leafiet samples will behave as “bulked”
samples of leaflet segments and will overestimate the population size per gram on
individual leaflet segments [12, 14]. Whole-plant samples will similatly overesti-
mate the population size per gram on individual leaflets.

Discussion

Analysis of population sizes of introduced epiphytic bacteria based on leaflet
segment, whole-leaflet, and whole-plant data provide fundamentally different sorts
of biological information. For example, the data on populations on adjacent leaflet
segments provide information on the level at which bacterial populations are
aggregated on individual leaflets and thus on the scale at which sites for bacterial
growth and survival are distributed across the leaflet surface. Data from whole-
leaflet samples reflect the variability among leaflets in ability to support bacterial
populations, integrating both the nutritional and the physical environment on leaf-
lets. Finally, whole-plant samples illustrate the differences in whole-plant-mediated
bacterial habitat quality and quantity. What is common to all of these sampling
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Table 4. Influence of sampling unit scale (leaflet segments, whole leaflets,
whole plants) on variability among units®

Populations Mean Variance

Population per unit
Leaflet segments”

Leaflet 1 151 59,633

Leaflet 2 75 17,132

Leaflet 3 52 6,160
Whole leaflets®

Sample 2 221,368 7.50 X 10'°

Sample 3 26,765 7.45 X 108

Sample 4 2.90 X 10° 7.67 X 10%
Whole plants?

Sample 1 5,720 8.41 X 10°

Log population per gram
Leaflet segments

Leaflet 1 478 0.21

Leaflet 2 393 1.58

Leaflet 3 4.03 0.36
Whole leaflets

Sample 2 525 0.17

Sample 3 4.46 0.47

Sample 4 6.40 0.19
Whole plants

Sample 1 2.95 0.07

“All data are presented on a per sampling unit basis and on a log per gram
basis. Data are the mean values for both the mean and variance from 20
independent samples of n = 5 (5 segments, 5 leaflets, or 5 plants) to remove
influences of sample size on variance.

¢ All plants were inoculated and maintained under greenhouse conditions as
described in the text. See text for details of segment, leaflet, and whole-plant
sampling strategies. Leaflets 1, 2, and 3 correspond with leaflets 1, 2, and 3
in Table 2; whole-leaflet samples 2, 3, and 4 correspond with whole-leaflet
samples 2, 3, and 4 in Table 2; the whole-plant sample corresponds with the
whole-plant sample of strain B728a in the greenhouse in Table 2.

scales is the high degree of clustering of bacterial population sizes among sampling
units. At the level of leaflet segments, leaflets, and entire plants, bacterial popula-
tions were tremendously variable among units. Thus, individual segments on leaflets
vary greatly in their ability to support bacterial populations, as do leaflets and
individual plants. At each scale, this variability likely integrates a variety of factors,
including differences in bacterial immigration or inoculation, availability of re-
sources such as nutrients and moisture, and protection from environmental stresses.
Understanding the scales at which bacterial populations vary in space and in time
is critical to determining the factors most important in bacterial colonization and
thus in causing population variance.

The lognormal distribution is used commonly in the description of epiphytic
populations on leaves [7]. Although bacterial populations among leaflet segments,
among leaflets, and among whole plants were often well described by the lognormal
distribution, this was not always the case. Even for the individual leaflet samples,
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Table 5. Epiphytic bacterial population estimates per gram of leaflet tissue
based on mean population per gram among all leaflet segments and on the
total population summed over all leaflet segments and scaled by total leaflet
weight for the same leaflets®

Mean log CFU per gram Total log CFU per gram
among leaflet segments® (all segments)”
Leaf 1 4.816 5.000
Leaf 2 3.892 4.302
Leaf 3 3.875 4.219

*CFU, colony-forming units.

bCalculated as mean log (population per segment/weight per segment) for
all segments.

Calculated as log (total population summed over all segments/leaflet total
weight).

the lognormal did not always provide an appropriate description of the distribution
of population sizes among sampling units. Thus, the routine use of the lognormal
distribution to summarize and analyze epiphytic populations may not be appropriate,
and these data suggest that the appropriateness of the lognormal should always be
evaluated before its application to a particular data set. Unfortunately, the large
sample sizes used in this study are not frequently employed in ecological work,
and the ability to determine whether the lognormal is an inappropriate distribution
for a small data set is difficult. Nonparametric tests offer an alternative means
for analyzing data in cases where distributional assumptions are not met, yet
these tests may lack statistical power relative to distribution-based or normal
statistics [5].

Selection of a sampling scale may be based on a variety of objectives and
limitations, such as methodological considerations of the number of samples that
can be processed and the ease of processing, biological features of plants, and
attempts to reduce sample variance. The high level of variability in bacterial
populations among sampling units at every scale investigated and regardless of
the bacterial strain or plant species indicates that among leaflet segments, leaflets, or
entire plants there is no optimal scale at which variance among units is significantly
reduced. This contrasts with what has been observed in the sampling of rhizobacter-
ial populations, where variability was significantly greater for root segments than
for whole roots [15]. Thus, in the sampling of epiphytic bacterial populations,
selection of sampling units should be based on methodological and biological
reasons and not on an assumption of reduced variance at greater or smaller sampling
scales (e.g., leaflets vs. leaflet segments vs. plants). For instance, the subsequent
incidence of brownspot disease has been accurately described by the frequency of
leaves having population sizes above a threshold population required for disease
initiation [8, 19]. Because disease occurs on individual leaves, whole plant samples
may have obscured such a relationship. However, simple detection of genetically
distinguishable microorganisms, such as released recombinant strains of bacteria,
may be facilitated by large sample units such as whole plants.

Methodological considerations in the selection of sampling strategies should
center on ease of sampling and sample processing rather than any perception of
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reduced variance as a function of sampling scale. However, once a sampling
scale has been determined, variance estimates will be fundamental to selecting an
appropriate sample size (n). The variability of bacterial population size estimates
in single leaflet samples was substantially greater when leaflets were harvested
from field rather than greenhouse environments (Table 2). This finding suggests
that strategies that develop protocols through sampling based on greenhouse and
microcosm studies may underestimate the sample sizes needed for adequate descrip-
tion of population sizes under field conditions. A consistently greater variance of
bacterial population sizes among sampling units under field conditions may obscure
our ability to detect differences among treatments. Further work will be needed
to determine whether the higher variance associated with field-collected leaflets
and plants is a general phenomenon or whether it is associated with particular
environmental or biological features. Nonetheless, extrapolation from laboratory
studies to the field must be made with caution, and appropriate estimates of sample
variance should be made before selecting field sampling strategies.

Despite the high levels of variability among segments within individual leaflets,
and among leaflets within individual plants, we found that these differences were
sometimes significantly less than the differences among leaflets of different plants
or among different plants. Individual leaflets sometimes supported significantly
different populations, and separate plants also supported significantly different
populations per gram in some cases. This points to a flaw in the standard scaling
of populations on a per unit weight basis. When leaves or leaflets are the sampling
units and populations are scaled on a per gram basis, if the leaves or leaflets
support significantly different populations per gram, the scaling factor does not
contribute useful biological information and may only confuse the issue. When
leaflet weight and bacterial population sizes are not significantly correlated, scaling
does not provide consistent reductions in, and may actually increase, sample vari-
ance. The rationale for scaling on a per gram basis thus needs to be carefully
considered. Specifically, scaling should be based on biological information about
the population or process under study in relation to the scaling factor. Studies on
the relationship between leaf weight and nutrient availability, immigration rates,
or number of colonizable sites are needed to determine the value of routine scaling
of population data on a sample unit weight basis.

An additional caution relating to the scaling of population data on a per gram
basis concerns the potential utility of such scaling in permitting comparisons among
samples collected at different sampling scales. Scaling on a per gram basis does
not result in population estimates that are comparable among samples taken at
different scales. The data show that these samples behave as “bulked” samples
(12, 14], and because of the clustering of bacterial populations at every scale
investigated, such samples provide inaccurate estimates of populations per gram
at a higher or lower scale. Specifically, mean log population per gram of leaflet
segment underestimates the log population per gram of leaflet. Also, the log
population per gram of leaflet overestimates the mean log population per gram of
leaflet segment. Thus, scaling on a per gram basis does not provide a simple way
of contrasting population data collected based on different sampling units.

Samples of different unit size provide very different sorts of information to
researchers and may sometimes provide conflicting information on microbial inter-
actions [13]. Insufficient effort has been made to understand the influence of sample
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scale on the study of microbial populations and microbial interactions on plants.
These data highlight the importance of understanding microbial populations at
multiple scales and of designing sampling strategies and summary statistics based
on clearly defined biological and methodological objectives.
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