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ABSTRACT Species richness is the most widely used measure of biodiversity, but the relationship
between the observed and true numbers of species present in a study site is not always investigated.
A Þeld study at 27 habitat remnants was used to measure the effectiveness of a survey regimen for
assessing species richness of butterßies and day-active moths in southwest Western Australia. Ob-
served species richness was compared with known species richness and to statistical estimates of true
species richness, and the bootstrap was found to be the best predictor of true richness. A regimen of
10-m-wide walk transects sampled on six occasions at 2-wk intervals during the austral spring
(mid-September to mid-December) gave an almost complete inventory of resident species for each
site (�87% of the fauna detected), consistent with two previous studies that have assessed sample
completeness in temperate areas. The abundance of diurnal lepidoptera showed large temporal
variation over the ßight season and varied to a lesser extent with time of day and temperature, but
not with cloud cover or wind speed. Transect route and sampling frequency were the most important
considerations in devising a survey regimen: transects placed off tracks detected both more species
and more individuals per unit length. The fraction of the site area sampled was relatively unimportant,
and even low sampling fractions of 1Ð2% may be adequate if the number and frequency of surveys
is sufÞcient. The design of future surveys would be facilitated if sampling fraction was routinely
reported and examined in relation to sample completeness.

KEYWORDS butterßies, day-ßying moths, estimating species richness, sample completeness, sam-
pling fraction

Estimating species diversity of an area by means of
surveys is a fundamental task in biogeography, ecol-
ogy, and conservation biology. Although the purposes
of such surveys are diverse (e.g., biodiversity assess-
ment, comparison of experimental treatments, assess-
ing effects of habitat characteristics, management or
disturbance, or population monitoring), designing an
effective survey strategy is essential to obtain reliable
results and use resources efÞciently. Survey regimens
to inventory species diversity are increasing, particu-
larly within habitat fragments, as more conservation
agencies seek to document baseline data on biodiver-
sity against which to assess temporal change or change
in relation to management practice. Species richness
is a widely used measure of biodiversity, but the re-
lationship between the observed and true values of
species richness is not always studied (Watson 2003,
Kery and Plattner 2007). Some species will not be
detected even though they are present at a site, a fact
that is commonly overlooked (Mackenzie et al. 2003).
This imperfect detection produces underestimates of
site occupancy, an important index of the current state

of a population and a crucial factor in deÞning con-
servation priority. Even low rates of false negatives
(the failure to detect a species which is present) in-
troduces bias that can confound models of the spatial
pattern of biodiversity and have a signiÞcant and det-
rimental effect on habitat occupancy models (Rosen-
zweig 1995, Tyre et al. 2003). If the false negatives are
related to site characteristics, systematic errors may be
introduced, possibly leading to erroneous conclusions
(Verner 1985, Watson 2003). Thus, failure to verify the
accuracy of a survey regimen may have a signiÞcant
and detrimental impact on subsequent conclusions
(Tyre et al. 2003, MacKenzie et al. 2003, 2004, Mac-
Kenzie 2005).

To overcome this impediment, abundance- or inci-
dence-based data can be used to estimate true species
richness by extrapolating species accumulation curves
or by nonparametric methods (Colwell and Codding-
ton 1994). These estimates are more accurate than
observed species richness but may still be imprecise or
biased (Palmer 1990, Chiarucci et al. 2003, Brose and
Martinez 2004, Walther and Moore 2005). The meth-
ods vary in accuracy depending on factors such as the
species abundance distributions (Colwell and Cod-1 Corresponding author, e-mail: Matthew.Williams@dec.wa.gov.au.
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dington 1994) and species mobility (Brose and Mar-
tinez 2004), and the best performing estimators vary
between data sets (Brose et al. 2003). The efÞcacy of
the various estimators has most often been tested with
simulated data, because empirical studies rarely
record total species richness (Walther and Moore
2005).

The precision and efÞciency of the methods used to
assess the diversity of butterßies has seldom been
examined (Kery and Plattner 2007). The predominant
sampling method is the strip transect: a predetermined
route through the study site that is traversed at inter-
vals during the ßight season (Douwes 1976, Pollard
1977). The transect is divided into sectors, so that is
effectively a set of contiguous plots, and all individuals
within a deÞned distance from the observer(s) are
identiÞed and tallied. Transect length may be Þxed
(Cowley et al. 2001a, b; Saarinen 2002a, b; Saarinen
and Jantunen 2002, Caldas and Robbins 2003) or vari-
able (Thomas 1983, Panzer 2002, Krauss et al. 2003,
Mac Nally and Fleishman 2002). Originally devised to
monitor the abundance of butterßies, the method is
now used widely to inventory butterßies in remnant
habitat. However, the considerations that apply to
survey strategies for assessing abundance also apply
generally to assessing species richness. To devise a
survey regimen, a number of parameters must be de-
Þned: transect route, width and length; number, fre-
quency and timing of surveys; and time of day and
weather restrictions. The strip transect method is also
used widely to inventory other taxa, notably birds
(Rosenstock et al. 2002).

The aim of this study was to measure the effective-
ness of the strip transect method for assessing species
richness of butterßies and day-active moths in south-
west Western Australia and to quantify its level of
precision. SpeciÞcally, three questions were ad-
dressed: (1) in obtaining species lists to a prescribed
level of accuracy, what is the optimal combination of
transect length, number, timing and frequency of sur-
veys?; (2) should transects be conducted using exist-
ing tracks and walk paths or be placed randomly?; and
(3) what constitutes acceptable weather conditions
for conducting surveys?

Materials and Methods

Strip transects were placed in 27 habitat remnants
within the Swan Coastal Plain bioregion (Thackway
and Cresswell 1995), southwest Western Australia.
This region has a Mediterranean-type climate with a
pronounced summer drought and is prone to frequent
Þres (Hopper and Gioia 2004). Vegetation at the sites
was predominantly low open woodland or low open
forest dominated by Banksia or Eucalyptus, although
some contained wetland and sedgeland vegetation,
coastal heathland, or estuarine-fringing vegetation
(Beard 1990). Most sites were selected from a com-
prehensive review of remnant vegetation within the
Perth metropolitan region (Western Australian Gov-
ernment 2000); full details of the sites are given by
Williams (2008).

The Australian butterßy fauna is well documented
(Braby 2000): 56 species occur within the southwest
region, of which 10 are introduced, occasional mi-
grants or vagrants. Of the native species, 28 have been
recorded within the study area. The majority of these
(20 species) are univoltine or predominantly so, with
a single annual generation of adults restricted to
spring, and only one species has an exclusively au-
tumn-ßying generation. The day-active moth fauna is
less well studied, and the number of taxa within the
study region is unknown. The most notable are the
sun-moths (Synemon spp., Castniidae), which are con-
spicuous day-active moths that are often confused
with butterßies. With only 45 Australian species, they
are a small group in comparison with butterßies, al-
though 24 of these species are known from the south-
west region, almost one half the number of native
butterßy species (Edwards 1997a, b). One species has
a distribution restricted to the study region: the uni-
voltine, autumn-ßying species Synemon gratiosa,
which is listed as endangered (Burbidge 2004). How-
ever, little is known about the others, many of which
are poorly collected (Edwards 1997a). Only moth
species that were actively ßying during the day were
included in the study; others that required ßushing to
be observed were not recorded. For butterßies, tax-
onomy follows the standard works of Braby (2000); for
day-ßying moths, taxonomy follows Common (1990)
and Edwards (1997b).

At each site, a Þxed-route transect was established
to sample variation in vegetation type, structure, and
regeneration age since the last Þre. Transect length
varied with site area, ranging from 190 to 5,100 m, and
smaller sites typically had shorter transects but a
higher sampling fraction (the fraction of the site area
sampled by the strip transect). Full details of the
samplingmethodsareprovidedbyWilliams(2008).As
a pilot study, one remnant was sampled intensively on
36 d over a 58-d period between late October and
mid-December 2001, and in 2002, Þve remnants were
sampled on 7Ð13 occasions from mid-October to late
December and in March 2003. In spring 2003, all of the
remnants were sampled at fortnightly intervals on six
occasions from mid-September to late December and
twice between late February and early April 2004.

In all analyses, species that are vagrants, migrants, or
introduced to the region were excluded, a standard
approach used by previous studies (Hill 1987, Braby
and Edwards 2006). This division is equivalent to the
concept of “matrix” and “island” species (Pollard and
Yates 1993): matrix (nonresident) species are typi-
cally highly dispersive, common, occur in both rem-
nant habitat and intervening areas, and are of little
conservation concern; island (resident) species typi-
cally have low dispersal rates, are local or uncommon,
and are restricted to remaining suitable habitat
patches.

To assess the completeness of the species lists for
each site, observed resident species richness was com-
pared with known species lists and with estimates of
species richness predicted using statistical extrapola-
tion. Because only one butterßy and one moth species
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are known to ßy exclusively in autumn, and abun-
dances in autumn were very low, only the data from
the spring surveys were used in this analysis. To de-
termine the best extrapolation method for these data,
the approach suggested by Colwell and Coddington
(1994) was used: the predictions of a number of meth-
ods were compared with known inventories. Accurate
species lists could be determined for three sites, based
on the collections of the Western Australian Museum,
the Western Australian Department of Environment
and Conservation, and the records of amateur collec-
tors. Amateur collectors tend to be biased, in that they
are more prone to overlook common, easily detected
species, but this bias is useful in detecting rare species.
Nine extrapolation methods that have been shown to
provide good results were compared: two that use
abundance data (ACE, Chao-1) and seven that use site
occupancy data (ICE, Chao-2, jack-1, jack-2, boot-
strap, MM runs, and MM means). Details of these
estimators are given by Colwell and Coddington
(1994) and Colwell (2005). Estimates were calculated
using the EstimateS software package (Colwell 2005)
and compared with known values using both absolute
and relative measures of accuracy (the mean square
error, MSE � sum of squared errors, and scaled MSE,
SMSE � sum of squared relative errors, respectively;
Walther and Moore 2005).

At four sites, the off-track surveys were compared
with adjacent, paired sectors of equal length extracted
from the longer on-track surveys on the 33 sampling
occasions when both transect types were conducted.
Average counts for each species and for the total
number of individuals were compared by two-way
analysis of variance (ANOVA) using the SAS statisti-
cal package (proc GLM; SAS Institute 2006). Loga-
rithmic transformation [log(x� 1)] was necessary to
satisfy the assumptions underlying ANOVA of approx-
imate normality and homoscedasticity of residuals.

The effects of site, sampling period, time of day,
weather conditions, and the number of observers on
counts and on the number of species detected were
analyzed using a general linear model. Each survey

was allocated to one of nine sampling periods, corre-
sponding to the half-monthly intervals from mid-Sep-
tember to late December or to the Þrst or second half
of March. The time of day at the mid-point of each
survey was allocated to 1 of 12 half-hourly intervals.
Average temperature during each transect was allo-
cated to 1 of 11 classes (2�C intervals above 15�C),
wind speed into Þve classes (5-km/h intervals), and
cloud cover to the nearest okta. Weather data (hourly
air temperature, wind speed, and 3-h cloud cover)
were obtained from the Bureau of Meteorology Perth
metropolitan recording station, located �20 km from
all of the study sites. Counts were logarithmically
transformed and species richness was square-root
transformed to satisfy the assumptions underlying the
model.

Results

In total, the survey regimen was comprised of 660
km of walk transects and sampled 14,605 individuals.
I recorded 33 butterßy and 3 day-ßying moth species
(23 resident and 13 nonresident) with individual site
richness varying between 0 and 25 species; only 5
butterßy species known from the region were not
detected. Full results of the surveys are detailed in
Williams (2008).

Comparison of the alternative methods of predict-
ing resident species richness showed that the boot-
strap estimator was the most accurate, having the
lowest absolute and relative measures of error (Table
1). Of the other estimators, Chao-2 was of comparable
accuracy to the bootstrap, but all except the bootstrap
produced occasional anomalous predictions that were
in error by 20% or more of true richness. Although the
bootstrap predictions underestimated true richness on
average by 0.4 species, this was not signiÞcantly dif-
ferent from zero (95% conÞdence interval � �0.4,
1.2). Repeated sampling at the three sites over 2Ð3 yr
produced consistent estimates (range, 78Ð100%) and
averaged 88% of the known of species richness (Table
2). Assuming the total number of resident species

Table 1. Species richness of resident butterflies and day-active moths in spring at three sites with known species lists compared with
estimated richness using statistical extrapolation

Koondoola Warwick Cottonwood

MSE SMSE
Known resident

species
13 12 9

Year 2001 2002 2003 2002 2003 2002 2003

Estimator Surveys 36 10 6 5 6 4 6
S obs 11 13 12 10 11 8 7 2.14 0.018
ACE 11.5 17.5 12.0 11.5 11.3 8.4 7.4 3.79 0.025
ICE 11.5 14.7 12.3 13.7 11.4 10.8 8.3 1.84 0.015
Chao 1 11.0 16.0 12.0 10.3 11.0 8.0 7.0 3.26 0.024
Chao 2 11.0 14.4 12.0 12.4 11.0 8.8 8.5 1.19 0.008
Jack 1 12.0 15.7 12.8 13.2 11.8 10.3 7.2 2.09 0.017
Jack 2 12.9 17.4 12.4 15.2 10.9 11.1 8.7 5.01 0.035
Bootstrap 11.5 14.2 12.6 11.4 11.7 9.1 8.0 0.79 0.006
MM Runs 10.7 14.4 14.9 32.5 16.5 16.1 15.0 76.89 0.600
MM Means 10.9 14.7 14.7 13.0 15.2 10.6 11.2 4.19 0.033

Absolute (MSE � mean square error) and relative (SMSE � scaled MSE) measures of accuracy are give for each method, with smaller values
indicating greater precision.
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predicted to occur at the remaining sites is accurate,
the sampling regimen detected 87% of the fauna
(range, 75Ð99%). The estimated fraction of species
detected at each site was positively related to the
number of observed species (R2 � 0.33,P� 0.003) and
to log(site area) (R2 � 0.32, P� 0.03) and negatively
but weakly related to sampling fraction (R2 � 0.11,P�
0.10; Fig. 1). This result is unaffected by the point with
high leverage on the right of Fig. 1c. Thus, the esti-
mated proportion of species detected was generally
lower in small, species-poor sites that had higher sam-
pling fractions.

Comparison of species richness and counts between
transect types showed that off-track routes generally
detected both more species and individuals (Table 3).
Four species were detected only off tracks and one
only on tracks, although three of these cases were
singletons. Three species showed statistically signiÞ-
cant differences in counts between transect types,
with more individuals detected off tracks in each case.
The overall density of individuals varied substantially
between sites, but overall density off tracks was ap-
proximately twice that on tracks.

Sampling period and site had signiÞcant effects on
both counts and the number of species detected, with
sampling period having the largest impact (Table 4).

There was a pronounced peak in density of both indi-
vidualsandspecies inNovemberand,otherthanthevery
low counts in the autumn surveys, counts in late De-
cember yielded the fewest individuals (Fig. 2). Mean
densityof individualswas signiÞcantly lowerbefore1000
hoursandafter1430hours(Fig.2;meandensitybetween
1000 and 1430 hours � 0.39 individuals per 100 m of
transect, outside this period mean density � 0.16 indi-
viduals per 100 m; P � 0.05 by post hoc single degree-
of-freedom contrast). Temperature, weather conditions,
and the number of observers did not signiÞcantly affect
either counts or the number of detected species. Counts
werereasonablyconsistentbetween20and32�C;outside
this range, they were more variable.

Discussion

The sampling regimen used in this study detected
88% of the known and 87% of the estimated resident
fauna. In contrast to its usually poor accuracy, the
bootstrap was the best estimator of total species rich-
ness, although performance of estimators is known to
vary between data sets (Walther and Moore 2005).
Only two previous studies have examined sampling
adequacy for butterßies in temperate regions. In Swit-
zerland, the Swiss Biodiversity Monitoring Scheme

Table 2. Observed, known, and predicted butterfly and day-active moth fauna using statistical extrapolation at 27 remnant bushland
sites on the Swan Coastal Plain, southwest Western Australia

Site

Observed Known Predicted

Total
species

Nonresident
species

Resident
species

Resident
species

Resident species
detected (%)

Resident
species

Resident species
detected (%)

Bold Park 15 5 9 9.9 91
Cottonwood 13 4 9 9 100 9.9 91

Cottonwood 2002 8 89
Cottonwood 2003 7 78

Errina Rd 15 4 10 11.0 91
Fred Samson 8 3 5 5.8 87
Harry Sandon 7 4 1 1.3 75
Hillview 4 2 2 2.4 85
Kensington 3 3 0 Ñ
Kings Park 11 5 5 5.1 99
Koondoola 25 11 13 13 100 13.1 100

Koondoola 2001 11 85
Koondoola 2002 13 100
Koondoola 2003 12 92

Landsdale 10 4 6 6.9 86
Marangaroo 16 5 10 11.2 90
Mt Henry 10 3 6 6.6 92
Point Resolution 1 1 0 Ñ
Shenton 5 2 2 2.4 85
Shepherds Bush 9 3 6 6.9 87
Signal Hill 4 4 0 Ñ
Star Swamp 12 4 7 8.1 86
Trigg E 6 2 3 3.3 90
Trigg N 13 6 7 8.7 80
Trigg S 10 5 4 4.5 89
Trigg W 6 2 4 4.7 84
Wal Hughes 2 2 0 Ñ
Warwick 20 7 11 12 92 11.2 98

Warwick 2002 10 83
Warwick 2003 11 92

Warwick N 15 3 10 11.1 90
Warwick SE 17 5 11 11.9 92
Warwick SW 13 3 9 10.6 85
Wireless Hill 9 4 4 5.0 80
Total/average 36 13 23 88 87
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inventoried butterßies with seven surveys conducted
over 5 mo, using 2.5-km-long, 5-m-wide transects
within 1-km2 grid cells (i.e., a sampling fraction of
1.25%). This regimen detected 66Ð70% of taxa present
(Birrer et al. 2005, Kery and Plattner 2007). In South
Australia, Collier et al. (2006) studied three urban
remnants using 10-m-wide transects; I calculated the
sampling fraction at these sites to be 0.3, 1.9, and 3.4%.
The surveys, conducted over two ßight seasons, de-
tected 75Ð82% of the estimated total fauna in the Þrst
year (8Ð10 surveys at an average 1-mo interval), and

69Ð80% of the fauna in the second year (9 surveys at
fortnightly intervals). The site with the smallest sam-
pling fraction had the lowest proportion of the fauna
detected each year (69 and 75%), whereas the other
two sites were similar (80 and 80%, 82 and 76%). In
both of these studies, the Þgures for actual and ex-
pected total species included migratory, vagrant, and
introduced species, and it could be expected that the
Þgures for resident species detected were higher.
Combining the results of all three studies suggests that,
at sampling fractions above �1%, monthly surveys
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Fig. 1. Proportion of the estimated resident species richness detected in relation to (a) observed species richness, (b)
site area, and (c) fraction of the site sampled.
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detected 65Ð80% of the fauna and fortnightly surveys
increased this to 75Ð90%.

The lack of any positive relationship between the
fraction of resident species detected and sampling

fraction seems counter-intuitive. It might be expected
that increased sampling fractions should detect a
greater proportion of the species present, although
this may not necessarily follow for mobile species such

Table 3. Number of individuals observed per 100 m (means and SEs) for on- and off-track transect surveys of diurnal lepidoptera
at four sites on the Swan Coastal Plain, southwest Western Australia

Cottonwood Koondoola Landsdale Warwick

Survey type Off On Off On Off On Off On
Number of surveys 3 3 18 18 8 8 4 4
Survey length (m) 717 710 929 949 273 313 760 758

Trapezites sciron Count 0 0 2 0 0 1 0 0
Mean 0.00 0.00 0.01 0.00 0.00 0.04 0.00 0.00
SE 0.00 0.00 0.01 0.00 0.00 0.04 0.00 0.00

Motasingha trimaculata Count 7 0 6 0 0 0 0 0
and M. dirphiaa Mean 0.33 0.00 0.04 0.00 0.00 0.00 0.00 0.00

SE 0.33 0.00 0.02 0.00 0.00 0.00 0.00 0.00
Mesodina cyanophractaa Count 8 1 111 30 2 0 2 0

Mean 0.37 0.05 0.66 0.18 0.09 0.00 0.07 0.00
SE 0.23 0.05 0.13 0.04 0.09 0.00 0.04 0.00

Taractrocera papyria Count 0 0 0 0 0 0 1 0
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
SE 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00

Geitoneura klugii Count 38 10 33 45 0 0 10 3
Mean 1.77 0.47 0.20 0.26 0.00 0.00 0.33 0.10
SE 1.09 0.17 0.05 0.05 0.00 0.00 0.17 0.06

Heteronympha merope Count 1 0 4 0 0 0 0 0
Mean 0.05 0.00 0.02 0.00 0.00 0.00 0.00 0.00
SE 0.05 0.00 0.02 0.00 0.00 0.00 0.00 0.00

Hypochrysops halyaetus Count 1 1 61 70 0 0 30 21
Mean 0.05 0.05 0.36 0.41 0.00 0.00 0.99 0.69
SE 0.05 0.05 0.11 0.15 0.00 0.00 0.70 0.40

Nacaduba biocellata Count 0 0 0 0 0 0 1 0
Mean 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00
SE 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00

Neolucia agricola Count 1 4 55 77 0 1 0 0
Mean 0.05 0.19 0.33 0.45 0.00 0.04 0.00 0.00
SE 0.05 0.19 0.10 0.10 0.00 0.04 0.00 0.00

Zizina labrudus Count 0 0 0 1 0 0 0 0
Mean 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
SE 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Synemon sp. aff. sophiaa Count 5 4 308 166 1 1 7 2
Mean 0.23 0.19 1.84 0.97 0.05 0.04 0.23 0.07
SE 0.17 0.19 0.31 0.19 0.05 0.04 0.11 0.07

Synemon gratiosa Count 0 0 1 1 0 0 0 0
Mean 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
SE 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00

Pollanisus cupreus Count 0 0 0 1 4 6 0 0
Mean 0.00 0.00 0.00 0.01 0.18 0.24 0.00 0.00
SE 0.00 0.00 0.00 0.01 0.18 0.24 0.00 0.00

Totala Count 70 33 1122 688 18 21 55 28
Mean 3.25 1.55 6.71 4.03 0.82 0.83 1.81 0.92
SE 1.80 0.57 0.84 0.44 0.30 0.29 0.90 0.46

a SigniÞcant difference between on- and off-track surveys by two-way ANOVA, P � 0.05).

Table 4. ANOVA of counts �log(x � 1) transformed� and species richness (square root-transformed) of diurnal lepidoptera in 290
surveys of 27 sites in southwest Western Australia

Source df

Count Species richness

Mean
square

F P
Mean
square

F P

Site 26 4.68 7.19 �0.0001 0.113 7.73 �0.0001
Sampling period 8 15.62 23.98 �0.0001 0.177 12.05 �0.0001
Time of day 11 1.44 2.21 0.01 0.024 1.65 0.09
No. of observers 2 0.60 0.92 0.40 0.006 0.40 0.67
Cloud cover 7 0.28 0.44 0.88 0.011 0.74 0.64
Temperature 10 0.73 1.13 0.34 0.009 0.62 0.79
Wind speed 4 0.79 1.21 0.31 0.032 2.18 0.07
Residual 221 0.65 0.015
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as butterßies that have varying levels of detectability
and seasonal ßight periods (Brose and Martinez 2004,
Kery and Plattner, 2007). The results show that sam-
pling frequency and sampling fraction need to be
considered together: once sampling fraction is ade-
quate, effort is better allocated to more frequent sur-
veys. In a comparable study of birds, Watson (2003)
showed that increased site visits were more produc-
tive than extended sampling times, and this is likely to
apply equally to butterßies.

Watson (2003) also discussed the issues relating to
Þxed- and variable-area sampling in habitat patches: if
sampling area within each patch is a Þxed size quadrat
(as is the usual practice in bird surveys, and a common
practice in surveys of butterßies), the quadrat be-
comes the focus, not the patch. This prevents hypoth-
eses being framed in terms of the patch characteristics,
such as area or number of habitats, because the quad-
rats sample a Þxed area and a Þxed number of habitats
that may not be reßective of the patch area or the
number of habitats within the patch. However, it is
almost invariably the patch that is of interest, not the
quadrat. Some practical problems also arise if the sam-

ple area is Þxed. In this study, the smallest patch was
0.7 ha, and if Þxed-area sampling was used, this would
limit transect length to 700 m in all other patches: for
the largest site, this would result in a sampling fraction
of 0.2%. In sampling isolated remnants, Þxing transect
length across all sites may result in over- or under-
sampling of small and large remnants, respectively. If
species richness increases with area, which is usually
the case, this would result in substantial bias.

Using only existing tracks introduced bias in which
species were detected and affected estimates of their
relative abundance. Numerous studies have shown
that many butterßy species favor open areas, such as
tracks or early successional habitats (New 1991,
Thomas and Hanski 1997, Dover and Rowlingson
2005), open habitats, habitat edges, and artiÞcial en-
vironments such as roads, cleared corridors under
powerlines, and Þeld margins (Munguira and Thomas
1992, Yahner 1996, 1999, Bramble et al. 1999, Wahlberg
et al. 2002, Saarinen 2002a, Saarinen et al. 2005, For-
rester et al. 2005). In contrast, this study found no
evidence of any species that favored tracks, and more
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species and individuals were detected in undisturbed
vegetation.

Three interrelated factors, time of day, weather
conditions, and time of year, are known to affect the
activity of diurnal lepidoptera (Pollard 1977), and this
was also found to be the case in this study. Time of year
had a large impact on counts but, within broad limits,
weather, time of day, and the number of observers had
minor or negligible effects. This accords with the Þnd-
ings of Pollard and Yates (1993) in MonkÕs Wood,
England, who showed that the week of recording had
the greatest effect on counts and in comparison the
effects of time of day, weather, and number of ob-
servers were relatively small. In England, northern
Europe, and the northern United States, threshold
temperatures (usually 13Ð17�C; Pollard 1977, Bergman
et al. 2004, Clausen et al. 2001, Kraus et al. 2003, Yahner
1999, 2001, Keller and Yahner 2002, Swengel 1996,
1998a, 1998b, Swengel and Swengel 2001) are consid-
erably lower than elsewhere (typically 18Ð25�C; Cal-
das and Robbins 2003, Rudolph and Ely 2000). The
results of this study agree with these Þndings, and
conducting surveys between 19 and 33�C produced
consistent counts.

The observed number of species may be a mislead-
ing indicator of true species richness unless sampling
adequacy is conÞrmed. This study found that even low
sampling fractions were adequate to detect the ma-
jority of species and that the number and hence fre-
quency of surveys is more likely to be a critical factor
in maximizing species detection. A practical approach
to compiling species lists is to set sampling effort above
some minimum fraction of the site area and to sample
all of the habitats present, including those resulting
from disturbance. The sampling effort should be great-
est in more species-diverse areas; in this study, the
relatively small fauna was adequately inventoried with
six site visits and sampling fractions of 1.3% or greater.
However, such a low sampling fraction may be inad-
equate in more species-rich areas, in undisturbed sites,
lessopenhabitats, or siteswithgreater spatial variation
in habitat types. The necessary sampling fraction to
detect particular species also varies with the density of
individuals, their behavior, and temporally (MacKen-
zie 2005). To attain a deÞned level of sampling ade-
quacy, proportional sampling or the use of results-
based stopping rules (Soberon and Llorente 1993,
Colwell and Coddington 1994, Watson 2003) may be
a more valuable method of increasing the efÞciency of
surveys. Comparisons between studies and the design
of future surveys of remnant habitat would be facili-
tated if sampling fraction was routinely reported and
examined in relation to sample completeness.
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