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Survey design for detecting rare freshwater mussels
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Abstract. A common objective when surveying freshwater mussels is to detect the presence of rare
populations. In certain situations, such as when endangered or threatened species are potentially in the area
of a proposed impact, the survey should be designed to ensure a high probability of detecting species
presence. Linking survey design to probability of detecting species presence has been done for quantitative
surveys, but commonly applied designs that are based on timed searches have not made that connection. I
propose a semiquantitative survey design that links search area and search efficiency to probability of
detecting species presence. The survey can be designed to protect against failing to detect populations
above a threshold abundance (or density). I illustrate the design for surveys to detect clubshell (Pluerobema
clava) and northern riffleshell (Epioblasma torulosa rangiana) in the Allegheny River. Monte Carlo simulation
indicated that the proposed survey design performs well under a range of spatial distributions and low
densities (,0.05 m2) where search area is sufficient to ensure that the probability of detecting species
presence is predicted to be �0.85.

Key words: unionid, probability of species detection, detectability, qualitative sampling, rare
populations, species presence, timed search, occupancy.

A common objective of surveys of freshwater
mussels is to detect the presence of rare populations,
e.g., when assessing site-specific impacts on endan-
gered or threatened species (Wilcox et al. 1993, Smith
et al. 2001a) or when delineating the range of a rare
species (Strayer et al. 1996). An important application
of this objective is determining the presence of an
endangered or threatened species in an area of a
proposed impact. In that case, confirmation of species
presence would halt or influence the activity that
would cause the impact, whereas failure to detect a
species when it was in fact present (analogous to a
Type II error) could permit an adverse impact to occur.
Thus, a survey designed to achieve this objective
should ensure a high probability of detecting species
presence.

Intuition tells us that the probability of detecting
species presence is related to species abundance and
spatial distribution, sampling effort, search efficiency
within the area sampled (i.e., detectability), and the
distribution of sampling effort within a study site.
McArdle (1990) and Green and Young (1993) related
detection of rare species to the number of sampling
units taken in a quantitative, quadrat-based survey
assuming perfect search efficiency. Near-perfect search

efficiency would be achieved in a freshwater mussel
survey by sediment excavation (Hornbach and Deneka
1996, Smith et al. 2001b). Green and Young (1993)
provided guidelines for designing a quantitative
survey that would ensure a high probability of
detecting rare species. However, their guidelines have
not been widely adopted for freshwater mussel
surveys, in part because quantitative sampling is
perceived as time-consuming and expensive (Ober-
meyer 1998), and timed-search surveys result in more
species detections per unit time than quadrat-based
surveys (Strayer et al. 1997, Vaughn et al. 1997,
Obermeyer 1998).

Timed searches are qualitatively more efficient than
quadrat-based surveys, but an explicit method to
relate search time to the probability of detecting
species presence does not appear to exist. Strayer et
al. (1997) calculated probability of detection for timed
searches for Elliptio complanata, but cited high variance
of catch per unit effort statistics as a limitation on the
generality of a timed-search-based detection curve.
Metcalfe-Smith et al. (2000) found that .50% of species
present are missed when typical search times are used
and that increased search time resulted in more species
detections. However, the essential question of how
much search time is enough to ensure a high1 E-mail address: drsmith@usgs.gov
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probability of detecting a rare species remains unan-
swered.

I propose an alternative survey design that is
intermediate between a timed search and Green and
Young’s (1993) quadrat-based sampling. The design
relates probability of detecting species presence to
search area and search efficiency. The semiquantitative
approach does not require sediment excavation, but
does require a priori information on search efficiency.
Search effort is constrained to defined areas (i.e.,
sampling units), so the survey design can be linked to
probability of detecting species presence. I describe an
example survey designed to detect clubshell (Pluer-
obema clava) and northern riffleshell (Epioblasma tor-
ulosa rangiana) in the Allegheny River. Last, I evaluate
the design using a Monte Carlo simulation that
includes spatially clustered populations because the
survey design relies on assumptions about spatial
distribution of rare populations.

Survey Design

I developed the survey design by specifying the
survey objective and applying a model to link the
objective to elements of the design. In particular, I
considered factors that affect search efficiency (e.g.,
detectability) because it is an important element in
mussel survey design. I also considered relevant
statistical principles that could guide how best to
distribute the area to be searched within a site.

Survey objective

Clear, specific, and quantifiable objectives are central
to successful survey design (Strayer and Smith 2003,
McDonald 2004). The primary objective of our survey
was to detect the presence of a rare population, but a
survey objective should be defined further and stated
quantitatively to allow for evaluating whether a
proposed design will meet the objective. For example,
the objective might be stated quantitatively: ‘‘To detect
the presence of any of the endangered or candidate
species in a site with probability �0.85 given that
species abundance is �100 individuals.’’ This state-
ment has 2 important elements: 1) the minimum
threshold for the probability of detecting presence of
a species, and 2) a species abundance or density that is
deemed biologically meaningful. I used an abundance
of 100 individuals only as an example. The determi-
nation of a biologically meaningful threshold should
involve multiple considerations including legal man-
dates, life history, population viability, and compar-
isons of densities throughout a local watershed, region,
or range.

Modeling the sampling process

A model of the sampling process is needed to relate
the proposed objective to the survey design. The
model represents the expected survey results (counts
of mussels) as a function of the controlling factors—
mussel abundance, search area, and search efficiency.
Search efficiency, which is also termed detectability, is
the probability of detecting an individual mussel given
that it is within the search area.

The expected number of individuals counted in a
survey of a site can be represented as

EðCÞ ¼ abT ½1�

where C is the count of individuals, E(C) is the
expected count based on a repeatable sampling
process, a is the fraction of the site that is searched,
b is the probability of detecting an individual given
that it is in the search area, and T is the total number
of individuals in the site (Williams et al. 2002:244).
The expected number of individuals in the search area
is a T ¼ al where a is the search area and l is species
density. Note that the fraction of the site that is
searched is a ¼ a=A where A denotes the area of the
site. The search area is the sum of the areas of each

unit in the sample, i.e., a ¼
Xn

i¼1

ai where n is the

sample size and ai is the area of the i th sampling unit
(typically ai is the same or nearly the same for all
sampling units).

Search efficiency, which refers to the probability of
detecting an individual given that it is in the search
area, is a function of search rate (time per unit area)
and search area (Fig. 1). In eq. 1, search efficiency is
denoted by b. In theory, if one spends enough time and
effort searching an area, all individuals that are present
within the search area will be detected, in which case b
¼ 1. However, in actual sampling situations, search
time and effort are restricted so that not all individuals
in the sample area are detected and b , 1.

Mussel sampling techniques have been classified as
quantitative, semiquantitative, or qualitative (Strayer
and Smith 2003). This classification can be related to
the parameters in eq. 1 (Table 1). Quantitative and
semiquantitative sampling are distinguished from
qualitative sampling by a. a is known when sampling
is quantitative or semiquantitative, but a is not known
when sampling is qualitative. Quantitative and semi-
quantitative sampling are distinguished by b. Quanti-
tative sampling is the case where b¼ 1 or b , 1 and is
estimated. In either case, b can be accounted for in eq.
1. Semiquantitative sampling is the case where b is
unknown. Unbiased estimation of abundance or
density is possible only when a and b are known or
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estimated, i.e., T̂ ¼ C/(ab̂) where T̂ is the estimated
total number of individuals in the study site (i.e., the
abundance estimate) and b̂ is an unbiased estimate of
the probability of detecting an individual given that it
is in the search area.

Detecting the presence of a rare species within a site
is equivalent to detecting at least one individual of that
species, and it follows from eq. 1 that this event is a
function of a, b, and T. That is:

Probðdetecting at least one individualÞ
¼ ProbðC . 0Þ ¼ fðabTÞ: ½2�

Green and Young (1993) considered sampling rare
populations of freshwater mussels in quadrats and
derived a formula for the probability of detecting the
presence of a low-density population (i.e., l , 0.10/m2)
using a Poisson probability distribution:

Probðdetecting at least one individualÞ ¼ 1� e�mn

½3�

where m is the number of individuals within a
sampling unit and n is the number of random sampling
units searched. The Poisson assumption implies that
mussels at very low density have a spatially random
distribution. This assumption does not imply an
absence of underlying ecological relationships, such
as habitat associations and dispersal mechanisms,
which affect distribution (Downing and Downing
1991). Rather, it indicates that when mussels are
geographically rare at a site (i.e., l , 0.1/m2), their
low density masks underlying ecological relationships
and their spatial distribution is random from a
statistical perspective. Green and Young (1993) pre-
sented empirical data to support this contention. In
addition, Smith et al. (2003) found that low-density
mussels on the Cacapon River, West Virginia, had
random distributions as evidenced by variance-to-
mean ratios. A variance-to-mean ratio of 1 indicates a
Poisson distribution (Elliott 1977). Downing and
Downing (1991) presented a formula for variance as a
function of the mean number of individuals collected
that was developed empirically from surveys in lentic

and lotic habitats. The Downing and Downing (1991)
formula indicates that the variance-to-mean ratio
approaches 1 (spatial randomness) as the mean
approaches 0.10, the threshold for rarity used by Green
and Young (1993). I used data from Smith et al. (2001b)
and found variance-to-mean ratios for 60 species/site
combinations (31 species at 14 sites) that indicated
mussel distributions were statistically spatially random
for l � 0.10/m2. The same relationship between
density and spatial distribution has been found in
other populations (McArdle 1990, Welsh et al. 1996).
Therefore, I propose eq. 3 as a useful approximation for
guiding survey design, and I evaluate its use in a
simulation that includes spatially clustered populations
and sampling units other than quadrats (see below).

Equation 3 can be revised to account for search
efficiency by including the parameter b, thereby
making a connection to the sampling-process model
in eq. 1. The expected number of individuals detected
is bnm ¼ baT. Thus:

Probðdetecting at least one individualÞ
¼ 1� e�baT ¼ 1� e�baT=A ¼ 1� e�bal: ½4�

Equation 4 can be used to examine the effect of
search efficiency (b), search area (a), and density (l) on
the probability of detecting at least one individual or,
analogously, the probability of detecting species
presence. Figure 2 shows the probability of detecting
species presence for l ¼ 0.01, 0.05, and 0.10/m2, b ¼
0.2, 0.4, 0.6, and 0.8, and a¼ 100 to 1000 m2. Equation 4
also could be used to examine the effect of abundance
(T) for a given study site area (A) instead of l. Table 2
shows probability of detecting species presence for T¼
100 to 500 and A ¼ 16,000 and 32,000 m2.

Factors that affect search efficiency

Search efficiency is a function of search area and
search time (Fig. 1). The exact form of that relationship
is not known and will vary over time and area. For a
given search area, the more time spent searching, the
higher the search efficiency. It is likely that search
efficiency will increase quickly as search time is

TABLE 1. Contrast of sampling techniques (classified as qualitative, semiquantitative, or quantitative) based on fraction of site
searched (a), search efficiency or detectability (b), and which parameter(s) are known or estimated. C¼ count of mussels in a sample
at a site, T¼ total number of individuals in the population at a site, T̂¼ estimated total number of individuals at a site, b̂¼ estimated
probability of detecting an individual given that it is within the search area.

Sampling technique a b Survey result

Qualitative Unknown Unknown Incomplete count
Semiquantitative Known Unknown Incomplete count within searched area

Quantitative Known Known or estimated Abundance estimate: T̂ ¼ C= ab̂
� �
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increased from low to moderate levels and the rate of
increase in search efficiency will slow as it approaches
complete detection, exhibiting a point-of-diminishing-
returns-type phenomenon. These relationships be-
tween search time and search efficiency also have
been shown empirically (Metcalfe-Smith et al. 2000).

The exact form of the relationship between search
efficiency and search time will depend on a number of
factors (Strayer et al. 1997), some of which are inherent
to the biology and natural history of the mussel
species. For example, some species are more cryptic
than others by virtue of their size, coloration, or
reproductive behavior (Miller and Payne 1993, Ober-
meyer 1998, Haag and Warren 2000). Mussels exhibit
seasonal patterns in vertical migration associated with
day length and water temperatures (Amyot and
Downing 1991, Watters et al. 2001, Perles et al. 2003).
Other biological factors include gender and demo-
graphics. For example, female northern riffleshell
(Epioblasma torulosa rangiana) are more visible than
males (Smith et al. 2001a), and small mussels are
difficult to detect (Miller and Payne 1988, Hornbach
and Deneka 1996, Richardson and Yokley 1996, Smith
et al. 2001b). Other factors, such as turbidity, hydro-
logic variability, substrate, and vegetative cover, are
associated with the physical environment (Di Maio
and Corkum 1997, Smith et al. 2001b). Last, some
factors, such as observer experience, visual acuity, and
fatigue, are associated with the observer (Strayer et al.
1997).

Only those mussels that are epibenthic or not buried

can be found in a search restricted to the substrate
surface (Amyot and Downing 1991). If an area is
searched thoroughly so that all mussels on the
substrate surface have been found, then search
efficiency will be capped at the proportion of mussels
that are on the surface. Beyond that level of effort,
excavation would be required to increase search
efficiency to the point that all or nearly all mussels
within the searched area are found (Smith et al. 2001b).

Impact of search efficiency on survey design

Because search efficiency directly affects the prob-
ability of detecting species presence, it should be
considered when designing a survey. Two approaches
could be used to incorporate search efficiency in
survey design. First, one could be conservative and
assume that search efficiency (b) was low. Then the
relationship from eq. 4 (Table 2, Fig. 2A–D) could be
used as a guide to find the search area (a) that would
ensure that the probability of detecting species
presence is sufficiently high (Fig. 2A–D). For example,
if b were assumed to be �0.2, then a would have to
be .1000 m2 to have a probability of detecting at
least one individual ¼ 0.85 for l ¼ 0.01/m2 (Fig. 2A).
This a would be equivalent to ten 1-m-wide 3 100-m-
long transects (distribution of search effort through-
out the site is discussed below). The assumed b could
be based on life-history traits, such as likelihood that
an individual would be endobenthic (Amyot and
Downing 1991). This approach would be precau-
tionary.

Second, b could be estimated at another time and
place where the rare species was numerous or by a
pilot survey based on a related, but more common,
species. For example, b could be estimated by
searching the surface of quadrats before excavating
sediment (cf. Haukioja and Hakala 1974, Smith et al.
2001b). In this case, the estimate of b and eq. 4 could be
used to predict the a that would result in the desired
probability of detecting species presence. For example,
if b for a search rate of 2 min/m2 were estimated as 0.4,
then a ¼ 500 m2 would ensure a probability of
detecting species presence ¼ 0.85 for l ¼ 0.01/m2

(Fig. 2B), and 1000 min (16.67 h) of search time would
be required. The shortcoming of using an estimate
from another time and place is that b would be
estimated under one set of conditions and applied
under a similar, but not identical, set of conditions. If
an overestimate of b were used in survey design, then
the probability of detecting species presence also
would be overestimated, and the design would not
be precautionary. The number of quadrats needed to
estimate b would depend on l at the site and the

FIG. 1. Search efficiency (b; legend) as a function of search
time and search area (a). The axes are not labeled because the
exact form of the relationship is determined by a variety of
factors involving mussel biology, physical environment, and
observer capabilities.
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proportion of individuals on the substrate surface
(Smith et al. 2001b, Strayer and Smith 2003). Therefore,
the environmental conditions in the pilot survey
should be as close as possible to the conditions likely
to be encountered at the site where species presence
will be determined. Information on species-specific
densities and search efficiencies are available in the
literature in some cases (e.g., Smith et al. 2001a), and
unpublished agency surveys are likely to provide
relevant data.

Statistical principles guiding the distribution of search effort
within the site

Two statistical principles, in particular, are useful for
guiding distribution of search effort. First, spatially
balanced sampling has been recognized as efficient for
sampling natural resources (Christman 2000, Stevens
and Olsen 2004). A spatially balanced sample is one
that is distributed throughout a site or population.
Various systematic or grid sampling methods qualify

as spatially balanced. Second, it is generally more
efficient (reduces sampling error) to distribute effort
among many small units than a few large units. This
principle is particularly relevant when the population
is spatially clustered (Elliott 1977). The mitigating
factor is the effort required to move among units.
Many small units require more between-unit travel
than few large units. Thus, the challenge is to find a
sampling-unit size that represents a compromise
between cost and sampling error. These principles
can be combined with stratification to allocate effort
efficiently and to ensure that sampling is done in all
habitats. For example, a site can be stratified by
macrohabitat (e.g., riffle, run, pool) and search area can
be allocated proportionately or according to antici-
pated habitat value (i.e., more effort in better habitat).
On the other hand, the survey could be conducted in
phases as suggested by Kovalak et al. (1986) and
implemented recently by Villella and Smith (2005).
During the 1st phase, an informal search or surveil-
lance can be conducted to delineate mussel beds or

TABLE 2. Probability of detecting species presence given the study site area (A), search efficiency (b), abundance (T), and search
area (a). Bold font indicates probability of species detection �0.85.

A (m2) b T

a (m2)

100 200 300 400 500 600 700 800 900

16,000 0.2 100 0.12 0.22 0.31 0.39 0.46 0.53 0.58 0.63 0.68
200 0.22 0.39 0.53 0.63 0.71 0.78 0.83 0.86 0.89
300 0.31 0.53 0.68 0.78 0.85 0.89 0.93 0.95 0.97
400 0.39 0.63 0.78 0.86 0.92 0.95 0.97 0.98 0.99
500 0.46 0.71 0.85 0.92 0.96 0.98 0.99 0.99 1.00

0.4 100 0.22 0.39 0.53 0.63 0.71 0.78 0.83 0.86 0.89
200 0.39 0.63 0.78 0.86 0.92 0.95 0.97 0.98 0.99
300 0.53 0.78 0.89 0.95 0.98 0.99 0.99 1.00 1.00
400 0.63 0.86 0.95 0.98 0.99 1.00 1.00 1.00 1.00
500 0.71 0.92 0.98 0.99 1.00 1.00 1.00 1.00 1.00

0.6 100 0.31 0.53 0.68 0.78 0.85 0.89 0.93 0.95 0.97
200 0.53 0.78 0.89 0.95 0.98 0.99 0.99 1.00 1.00
300 0.68 0.89 0.97 0.99 1.00 1.00 1.00 1.00 1.00
400 0.78 0.95 0.99 1.00 1.00 1.00 1.00 1.00 1.00
500 0.85 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00

32,000 0.2 100 0.06 0.12 0.17 0.22 0.27 0.31 0.35 0.39 0.43
200 0.12 0.22 0.31 0.39 0.46 0.53 0.58 0.63 0.68
300 0.17 0.31 0.43 0.53 0.61 0.68 0.73 0.78 0.82
400 0.22 0.39 0.53 0.63 0.71 0.78 0.83 0.86 0.89
500 0.27 0.46 0.61 0.71 0.79 0.85 0.89 0.92 0.94

0.4 100 0.12 0.22 0.31 0.39 0.46 0.53 0.58 0.63 0.68
200 0.22 0.39 0.53 0.63 0.71 0.78 0.83 0.86 0.89
300 0.31 0.53 0.68 0.78 0.85 0.89 0.93 0.95 0.97
400 0.39 0.63 0.78 0.86 0.92 0.95 0.97 0.98 0.99
500 0.46 0.71 0.85 0.92 0.96 0.98 0.99 0.99 1.00

0.6 100 0.17 0.31 0.43 0.53 0.61 0.68 0.73 0.78 0.82
200 0.31 0.53 0.68 0.78 0.85 0.89 0.93 0.95 0.97
300 0.43 0.68 0.82 0.89 0.94 0.97 0.98 0.99 0.99
400 0.53 0.78 0.89 0.95 0.98 0.99 0.99 1.00 1.00
500 0.61 0.85 0.94 0.98 0.99 1.00 1.00 1.00 1.00
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habitat. During the 2nd phase, the semiquantitative
approach can be applied after the search area (a) has
been determined to ensure a sufficiently high proba-
bility of detecting species presence. The predetermined
a should be allocated so that most, but not all, of the
area occurs within the bed or habitat identified during
the 1st phase.

A cautionary note is warranted regarding the
distribution of sampling effort according to an explicit
or implied habitat model. If the habitat model is a
good approximation, then it can be helpful in distrib-
uting search area. Depth and hydrological variability
are useful predictors of mussel density (Haukioja and
Hakala 1974, Strayer and Ralley 1993, Di Maio and
Corkum 1995). However, if the model is a poor
approximation, as Strayer and Ralley (1993) found
for microhabitat variables, then model-based distribu-
tion can be inefficient at best and misleading at worst.
A poor habitat model could lead to omission of the
actual habitat from the area searched.

Detection of Clubshell (Pleurobema clava) and
Northern Riffleshell (Epioblasma torulosa rangiana)

in the Allegheny River

I used data from the clubshell and northern riffle-
shell in the Allegheny River to illustrate the design of a

survey to detect their presence. In previous surveys on
the Allegheny River, Smith et al. (2001a) reported that
a thorough search of the substrate surface required 2
min/m2 of search time. At the West Hickory bridge
site, ;30% and 50% of clubshell and northern riffle-
shell were found at the substrate surface, respectively.

Suppose the goal was to protect a site against
adverse impact if either species was present at l �
0.01/m2 with a probability of detecting species
presence � 0.85. (Tolerance for risk is a subjective
decision that often would be set during the regulatory
process.) To protect either species, the b corresponding
to the least detectable species, the clubshell, would be
used. In this case, we assume that the substrate surface
within a will be searched thoroughly so that b is the
proportion of mussels on the substrate surface. Given
this information, we can design a survey using eq. 4:

0:85 ¼ 1� e�0:30a0:01

and solve for a:

a ¼ lnð1� 0:85Þ
�0:003

¼ 632m2:

Based on the principle of spatially balanced sam-
pling, at least 632 m2 of search area should be

FIG. 2. Probability of detecting species presence as a function of search area (a) and density (0.01, 0.05, 0.10 individual/m2) of
mussels when search efficiency (b) was 0.2 (A), 0.4 (B), 0.6 (C), and 0.8 (D).
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distributed throughout the site. A reasonable design
would be to search within transects oriented perpen-
dicular to shoreline or the thalweg. Following the rule
that more small units are better, use of 0.5-m-wide
transects would allow greater spatial dispersion of
sampling effort; however, logistics and tradition might
favor 1-m-wide transects, especially at sites where
SCUBA is required. Transect length would depend on
site dimensions. For example, if the site was 100 m
across the river, then seven 1-m-wide transects would
be required. Good spatial balance and coverage would
be achieved by selecting a random start and placing
transects at equal intervals. An improvement on that
plan would include 2 random starts. To increase
probability of detecting species presence to 0.95, ten
1 3 100 m transects would be required.

After a has been determined based on b̂ and a l that
is to be protected, the time required to conduct the
survey can be calculated. Based on 2 min/m2 to search
the surface substrate thoroughly, searching seven 1 3

100-m transects would require ;23 h, which could be
divided among multiple observers. The survey could
be accomplished in ;1 d with a crew of 4. This time
and effort does not seem to be an unreasonable survey
cost when the objective is to detect a rare or
endangered species before an adverse impact occurs.
Budgets for construction projects, for example, can
amount to hundreds of thousands to millions of
dollars. The cost to conduct a rigorous mussel survey
is trivial by comparison.

Monte Carlo Simulation

To evaluate the proposed survey design, a computer
program was used to generate locations for individual
mussels within a site of 16,000 m2 (100 m 3 160 m),
apply search efficiencies so that different proportions
of the mussels were detectable, and count detectable
mussels within systematically placed 1-m transects.
Abundance at the site was a Poisson random variable
with means of 100, 300, and 500 mussels representing
population densities of 0.006, 0.02, and 0.03 (individ-
uals/m2). Individual mussels were in clusters with
mean sizes of 1, 3, or 5 individuals (a cluster size of 1
represented complete spatial randomness). The loca-
tion of the cluster center was random within the site,
and individuals were distributed from the cluster
center at a uniform random angle and exponential
random distance, with mean distance of 1 m. Search
efficiencies of 0.2, 0.4, or 0.6 were applied to determine
whether each individual in the population was
detectable. Detectable individuals were counted with-
in 1-m transects oriented across the short axis of the
site (100 m). Areas searched were 400, 600, 800, and

1000 m2. The probability of detecting species presence
was calculated as the proportion of 1000 replications
where at least one individual was counted. Computa-
tions were done in SAS (version 9.1 SAS Institute,
Cary, North Carolina).

The populations showed differing degrees of spatial
clustering (Table 3, Fig. 3). Variance-to-mean ratios
increased with cluster size were lower when calculated
using detectable individuals only. Thus, the detectable
portion of the population appears less spatially
clustered than the actual population.

Simulated probabilities of detecting species presence
generally tracked the probabilities predicted from eq. 4
(Table 4). Variability in the simulated probabilities was
caused by variability in abundance, search efficiency,
cluster size, and sample selection. This result is
relevant because abundance, search efficiency, and
spatial distribution would not be known exactly when
using eq. 4 for survey design. The simulations
indicated that eq. 4 is a useful guide under a range
of conditions. Most important, the survey design

TABLE 3. Abundance (T), search efficiency (b), and cluster
size for the populations used to simulate the proposed
survey design. The study site was 16,000 m2 (160 m 3 100
m). Variance-to-mean ratios were calculated for individuals
within 1 m 3 100 m transects.

T b
Cluster

size

Variance-to-mean ratio

Entire
population

Detectable portion
of the population

100 0.2 1 1.19 0.91
3 2.03 1.11
5 2.33 1.04

0.4 1 1.21 1.17
3 1.93 1.40
5 2.17 1.29

0.6 1 1.05 1.04
3 1.91 1.58
5 2.84 1.77

300 0.2 1 0.87 0.85
3 2.44 1.08
5 2.53 1.20

0.4 1 0.83 1.03
3 1.85 1.39
5 2.11 1.36

0.6 1 0.94 1.08
3 1.77 1.31
5 2.62 1.92

500 0.2 1 1.13 1.15
3 1.84 1.19
5 2.91 1.44

0.4 1 1.03 1.04
3 1.61 1.11
5 2.19 1.39

0.6 1 1.03 0.80
3 2.01 1.45
5 2.81 2.04
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performed well when a was predicted to result in a
high probability of detecting species presence. Simu-
lated probabilities of detecting species presence were
�0.85 in 92% (77 of 84) of cases where eq. 4 predicted
the probabilities would be �0.85 (Table 4).

Discussion

Clear, specific, and quantitative objectives are pre-
requisites to a successful survey design (McDonald
2004). For example, the objective for a pre-dredging
survey could be to detect the presence of any
endangered or candidate species with probability
�0.85 given that species density is �0.01/m2. An
important question to ask when designing a survey is
whether the proposed design will meet the stated
objective (Strayer and Smith 2003). The survey design
described here provides a method for answering that
question by linking survey elements, i.e., search area
and search efficiency, to the probability of detecting
species presence.

The proposed survey design, which is intermediate
between timed search and quadrat methods, requires
that the search area be constrained within sampling

units, but excavation is not required because search
efficiency is assumed to be less than perfect. Distribu-
tion of the search area within the site is flexible within
guidelines. Based on well-established principles of
sampling natural resources, it is best to distribute
sampling effort throughout a study site in relatively
small sampling units. The size of the sampling units is
mitigated by logistic considerations with transects
recommended in some cases because of ease of field
application. A Monte Carlo simulation confirmed that
use of systematically placed transects is a good
approach for the objective of species detection. How-
ever, use of transects would not be a good approach
when the objective is to estimate abundance or density
because some amount of excavation would be required
and, therefore, quadrats would be required (Smith et
al. 2001b, Strayer and Smith 2003). Information on
habitat or mussel beds can be used to stratify the site
and to allocate the search area within strata either
proportionately or with more of the search effort
allocated to better habitats. More complex sample-
selection procedures, such as unequal probability
sampling, could be applied. However, ease of appli-
cation should be an overarching concern, and simple
selection procedures, such as systematic sampling,
would be preferable.

Some population abundances or densities are
unlikely to be detected without substantial sampling
effort by increasing search efficiency or search area
(Table 2). This constraint is unavoidable in any
protocol. The proposed survey design incorporates
sampling techniques (i.e., transect-based, semiquanti-
tative sampling) that are part of many existing
protocols. However, the user of the proposed design
can be fully aware of population sizes that are likely to
be detected by explicitly stating the probability of
detecting species presence for given population size
and sampling effort. As one reviewer noted, a main
advantage of the proposed design is that the user has
an answer to the question: ‘‘How much sampling effort
is enough?’’

A reasonable concern with the proposed design is
the cost to survey a site. The recommended sampling
effort is likely to exceed the costs associated with
currently applied protocols. Few protocols for rare
species detection have been published; however,
Young et al. (2001) recommended at least 2 person-
hours of search time in optimal habitat before
concluding that a species was absent if no individuals
were detected. At a search rate of 2 min/m2, a 2-h
search would be equivalent to ,100 m2 of search area,
which appears to be an insufficient effort for detecting
rare species. A search area of 100 m2 resulted in a
probability of detecting species presence as low as 0.12

FIG. 3. Example spatial distributions of detectable mus-
sels used to evaluate the survey design when simulated
abundance was 100, search efficiency was 0.2, and cluster
sizes were 1 (A) and 5 (B). Detectable mussels were a random
subset of the abundance determined by the search efficiency.
There were 23 detectable mussels in A and 29 in B.
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and ,0.85 for all but one combination of abundance
and search efficiency in Table 2. If this result is any
indication, using the proposed survey design would
lead to increased sampling effort and higher survey
costs than currently practiced. A legitimate and
reasonable question is whether the added cost is
worthwhile and affordable. Ultimately, that question
will have to be answered on a case-by-case basis by the
organizations that are funding the survey. One
counterbalancing consideration is the cost of failing
to detect the presence of a rare population within the
area of a pending adverse impact. Cost would be
reduced if searching stopped as soon as one individual
of the rare species was detected; however, that practice
would limit the utility of the survey. There certainly
are circumstances when designing a survey to achieve
a high probability of detecting species presence will be
worthwhile. Surveys of federally endangered species
in areas of proposed adverse impacts would probably
be one of those circumstances.
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