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The most commonly used approach to assay bacterial diver-
sity in aquatic systems involves 16S rDNA library construction
by polymerase chain reaction (PCR) amplification, cloning,
sequencing, and subsequent phylogenetic analysis. Although
very few 16S rDNA libraries sample diversity exhaustively, most
published studies do not include an evaluation of how well the
16S rDNA library represents bacterial diversity in the source
environment (Kemp and Aller 2003). Some limited questions
may be addressed without such an evaluation; for example, the
mere presence of a particular phylotype in a library may be
informative. However, many fundamental questions cannot be
addressed without first demonstrating that the library has cap-
tured a sufficiently large proportion of the diversity that it is
intended to represent. For example, the absence of a particular
phylotype from a library has little meaning unless it is known

that the library is large relative to the diversity in the source
environment. Comparisons among libraries are particularly
problematic. Even as simple a comparison as the number of
bacterial phylotypes present in libraries from two sampling
locations is of questionable value unless the libraries represent
diversity equally well.

Species–richness estimators can be used to estimate the
total number of phylotypes present in the source environment
and provide a context for evaluating whether a library has
captured a large enough fraction of diversity for its intended
purpose. Richness estimators underestimate phylotype rich-
ness in small libraries (e.g., Hughes et al 2001; Hill et al. 2003;
Stach et al. 2003; and others), and consequently have limited
usefulness until the library size is large enough to yield a sta-
ble estimate. We proposed an assessment procedure in which
16S rDNA libraries are subsampled and phylotype richness is
calculated for different subsample sizes to determine whether
the library is large enough to yield a stable richness estimate
(Kemp and Aller 2003). Using the abundance-based richness
estimators SChao1 (Chao 1984, 1987) and SACE (Chao et al. 1993),
we identified 56 of 194 bacterial libraries that yielded stable
richness estimates and compared the estimated phylotype
richness across environments for these libraries only. This pro-
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cedure gave us greater confidence that the richness estimates
and the comparisons based on them were valid.

The assessment procedure we applied was rudimentary, and
critically important questions remain unanswered. Stable phy-
lotype–richness estimates are not necessarily unbiased esti-
mates, and as Hughes et al. (2001) commented “To test for bias,
one needs to know the true richness to compare against the sam-
ple estimates. As yet, this comparison is impossible for microbes,
because no communities have been exhaustively sampled.” Fur-
thermore, the relationship of richness estimators to library size
has been examined in several recent studies and by subsampling
16S rDNA libraries, and results have been mixed.

Hughes et al. (2001) observed that in several large (128 to
284 clones) prokaryotic libraries, richness estimates based on
SChao1 first increased and then usually stabilized with increas-
ing subsample size and were independent of sample size there-
after. However, SChao1 estimates did not stabilize for bacteria in
a high-productivity aquatic mesocosm, and SACE did not yield
stable estimates for any library. Hill et al. (2003) observed that
SChao1 estimates stabilized with one but not with a second large
bacterial library, whereas SACE estimates did not stabilize with
either. We obtained stable estimates from either SChao1 or SACE

in 56 bacterial libraries, but only a few libraries yielded stable
estimates from both estimators (Kemp and Aller 2003). Stach
et al. (2003) compared phylotype richness of actinobacteria at
three depth horizons in marine sediment. Values of SACE did
not stabilize with subsample size in two of three libraries. The
relationship of SACE to subsample size was inconsistent and
varied across depths, and it was evident that further sampling
could alter even the rank order of estimated phylotype rich-
ness at the three depths.

These few published tests have not resolved which estima-
tor might be most suitable or whether any richness estimator
performs consistently with prokaryotic libraries. The true phy-
lotype richness was unknown in all of these cases. Conse-
quently, the failure to obtain a stable richness estimate from
some libraries could indicate either failure of the richness esti-
mator to perform as intended or simply that those libraries
were too small to represent diversity adequately. Furthermore,
bias could not be evaluated.

Foggo et al. (2003) addressed the question of bias by apply-
ing stringent criteria to select data sets that yield highly stable
estimates of species richness, in three marine and estuarine
faunal assemblages. Using the asymptotic richness estimate as
an approximation of the true species richness, they subsam-
pled the complete data sets and evaluated the relationship of
bias to subsample size. At small subsample sizes, SChao1 and five
other estimators all underestimated species richness. At inter-
mediate subsample sizes, SChao1 slightly overestimated species
richness for two relatively even assemblages of marine macro-
fauna, but slightly underestimated the species richness of a
depauperate and highly patchy assemblage of estuarine
oligochaetes. They judged SChao1 the best compromise estima-
tor, particularly at intermediate sampling efforts.

In summary, these studies are encouraging in that they
demonstrate that richness estimators often yield stable estimates
with prokaryotic libraries, and SChao1 estimates appear to be min-
imally biased in tests with faunal assemblages. However, the sig-
nificance and interpretation of unstable estimates is unclear, the
results for different estimators disagree, and the direction and
extent of bias have not been tested with prokaryotic libraries.

Before richness estimators can be used routinely to assess
how well 16S rDNA libraries represent diversity, these uncer-
tainties must be addressed. In this paper, we (1) evaluate two
potentially suitable phylotype richness estimators tested with a
variety of model libraries and libraries drawn from natural
prokaryotic communities; (2) evaluate whether stable estimates
are also unbiased; and (3) examine characteristics of aquatic
prokaryotic libraries that influence the usefulness of richness
estimators. Although our primary purpose is to evaluate the
use of richness estimators to assess libraries from aquatic com-
munities, we include examples from nonaquatic environments
to illustrate that our results can be applied more generally.
Finally, we provide a software tool to enable others to apply the
same analysis to their own library and assess whether it is large
enough to yield stable phylotype–richness estimates.

Materials and procedures
Definition—The definition of “phylotype” varies depending

on the rules used to determine whether two PCR products are
effectively identical or not. We use “phylotype” to mean a
group of PCR products judged by the original authors to be
essentially identical, regardless of the method or criteria they
used to assess phylogenetic similarity. No specific relationship
to traditional taxonomic nomenclature is implied.

Phylotype richness estimators—16S rDNA libraries are almost
always unreplicated samples of diversity and require the use of
abundance-based rather than incidence-based richness esti-
mators. We examined the performance and suitability of two
abundance-based estimators. SChao1 (Chao 1984, 1987) is a
non-parametric estimator based on mark-release-recapture
techniques. It is calculated as

(1)

where Sobs is the number of phylotypes observed in the library,
and F1 and F2 are the number of phylotypes occurring either
one or two times. It is particularly appropriate for data sets in
which most phylotypes are relatively rare (Chao 1987).

SACE (Chao et al. 1993) is a coverage-based estimator defined as

(2)

where F1 is the number of phylotypes occurring only once in
the library, Srare is the number of phylotypes occurring 10 or
fewer times, and Sabund is the number occurring more than 10
times. γACE

2 is the coefficient of variation of the Fi’s. CACE is a
sample coverage estimate defined as the proportion of indi-
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viduals in relatively rare phylotypes (<10 clones) that occur
more than once in a library (Chao et al. 1993). The SACE esti-
mator is particularly appropriate for data sets in which some
phylotypes occur more frequently (Chao et al 1993). SChao1 and
SACE estimators are highly correlated when most phylotypes
are present only once or twice (Kemp and Aller 2003), as is
often true of prokaryotic libraries.

Source data—Source data were constructed from theoretical
distributions and obtained from published reports. Con-
structed data sets consisted of model libraries representing dif-
ferent underlying phylotype abundance distributions. In each
of the model libraries, the true phylotype richness is known
and the accuracy of phylotype richness estimators can be eval-
uated. We constructed a set of four model libraries based on
different distribution models, including the geometric series,
lognormal, broken stick, and uniform models.

The geometric series, lognormal, and broken stick models
have a long history in classical ecology. The geometric series
model (May 1975) stems from the assumption that each
species, in rank order, preempts resources that are no longer
available to any other species. It describes species-poor com-
munities in which few phylotypes dominate and all others are
rare. The lognormal distribution (Preston 1962) appears to fit
many natural communities, especially in complex and
species-rich environments (May 1975). It is particularly inter-
esting because of a recent publication by Curtis et al. (2002) in
which it provided the basis for a calculation of the global
diversity of prokaryotes. The broken stick model (MacArthur
1957) arises from the assumption that resources in a commu-
nity are allocated randomly among species. It is representative
of the most even community compositions likely to occur in
nature (May 1975). We included one additional model library
in which all phylotypes are equal in abundance, as the
extreme case of an even distribution.

We also used examples of real-world prokaryotic communi-
ties for which phylotype richness is known. Libraries in which
all or nearly all phylotypes appear more than once are likely
to have captured most of the phylotypes present in the source
environment, and can be used as a proxy for ones in which
diversity has truly been sampled exhaustively. Very few such
libraries are available. We evaluate two aquatic archaeal
libraries generated from Antarctic hypersaline lake sediment
(Bowman et al. 2000a) and from a marine hydrothermal vent
(Takai and Sako 1999). Two aquatic bacterial libraries were
generated from Antarctic marine-salinity lake sediment (Bow-
man et al. 2000b) and from a lithotrophic biofilm (Bond et al.
2000). A third, very unusual aquatic bacterial library was
obtained from a geothermal well where only two phylotypes
were present, one much more abundant than the other
(Marteinsson et al. 2001). In addition to the libraries from
aquatic systems, we included two bacterial libraries from non-
aquatic environments, one from chicken cecum (Gong et al.
2002) and one from contaminated soils (Nogales et al. 2001).
For each of these libraries, the number of phylotypes actually

observed in the library should be a minimally biased estimate
of the number present in the source community.

Finally, we examined seven libraries that did not exhaus-
tively sample diversity in their source communities, as indi-
cated by their including a number of phylotypes that occurred
only once. These include both smaller and larger libraries,
taken from both diverse and relatively simple source commu-
nities; they also differed in the degree to which one or a few
phylotypes dominated in their abundance in the library.

Distribution parameters for model libraries were chosen to
generate realistic phylotype abundance distributions similar to
those found in the selected examples of natural communities.
For the lognormal, broken stick, and uniform models, 1200
clones were allocated to 50 phylotypes, with the abundance of
each phylotype rounded to the nearest whole number of clones.
In the highly uneven geometric series model, the relative abun-
dances of phylotypes differ by orders of magnitude, and only a
few phylotypes can be represented with any manageable total
number of clones. We employed a geometric series model dis-
tribution with 1200 clones allocated to 15 phylotypes.

Procedures—The assessment procedure is similar to rarefac-
tion analysis (Heck et al. 1975). For each library, 1000 data
subsets were derived by random sampling with replacement.
These derived data subsets range in size ni from i = 1% to 100%
of the total size N of the library, in increments of 1% of N
rounded to the nearest integer value. For each subsample size
ni, 10 replicate data subsets were drawn with replacement
from the model library; at size ni = N, all 10 data subsets were
identical to the complete library. The values of SChao1 and SACE

were calculated for each derived data subset and plotted
against subsample size ni to determine whether an asymptote
was reached. If the estimated phylotype richness reached an
asymptote, we inferred that the library was large enough to
yield a stable estimate of phylotype richness. We were satisfied
with visual inspection of the plots, but any reasonable rule
could be used to define what constitutes an asymptote.

Constructing 1000 derived data subsets from each of 18
libraries would be a laborious task. We prepared a simple pro-
gram that employed a web form (HTML) interface and a Perl
form processor (~150 lines of code). The data input to the web
form consisted of the number of phylotypes that appeared in
the library at frequencies ranging from 1 to 150 times (the
upper limit of 150 is sufficient to include nearly all libraries
published to date). The output consisted of 1000 lines of
comma-separated data, each representing a derived data subset,
suitable for import into a prepared spreadsheet. Formulas built
into the spreadsheet calculated values of SChao1 and SACE for each
derived data subset and plotted them against subsample size.

Assessment
The SChao1 and SACE richness estimators quickly reached an

asymptotic maximum for all four model libraries (Fig. 1). In
seven libraries from natural communities, each was considered
to have sampled phylotype richness thoroughly, both estima-
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tors again reached a stable asymptote in all cases (Figs. 2 and 3).
These range from a library in which only two phylotypes were
present, one much more abundant than the other (Fig. 3A-B),
to a large library containing many phylotypes (Fig. 3E-3F). In all
but one case, richness estimates were identical to or slightly
greater than the actual number of phylotypes present (Table 1).
The sole exception was for a geometric series model library,
where SChao1 slightly underestimated phylotype richness.

Of the seven libraries that did not sample diversity exhaus-
tively (Figs. 4 and 5), three were large enough that the value
of SChao1 reached a stable asymptote (Fig. 4). From the results
with model libraries and libraries representing exhaustively
sampled natural communities, we infer that these asymptotic
values are unbiased or minimally biased estimates of phylo-
type richness. After concluding that all three estimates are
unbiased, it is possible to make rigorous statistical compar-
isons of estimated phylotype richness among these three
libraries. A solution for the variance of SChao1 is available
(Chao 1987) and provides the capacity for statistical compar-
isons. In these examples, we would judge the phylotype rich-
ness of bacteria in the geothermal spring example (Fig. 4E-4F,
65.3 phylotypes) to be significantly greater than that in
coastal bacterioplankton (Fig. 4A-4B, 43.7 phylotypes) or Gulf
of Papua sediment (Fig. 4C-4D, 44.0 phylotypes).

We see substantial disagreement between the SChao1 and SACE

estimators in two of these libraries. In the coastal bacterio-

plankton library (Fig. 4A-4B), values of SACE increased beyond
the asymptotic maximum of SChao1, then decreased. At full
library size, the two estimators were approximately equal. In
the geothermal spring library (Fig. 4E-4F), the final values of
SACE were somewhat higher than for SChao1. SACE was often unde-
fined for subsample data sets in which no phylotypes occurred
from one to 10 times (see Figs. 1 to 4).

Fig. 5 shows four examples of libraries from aquatic systems
(if we consider a bioreactor to be an aquatic system) in which
stable estimates of phylotype richness were not obtained for
either SChao1 or SACE. In two cases, values of SACE were generally
higher than values of SChao1 (Fig. 5A-5D). We infer that (1) these
libraries were not large enough to obtain stable richness esti-
mates, (2) richness estimates derived from these libraries are
biased to an unknown extent, (3) we cannot determine how
well these libraries represent their respective source environ-
ments, and therefore (4) comparisons among these examples
would not be valid. For example, roughly the same number of
phylotypes was recovered in the Antarctic sediment library
(Fig. 5E-5F) as in the Arctic sediment library (Fig. 5G-5H). How-
ever, the apparent similarity in phylotype richness may be an
artifact of sample size; more work might reveal a difference in
the total number of phylotypes in each environment.

This raises an obvious question: how much larger would
these libraries have to be to obtain unbiased estimates of phy-
lotype richness? Richness estimators can indicate whether a
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Table 1. Comparison of the estimated number of phylotypes in the source community (predicted SChao1 and SACE, averages of last five
estimates) to the actual number (S)

Library Size S SChao1 SChao1/S SACE SACE/S %s*

Model libraries

Geometric series 1200 15 14.8 0.99 15.8 1.05 —

Lognormal 1200 50 50.0 1.00 50.0 1.00 —

Broken stick 1200 50 51.7 1.03 51.1 1.02 —

Uniformly abundant 1200 50 50.0 1.00 50.0 1.00 —

Natural community libraries

Archaea

Hypersaline lake sediment† 76 8 8.0 1.00 8.0 1.00 98

Marine hydrothermal vent‡ 83 12 12.4 1.03 12.3 1.03 98

Bacteria

Saline lake sediment§ 56 14 14.4 1.03 14.9 1.06 98

Lithotrophic biofilm� 93 6 6.3 1.05 6.5 1.08 98

Geothermal well¶ 73 2 2.0 1.00 2.0 1.00 98

Chicken cecum# 116 15 16.0 1.07 15.9 1.06 95

PCB-contaminated soil** 182 40 40.2 1.01 40.5 1.01 97

Mean estimated/actual phylotypes 1.02 1.03

*%s is the percent similarity used by the original authors to define unique sequences
†Bowman et al. 2000a
‡Takai and Sako 1999
§Bowman et al. 2000b
�Bond et al. 2000
¶Marteinsson et al. 2001
#Gong et al. 2002
**Nogales et al. 2001
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Fig. 1. Left panels: Predicted number of phylotypes based on SACE (filled symbols) and SChao1 (open symbols) versus size of subsamples of four model
libraries. Each point is the mean of 10 replicate subsamples of the library. Right panels: Each library represents a different underlying phylotype frequency
distribution. Phylotype–richness estimates based on either estimator reach an asymptotic maximum at or near the correct number of phylotypes. Unde-
fined values of SACE are plotted as zero phylotypes. Models used are A-B, geometric series; C-D, lognormal; E-F, broken stick; and G-H, uniform.
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Fig. 2. Left panels: Predicted number of phylotypes based on SACE (filled symbols) and SChao1 (open symbols) versus size of subsamples of four libraries derived
from natural aquatic prokaryotic communities. Each point is the mean of 10 replicate subsamples of the library. All four were considered to have exhaustively
sampled diversity in their source communities. Right panels: The corresponding phylotype frequency distributions for each library. Phylotype–richness estimates
based on either estimator reach an asymptotic maximum at or near the number of phylotypes actually observed in these libraries. Undefined values of SACE are
plotted as zero phylotypes. A-B: Bowman et al. 2000a. C-D: Takai and Sako 1999. E-F: Bowman et al. 2000b. G-H: Bond et al. 2000.



library is large enough, but cannot predict how much larger
an inadequate library should have been. However, it is possi-
ble to make some general comments about the minimum nec-
essary library size by examining its relation to the distribution
of phylotypes in libraries. We selected a wide variety of
libraries that yielded a stable phylotype–richness estimate.
These included 20 archaeal libraries and 26 bacterial libraries

from both aquatic and other environments. We estimated the
minimum subsample size required to yield a phylotype–rich-
ness estimate within 5% of the asymptotic value of SChao1. The
minimum library size was expressed as a multiple of the num-
ber of phylotypes present in the source community and plot-
ted against the value of Simpson’s evenness index for the cor-
responding library (Fig. 6).
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Fig. 3. Left panels: Predicted number of phylotypes based on SACE (filled symbols) and SChao1 (open symbols) versus size of subsamples of three libraries
derived from natural prokaryotic communities. Each point is the mean of 10 replicate subsamples of the library. All three were considered to have exhaus-
tively sampled diversity in their source communities. Right panels: The corresponding phylotype frequency distribution for each library. Phylotype–rich-
ness estimates reach an asymptotic maximum for all three libraries, indicating that these libraries were large enough to yield stable and unbiased esti-
mates of phylotype richness. A-B: Marteinsson et al. 2001. C-D: Gong et al. 2002. E-F: Nogales et al. 2001.



Most of these “large enough” libraries have a relatively
even distribution of phylotypes, comparable to the broken
stick model library. The minimum relative library size
decreases with increasing evenness (r = 0.83; Fig. 6) and was
generally <4 for very even libraries, meaning that one could
estimate phylotype richness S with a library of <4S clones. In
contrast, we would expect that highly uneven communities
such as the ones depicted in Fig. 5 would require libraries that

are an order of magnitude larger than the number of phylo-
types present (e.g., upper left quadrant of Fig. 6), before one
could successfully estimate the number of phylotypes present.

Discussion
The majority of published 16S rDNA libraries for aquatic

prokaryotic communities lack a context for judging whether
they represent diversity in the environment sufficiently well to
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Fig. 4. Left panels: Predicted number of phylotypes based on SACE (filled symbols) and SChao1 (open symbols) versus size of subsamples of three libraries
derived from aquatic prokaryotic communities. Each point is the mean of 10 replicate subsamples of the library. None of these libraries were considered
to have exhaustively sampled diversity. Right panels: The corresponding phylotype frequency distribution for each library. Phylotype–richness estimates
reach an asymptotic maximum for all three libraries, indicating that these libraries were large enough to yield stable and unbiased estimates of phylo-
type richness. A-B: Rappe et al. 1997. C-D: Todorov et al. 2000. E-F: Hugenholtz et al. 1998.
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Fig. 5. Left panels: Predicted number of phylotypes based on SACE (filled symbols) and SChao1 (open symbols) versus size of subsamples of four libraries
derived from natural prokaryotic communities. Each point is the mean of 10 replicate subsamples of the library. Right panels: The corresponding phylo-
type frequency distribution for each library. For all four libraries, values of both estimators did not reach an asymptotic maximum, indicating that these
libraries were not large enough to yield stable and unbiased estimates; i.e., phylotype richness was underestimated. A-B: Madrid et al. 2001. C-D:
Sekiguchi et al. 1998. E-F: Bowman and McCuaig 2003. G-H: Ravenschlag et al. 1999.



address the questions being asked. Richness estimators offer a
convenient and formulaically simple method to estimate total
phylotype richness in the source community and can provide
the context to make that judgment. The work presented here
shows that the SChao1 estimator performs reliably for a wide vari-
ety of model and real phylotype abundance distributions, rang-
ing from completely uniform to high dominance and from
very low to high diversity. Stable SChao1 values are also unbiased
or at worst minimally biased estimates of phylotype richness.
SChao1 has been favored by others as well (Foggo et al. 2003;
Hill et al. 2003; Colwell and Coddington 1994).

The SACE estimator generally agreed with the SChao1 estima-
tor, but in some cases stabilized at a larger subsample size than
the SChao1 estimator, and in some cases, yielded richness esti-
mates that were higher than estimates derived with SChao1. The
SACE estimator was also undefined under some conditions, and
in some cases, grossly overestimated phylotype richness at
intermediate subsample sizes (e.g., Fig. 4A). It does not appear
to be as well suited for estimating prokaryotic phylotype rich-
ness from 16S rDNA libraries.

A likely criticism of phylotype–richness estimates is that they
are based on library composition, and libraries may not truly
represent the relative abundances of phylotypes in nature. Both
sampling artifacts and PCR amplification artifacts may increase
or decrease the representation of phylotypes in a library (e.g.,
Reysenbach et al. 1992; Suzuki and Giovannoni 1996; Suzuki et
al. 1998) leading to inaccurate estimates of phylotype richness.
For obvious reasons, investigators constructing libraries do their
best to ensure that libraries are not subject to such artifacts.
Whether they are entirely successful or not, 16S rDNA libraries
are the tool most frequently used to explore and develop a
greater understanding of patterns in prokaryotic diversity. The
procedure we have described and evaluated here allows investi-
gators to avoid the pitfall of basing their conclusions upon an
undersampled and inadequately represented diversity.

Martin (2002) has commented on two other problems asso-
ciated with assessments of prokaryotic diversity based on 16S
rDNA libraries. He noted, as have many others, that a given
library will contain greater or fewer phylotypes depending on
the percent similarity used to distinguish among sequences.
Phylotype–richness estimates may be affected by the criteria
used to separate sequences into phylotypes, e.g., if a researcher
employs a 99% similarity cutoff instead of 97% similarity, or
the converse. For libraries in which many sequences are con-
sidered identical at 97% but different at 99%, the effect of
using a higher similarity cutoff is to generate more phylo-
types, each represented by fewer clones. For both SACE and
SChao1, phylotype–richness estimates increase with an increas-
ing presence of rare phylotypes, and libraries with many rare
phylotypes (e.g., as in Fig. 5) generally do not yield stable esti-
mates of phylotype richness. However, we have observed that
most published libraries are based on a very narrow range of
percent similarities (97% to 99%), and we find no significant
relationship evident between percent similarity and the num-
ber of phylotypes reported in libraries (Kemp and Aller 2003).
It is possible that, in some libraries, changing the similarity
cutoff level does not change the perceived number of phylo-
types present, or at least not enough to materially affect rich-
ness estimates.

Martin (2002) also commented that although two libraries
may have no phylotypes in common, the phylotypes in one
library may have closely related counterparts in the other, and
the libraries may be more similar than the absence of identical
phylotypes would suggest. We agree with Martin that analyses
of phylogenetic relatedness can provide different information
and are valuable alternatives to comparisons of phylotype rich-
ness. However, we would argue that a comparison of two
libraries based on phylogenetic relatedness will be just as
flawed as a comparison based on phylotype richness if the two
libraries represent different proportions of the diversity present
in their respective source environments. In either case, one
must first establish that both libraries represent diversity in the
source environment sufficiently well for their intended pur-
pose, whether that purpose is a comparison of phylotype rich-
ness or a comparison of phylogenetic relatedness.

Comments and recommendations
We are intrigued by finding that the libraries judged too

small to yield stable estimates of phylotype richness ranged
greatly in size but were usually characterized by a highly
uneven phylotype abundance distribution (Fig. 5). The distri-
bution of phylotypes generally resembled the geometric series
model distribution but contained even more rare phylotypes
(i.e., one clone each) than would be expected in a geometric
series. In contrast, most of the “large enough” libraries tended
to have a more even phylotype abundance distribution, com-
parable with broken stick or lognormal distributions (Figs. 2 to 4).
Assuming that they are not entirely artifactual, the prepon-
derance of rare phylotypes in most libraries (including 138 of
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Fig. 6. Library size at which SChao1 stabilized, expressed as multiples of the
SChao1 estimate of phylotype richness versus Simpson’s evenness index.



194 libraries in our 2003 review) leads us to contemplate what
processes might allow a very large number of phylotypes to
persist at very low frequencies in a majority of aquatic
prokaryotic communities.

A procedure comparable to the one used here could be
applied while constructing a library in stages: calculating SChao1

and characterizing additional clones until the estimated phy-
lotype richness appears to reach an asymptote. At that point,
it would be possible to assess whether the library adequately
represents the diversity in the source environment for the
problem under consideration. We strongly recommend this
approach to avoid spending either too little or too much effort
on library building.

Although the calculations required for this assessment pro-
cedure are not difficult, they are laborious. We constructed a
web interface, form processor, and spreadsheet to enter library
information, subsample the library, calculate values of SChao1

and SACE, and plot richness estimates against subsample size.
The web interface, form processor, spreadsheet, and instruc-
tions for their use are available through a web appendix located
at http://www.aslo.org/lomethods/free/2004/0114a.html.
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