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a b s t r a c t
The butterﬂy fauna at Willow Slough, Yolo County, California has been censused for 32 years as part of a
participatory citizen-science project, the Fourth of July Butterﬂy Count. While the utility of a once-a-year
census as a monitoring tool is potentially compromised by lack of standardization in counting protocols
and variation in observer skill, at Willow Slough these issues have been minimized.
We examined the Willow Slough count data for trends in both faunal diversity and the probability of
presence of individual species. During the study, the number of species observed at a visit declined by
39%. Regressions of per-visit species counts against time did not detect a statistically signiﬁcant decline
until year 24. In contrast, Fisher’s a, a statistic designed to reduce sample-size bias, detected the decline
as early as year 13. Twelve of the 24 species analyzed showed signiﬁcant declines in probability of occurrence; a further nine exhibited negative but non-signiﬁcant trends. Butterﬂies that overwinter as eggs or
larvae were more likely to decline than those that overwinter as pupae or adults. Many species in decline
at Willow Slough have also been observed less frequently at nearby sites which are monitored yearround, supporting the value of once-a-year monitoring. Although correlations with climatic data have
been identiﬁed, they are too weak to account for the observed faunal decline. We suspect broader patterns of land use and habitat continuity are implicated in butterﬂy declines across the region.
We conclude that once-a-year sampling, if properly and rigorously done, is in fact useful as a monitoring tool for butterﬂy faunas, and that Fisher’s a is well suited to early detection of trends in repeated
diversity sampling.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Concerns about biodiversity loss and global change have triggered an upsurge of interest in ‘‘citizen science’’. Members of the
public, often already-committed amateur naturalists, are enlisted
to monitor populations or biota in the hope of spotting trends in
time for intelligent action to be taken (Lundmark, 2003; Silvertown,
2009). One of us (MLR) has mentored such an effort in hopes that
anthropogenic habitats—including cities—would not be forgotten
(www.tucsonbirds.org; Anonymous, 2009; McCaffrey, 2005; Turner, 2003). Such projects can generate long-term data sets that
may contribute to our recognizing larger-scale trends.
In North America, the annual Audubon Christmas Bird Count is
the best-known example, and it has spawned imitators, of which
one of the oldest is the Fourth of July Butterﬂy Count (Kocher and
⇑ Corresponding author. Address: Center for Animal Disease Monitoring and
Surveillance, 1 Shields Ave., Davis, CA 95616, USA. Tel.: +1 916 317 1594; fax: +1
530 752 1618.
E-mail address: jobrien@ucdavis.edu (J.M. O’Brien).
0006-3207/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biocon.2011.04.023

Williams, 2000; Swengel, 1990). This continent-wide activity was
begun by the Xerces Society in 1975 and is now administered by
the North American Butterﬂy Association (NABA) (Wander, 2009;
at www.naba.org). In recent years NABA has included from 400 to
500 counts, each with several participants. In its description of the
program, NABA claims (Wander, 2009, p. iv) that ‘‘Count results provide abundant information about the distribution and relative population sizes of butterﬂies. Comparisons across years can be used to
monitor changes in populations and study the effects of weather and
habitat changes on butterﬂies.’’ But of course, from a statistical perspective such claims are fraught with reservations. How comparable
are the data either among routes or among years within routes? This
is an issue of standardization and quality control. Although NABA
provides a framework for the conduct of counts, there are numerous
potential sources of error. The least-likely major source of error is
variation in sampling route or coverage, since counters are admonished to standardize this. On the other hand, the number of counters
may vary signiﬁcantly from year-to-year, along with their degree of
skill in ﬁeld identiﬁcation (a signiﬁcant issue in many butterﬂy
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groups). Moreover, NABA allows a leeway of several weeks in count
scheduling (merely centered on the fourth of July). Not only can
sampling date introduce error; it may also interact with weatherdriven year-to-year phenological variation to create a false impression of change in population size (Tryjanowski and Sparks, 2001).
These issues might be partially addressed post hoc by multivariate
statistical analysis, assuming climatological data are available, but
this has not been routinely done. Until it is, apparent trends in the
4th of July data are merely suggestive. These issues are recognized
for most if not all ‘‘citizen science’’ projects, and are coming under
increased scrutiny by biostatisticians and conservation biologists
(Link and Sauer, 1996; Link et al., 2006).
There is one 4th of July survey route designed to obviate as
many of these problems as possible. One of us (AMS), beginning
in 1977 and continuing to the present, has carried out a count at
Willow Slough, Yolo County, California alone, using absolutely
standardized protocols. In just one year, 1989, the count was done
by a surrogate who, like AMS, was already a seasoned lepidopterist
who had extensive experience with the local fauna. The count has
always been on July 4, a fact made possible by the Mediterranean
climate of the California Central Valley which virtually assures
good weather. Standardization of method also should minimize
species detectability as an issue. Thus Willow Slough can serve
as a test of what information of conservation value—if any—can
be extracted from a once-a-year butterﬂy-monitoring regime under the best of circumstances.
Willow Slough is also unusual in another way. Since 1972, AMS
has been monitoring entire butterﬂy faunas along a transect covering 10 sites including several in the region of Willow Slough. Sites
along the Shapiro California transect (http://butterﬂy.ucdavis.edu)
are sampled biweekly throughout the year, using the same protocol as at Willow Slough. One of these sites, West Sacramento, sampled since 1988, is <15 km from Willow Slough at similar elevation
and shares most of the same butterﬂy fauna. The record of ﬂight
timing at West Sacramento provides a check on whether apparent
population changes at Willow Slough might actually be byproducts
of regional variations in seasonal phenology. It also allows comparisons of apparent population trends through time at Willow
Slough, sampled only once-a-year, to the performance of populations of the same species at the much-more-closely-monitored
West Sacramento site over extended periods. Long-term (>25 year)
butterﬂy monitoring datasets, of sufﬁcient length to detect declines in diversity at speciﬁc locations, are rare, being essentially
limited to the British Butterﬂy Monitoring Scheme (Pollard and
Yates, 1993). Similar schemes have begun in the Ukraine (1983),
in Germany (1989), in the Netherlands and Finland (1990), in Belgium (1991), and in Spain (1994) (Marttila et al., 2001; van Swaay
et al., 2008).
This study presents an analysis of a 32-year record of butterﬂy
species diversity at Willow Slough. We asked, has butterﬂy species
diversity at Willow Slough changed over the past 32 years? If so, by
how much? The raw number of species observed in a sample (here
referred to as ‘‘species count’’), depends strongly on sample size,
the number of individuals encountered. It is thus a relatively poor
estimator of species diversity (Gotelli and Colwell, 2001), the actual number of species in a fauna, a quantity often referred to elsewhere as ‘‘species richness’’. Sample size in our data set varied
considerably, so we estimated relative species diversity using Fisher’s alpha, a bias-reducing index of species diversity that was designed to facilitate comparison between samples of different
sizes (Fisher et al., 1943; Rosenzweig, 1995). A second goal of our
study was to compare the sensitivity with which trends in the fauna were detected using alpha versus raw species counts.
Butterﬂies are sensitive to weather conditions, leading to their
frequent appearance in studies of the biotic impacts of climate
change (Hellmann et al., 2008; Parmesan and Yohe, 2003; Wilson
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et al., 2007). The third goal of the paper was to assess whether observed changes in species diversity (as estimated by species counts
and by Fisher’s alpha) and abundance were associated with variation of local weather variables.
The assemblage-level metrics mentioned so far give no indication of which species have been observed with decreasing or
increasing frequency. The paper’s ﬁnal goal was to determine
which butterﬂy species were increasing or decreasing in probability of occurrence and to test whether butterﬂy life history attributes predicted the species’ trends.
2. Materials and methods
2.1. Study site
Willow Slough (38 37 40 N, 121 44 00 W, elevation 15 m) is a
partly-channelized perennial stream located 3.5 km north of Davis,
Yolo County, CA. The area was seasonal wetland prior to agriculturalization in the 19th Century (Shapiro, 2009; Thompson, 1960).
Beyond the levees enclosing the ﬂoodplain row crops and alfalfa
are grown today. The ungrazed ﬂoodplain contains both woody
and herbaceous riparian and wetland vegetation. The woody vegetation is periodically removed manually because it impedes free
ﬂow in winter. The herbaceous vegetation is very dynamic due to
periodic inundation and sedimentation, but is dominated by
perennials, many of which are clonal and form large patches. It is
documented narratively each year and photographically from time
to time, but no quantitative vegetation sampling has been done.
The makeup of the perennial vegetation has changed dramatically
over time, as discussed elsewhere in this paper. The vegetation on
the levees, which are kept free of woody plants, consists mainly of
naturalized annual grasses and forbs, which are burned annually
after drying commences in late spring or early summer.
2.2. Sampling
AMS walks a standardized 11-km course, originally laid out in
1977 to maximize habitat coverage, in one direction only, requiring
5.5–6 h. His sampling protocol is essentially identical to the ‘‘Pollard Walk’’ used in the U.K. Butterﬂy Monitoring Scheme (Pollard
and Yates, 1993), except that in the ‘‘Pollard Walk’’ only butterﬂies
within a 5 m ‘‘box’’ ahead of and to the sides of the observer are
counted. In contrast, AMS counts to the limits of his visual acuity
in those directions, generally beyond 5 m. The course has been held
constant despite changes in the vegetation. In all 4th of July counts
the observer records weather conditions at the start and end of the
count, but for our analyses we use the University of California/National Oceanic and Atmospheric Administration climate station in
Davis, California (38 32 07 N, 121 46 30 W); the observation site
is 7 km SSW of Willow Slough. Because extreme afternoon heat
may cause butterﬂies to seek shelter and be unobservable, the
count is begun 15–30 min earlier on days expected to exceed 35 °C.
2.3. Analysis of faunal diversity
Because the number of butterﬂies seen at Willow Slough varies considerably, we were concerned that year-to-year variation
in sample size might introduce enough noise to obscure any
underlying trend in species diversity of the fauna. We thus calculated Fisher’s alpha (a), the oldest bias-reducing statistic (Fisher
et al., 1943), for each year’s data using the R package ‘‘vegan’’
(Oksanen et al., 2010), and compared the results of analyses carried out using a with those that used raw species counts.
Fisher’s a is calculated by solving the following non-linear
equation:
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where S is the number of species seen on a single July 4th, and N is
the number of individual butterﬂies counted then. While many
diversity indices incorporate both the number of species and a measure of evenness (the proportional representation of individuals
among species), species abundances enter a’s calculation only
through their contribution to total sample size. Fisher’s a assumes
that species abundances follow a log-series distribution. The
parameter of that distribution, a, has two simple interpretations.
In large samples, it gives the expected number of ‘‘singletons’’ (species represented by a single individual) (Fisher et al., 1943). Alpha is
also the number of additional species expected when the size of a
sample is increased by a factor of e (where e  2.718 is the base
of the natural logarithm) (Fisher et al., 1943). Essentially, a estimates the rate at which the number of species observed is expected
to increase as sample size increases.
To compare how long it took before a trend in species diversity
became detectable using the raw species counts and Fisher’s a, we
performed a series of linear regressions of each diversity estimator
against time, ﬁrst using only the ﬁrst three years of data, then adding the fourth year, then the ﬁfth, and so on through the 32nd and
latest year of the dataset.
We investigated possible impacts of weather on a, S and N by
regressing all three variables against the following weather variables: total precipitation, average daily maximum, and average
daily minimum temperature during summer and fall of the previous year and during winter, spring, and the start of summer
(through July 4th) of the year in question; and maximum and minimum air temperature on the 4th of July. Cloud cover was not included in our analyses because it did not vary; July 4th was
sunny in all 32 years.

We tested four life-history variables for correlation with trends in
species occurrence, i.e., host-plant class (monocot or dicot); hostplant woodiness (woody or herbaceous); butterﬂy overwintering
stage (egg, larva, pupa, or adult); and ‘‘weediness’’ of the butterﬂy’s
life history. As we deﬁne the term (Shapiro et al., 2003; Thorne et al.,
2006), ‘‘weedy’’ species are those characterized by frequent apparent local population extinctions and recolonizations and are typically highly dispersive; ‘‘non-weedy’’ species have low vagility and
relatively stable populations. We did not include voltinism, because
nearly all of the species analyzed, including the three species that
overwinter as adults, are multivoltine; only one (Lycaena xanthoides)
is single-brooded. In testing for an effect of overwintering stage,
with four different levels, we used a Kruskal–Wallis rank sum test
(a non-parametric analogue of ANOVA) to compare regression coefﬁcients between the groups. For all of the other predictor variables,
we used two-sample Wilcoxon rank sum tests (a non-parametric
alternative to the t-test) to compare the coefﬁcients.
Butterﬂies at Willow Slough are recorded on the same date in
each year, so trends in occurrence could potentially reﬂect either
real changes in population abundance or changes in phenology.
To assess the possibility that phenological shifts are driving the observed trend in diversity, we used results from an earlier study by
Forister and Shapiro (2003). They analyzed trends in date of ﬁrst
ﬂight (DFF) for 23 Central Valley California butterﬂy species
(including many of those present at Willow Slough), regressing
each species’ DFF against time over a 31-year period. For those species contributing most to the observed decline in diversity at Willow Slough (deﬁned as those whose probability of occurrence has
declined signiﬁcantly at the P < 0.10 level), we examined evidence
of shifts in population phenology from Forister and Shapiro’s earlier analysis.
All analyses were performed using the software package R (R
Development Core Team, 2009).

2.4. Treatment of individual species
To test for long-term trends in occurrence of individual species,
we performed binary logistic regressions of presence against time,
using the standard logit link function and coding each year with 1
if the species was present and 0 if it was absent. We were speciﬁcally interested in detecting species that are being lost from the
fauna, so we tested for signiﬁcance using a one-sided null hypothesis of no decrease in probability of occurrence.
Because our goal was to identify species that are being lost from
the fauna, we analyzed presence/absence rather than abundance
data. There is a key qualitative distinction between seeing zero
representatives of a species (in which case the species might actually be absent or extinct) and seeing one or more individuals (in
which case it certainly isn’t). Presence/absence data highlight that
distinction, whereas in analyses of abundance data, between-year
variability of population size can obscure the qualitatively important (but numerically small) difference between seeing one or a
few individuals, and seeing none at all.
We therefore removed six species that have been present at
every census (Plebejus acmon, Atalopedes campestris, Pyrgus communis, Colias eurytheme, Strymon melinus, and Pieris rapae) from the logistic regression analyses. We also excluded the three species that
were absent just once (Junonia coenia, Brephidium exile, and Pyrgus
scriptura) and three species that were only seen once (Euchloe ausonides, Zerene eurydice, and Ochlodes sylvanoides), leaving 24 species
for this part of the analysis.
Whether individually signiﬁcant or not, the slope coefﬁcients
associated with the effect of year in the logistic regressions provide
estimates of the magnitude of each species’ trend. We used the
regression slopes in a series of comparisons aimed at determining
whether butterﬂy life history attributes were associated with species’ trends.

3. Results
3.1. Faunal diversity
Thirty-six species and 42,961 individual butterﬂies were observed at Willow Slough over the course of the study. The number
of individuals (N) recorded each year ranged from 618 to 2613
(mean: 1343; SD: 618), while the number of species (S) observed
each year ranged from 13 to 30.
Butterﬂy diversity at Willow Slough on the 4th of July, whether
estimated by S or by Fisher’s a, declined signiﬁcantly over the past
32 years (Fig. 1). The regressed value of S fell by 39% (adjusted
r2 = 0.521, P < 105) between 1977 and 2008. (with 95% conﬁdence
intervals, and 1977 coded as year 0, its regression equation was
S = 26.1(±2.0)  0.33(±0.11)  year). Over the same period, the expected value of a has dropped from 4.79 to 2.49 (adjusted
r2 = 0.657, P < 107; a = 4.79(±0.34)  0.074(±0.019)  year), a decline of 48% in a.
Regression of S against time yielded residuals that represent
ﬂuctuation of the species counts around their generally downward
trend. These residuals were highly correlated with N (r = 0.53,
P < 0.005), conﬁrming our expectation that species count would
depend on sample size, and motivating our use of the bias-reducing statistic for the estimation of species diversity.
Although a decline in species diversity was eventually apparent
using either raw species counts or a as its metric, the trend was
detectable much earlier using a (Fig. 2). After 23 years of sampling,
raw counts of butterﬂy species number still did not reveal any consistently signiﬁcant trend. Only since 2000, when the trend line of
species count at the site indicated a decline of 18%, has the p-value
of the regression stabilized. For a, a signiﬁcant trend was apparent
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Fig. 1. Plots of number of individuals (N), number of species (S), and Fisher’s a recorded on July 4th at Willow Slough in each of the past 32 years. Both S (p < 0.001) and a
(p < 0.0001) have declined signiﬁcantly. Regression lines (bold) ﬁtted to S and a indicate, respectively, losses from the biota of 7.1 species (28%) and 8.7 species (33%). The
number of individuals observed showed no signiﬁcant trend over time.

much sooner. The negative trend of Fisher’s a was signiﬁcant as
early as the 13th census (p = 0.033 in 1989) and has remained so
ever since (except for the 16-year data set, for which p = 0.066).
During the past 32 years Willow Slough has become warmer.
Trends of average minimum and maximum temperature vs. year
were positive for all four seasons (Table 1). Previous summer maximum temperature increased signiﬁcantly over the course of the
study, and was negatively associated with S (p = 0.0001), N
(p = 0.033), and a (p = 0.019). Fall, spring, and previous summer minimum temperatures also warmed signiﬁcantly, but none of them
exhibited a signiﬁcant relationship to S, N, or a. There has been no
clear trend in the amount of precipitation in any season nor was
there a signiﬁcant trend in maximum temperatures on the 4th of
July itself (see Table 1 for the full results of tests of trend and of relationship to S, N, and a, for all weather variables examined).
3.2. Individual species
Both S and a reveal a decline in species diversity at Willow
Slough, but neither gives any indication of which species have been
observed less frequently, nor of whether there was any common

factor associated with their decline. The results of the logistic
regression tests, reported in Table 2, indicated that twelve species
have been present at Willow Slough signiﬁcantly less frequently
over the past 32 years (p < 0.05 for a one-sided test). In all, 21 of
the 24 species analyzed showed negative, if not signiﬁcant, trends.
Overwintering stage was the only life history trait tested that
was signiﬁcantly associated (p = 0.040) with the strength of species’ declines: host plant class, host plant woodiness, and ‘‘weediness’’ of butterﬂy life history showed no relation to species decline.
Because there were so few species in some overwintering categories (just three species overwinter as adults, and three species as
eggs) our data did not give us sufﬁcient power to decompose the
overall signiﬁcant Kruskal–Wallis test into its component contrasts. Butterﬂies overwintering as larvae (six species) experienced,
as a group, a signiﬁcantly steeper decline than did those overwintering as pupae (seven species) (p = 0.017). Comparing the group of
species that overwinter as eggs or larvae with the group that overwinter as pupae or adults, there was an even more signiﬁcant difference (p = 0.003).
Of the 16 Willow Slough species that exhibited negative trends
in occurrence with p < 0.10, 10 were among those analyzed by
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Fig. 2. p-values of regressions of species richness (S) and Fisher’s a performed using successively greater numbers of years of data. The p-values from 1979 are based on three
years of data, while, by 2008, they were based on 32 years of data. Because a corrects for sample size in its estimate of diversity, it consistently detected a signiﬁcant decline
seven to 11 years before a signiﬁcant decline was detected using raw species counts (S).

Table 1
Trends of weather variables over time and the relationship of observed species number (S), abundance (N), and Fisher’s a to weather variables. Slope and adjusted-r2 and p-values
for trends over time represent the results of regressions of each weather variable against time. Slope and adjusted-r2 and p-values for the weather variables’ relation to S, N, and a
come from simple regressions of the assemblage-level metrics against each of weather variables. Tmax and Tmin are the average daily maximum and minimum temperature for
each season, in °C. Seasonal precipitation is the total precipitation for each season, measured in millimeters. Seasons are deﬁned as follows: fall = September, October, November
of the preceding calendar year; winter = December, January, February; spring = March, April, May; summer (Prev.) = June, July, August; summer (current) = June and the ﬁrst
4 days of July. Signiﬁcance codes: ⁄p < 0.05, ⁄⁄p < 0.01.
Weather variable

Trend over time

Relation to S

Relation to N

Relation to alpha

Slope

adj-r2

P

Slope

adj-r2

P

Slope

adj-r2

P

Slope

adj-r2

P

Summer (Prev.)
Ppt
Tmax
Tmin

0.00
0.04
0.04

<0.01
0.13
0.25

0.649
0.025⁄
0.002⁄

7.93
2.52
2.54

0.00
0.23
0.17

0.307
0.003⁄
0.011⁄

1013.04
265.16
249.15

<0.01
0.10
0.06

0.375
0.041⁄
0.101

0.78
0.38
0.40

<0.01
0.11
0.09

0.619
0.035⁄
0.052

Fall
Ppt
Tmax
Tmin

0.02
0.03
0.04

0.02
0.02
0.16

0.187
0.196
0.012⁄

0.31
0.77
0.90

<0.01
0.03
0.00

0.784
0.180
0.339

441.55
229.45
88.85

0.21
0.22
<0.01

0.005⁄
0.004⁄
0.521

0.23
0.01
0.13

0.00
<0.01
<0.01

0.315
0.948
0.499

Winter
Ppt
Tmax
Tmin

0.02
0.03
0.04

<0.01
0.07
0.04

0.563
0.073
0.126

0.19
0.61
0.19

<0.01
<0.01
<0.01

0.728
0.454
0.717

94.43
191.12
6.84

0.01
0.05
<0.01

0.242
0.107
0.929

0.02
0.22
0.02

<0.01
0.03
<0.01

0.856
0.181
0.877

Spring
Ppt
Tmax
Tmin

0.02
0.06
0.04

0.01
0.08
0.17

0.256
0.061
0.011⁄

0.32
0.01
0.70

<0.01
<0.01
<0.01

0.716
0.988
0.431

58.11
46.47
131.24

<0.01
<0.01
<0.01

0.656
0.503
0.314

0.00
0.03
0.22

<0.01
<0.01
0.02

0.982
0.719
0.217

Tmin

0.00
0.02
0.03

<0.01
<0.01
0.04

0.855
0.517
0.125

0.59
0.23
0.74

<0.01
<0.01
<0.01

0.851
0.634
0.350

7.55
95.01
189.44

<0.01
0.03
0.06

0.987
0.165
0.100

0.23
0.10
0.26

<0.01
<0.01
0.06

0.722
0.284
0.094

July 4th
Tmax

0.08

<0.01

0.318

0.32

0.07

0.069

23.15

<0.01

0.388

0.05

0.04

0.133

Summer (Current)
Ppt

Forister and Shapiro (2003). Of those 10, not one showed evidence of signiﬁcantly advancing date of ﬁrst ﬂight. Five species
had regressions with (non-signiﬁcant) positive slopes (indicative
of a shift to later ﬁrst appearance), and ﬁve had (non-signiﬁcant)
negative slopes. There was thus no clear trend of date of ﬁrst
ﬂight among the species in steepest decline at Willow Slough,
as would have been expected if the observed decline in diversity
were the result of a simple shift in the phenology of the fauna.

4. Discussion
4.1. Regional context
The number of species observed per census of the Willow
Slough butterﬂy fauna has eroded by about 40% over the last
32 years. This drastic decline has occurred in an unexceptional
landscape in California’s Central Valley, an area representative of
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Table 2
Results of logistic regressions of presence vs. year for 23 species at Willow Slough (tested against a one-sided null hypothesis of no decrease in probability of occurrence). ‘‘Years
present’’ is the number of years (out of 32) in which at least one representative of a species was observed; ‘‘number observed’’ is the total number of individuals seen over the
course of the study.
Species

p-value

Slope

Overwintering stage

Years present

Number observed

Erynnis tristis
Pholisora catullus
Lerodea eufala
Polites sabuleti sabuleti
Papilio zelicaon
Lycaena helloides
Vanessa cardui
Lycaena xanthoides
Vanessa annabella
Limenitis lorquini
Danaus plexippus
Nymphalis antiopa
Phyciodes campestris
Satyrium sylvinus
Phyciodes mylitta
Coenonympha tullia california
Everes comyntas
Vanessa virginiensis
Vanessa atalanta
Papilio rutulus
Atlides halesus
Battus philenor
Pontia protodice
Hylephila phyleus

0.002
0.003
0.005
0.006
0.008
0.01
0.018
0.018
0.026
0.032
0.034
0.046
0.059
0.069
0.073
0.082
0.107
0.225
0.271
0.313
0.347
0.707
0.818
0.888

0.19
0.18
0.16
0.16
0.15
0.28
0.13
0.12
0.3
0.09
0.69
0.09
1.31
0.14
0.07
0.52
0.15
0.04
0.02
0.02
0.03
0.05
0.04
0.08

Larva
Larva
Unknown
Pupa
Pupa
Egg
Migrant
Egg
All
Larva
Migrant
Adult
Larva
Egg
Larva
Larva
Larva
Adult
Adult
Pupa
Pupa
Pupa
Pupa
Pupa

19
21
10
9
23
26
25
24
28
10
28
7
27
3
24
2
30
5
16
6
2
2
9
28

55
187
41
52
335
197
936
328
261
20
559
8
3310
3
111
2
670
9
26
15
4
2
73
300

many others in its combination of human impact and neglect. The
decline in species diversity detected at Willow Slough, appears to
be part of a broader local or even regional phenomenon. Three of
the sites monitored by AMS as part of his 10-site transect across
north-central California are, like Willow Slough, located on the
ﬂoor of the Central Valley, and the faunas at all four sites overlap
broadly in species composition. Furthermore, because they are visited year-round at roughly two-week intervals, local extinction can
be positively identiﬁed at these sites with more conﬁdence than
they can be at Willow Slough. At West Sacramento, the nearest
of the three sites, the probabilities of observation of 11 out of 39
species have declined since 1988 (unpublished data). Over the
same period, no species have been observed signiﬁcantly more frequently, and three have apparently gone extinct. The picture is
similar at two more remote Central Valley sites, North Sacramento
and the somewhat less ecologically-similar Rancho Cordova.
The emerging pattern of species decline in California’s Central
Valley is mirrored by reports of declining butterﬂy populations in
intensively managed agricultural landscapes in other parts of the
world. León-Cortés et al. (2000) estimated that the area occupied
by Lycaena phlaeas in their study area in North Wales declined
by 89% over the past century, largely due to conversion of semi-improved grasslands to improved grasslands by seeding, fertilizing,
and the application of selective herbicides. During the second half
of the 20th century, northern Belgium lost 30% of its butterﬂy fauna, and saw widespread declines in the ranges of its remaining specialist butterﬂies, a trend partly attributed to coincident
intensiﬁcation of agricultural practices (Maes and Van Dyck,
2001). Warren et al. (2001) found that habitat loss drove decreases
in the distributions of 26 of 28 specialist butterﬂies in Britain between 1970 and 2000 despite broadly favorable change in climate
during the same period. While lacking a time dimension, studies in
northeastern Spain (Stefanescu et al., 2004) and southern Sweden
(Bergman et al., 2004) have documented negative impacts on butterﬂy diversity of the amount of intensively managed agricultural
land within 5 km of sampled transects.
Nearly all the species that have declined at Willow Slough are
declining regionally. Several of these (Nymphalis antiopa, Limenitis
lorquini, Satyrium sylvinus, Coenonympha tullia california) were
never common at Willow Slough but were common to abundant

at nearby transect sites and are apparently extinct there now. Lycaena helloides and Pholisora catullus, formerly frequent at Willow
Slough, have declined catastrophically at most sites. In addition,
one species that has declined catastrophically on a regional basis
(E. ausonides) ﬂies too early in the year to show up regularly on
the Fourth of July count. One formerly abundant species at Willow
Slough, Phyciodes campestris, is presumed locally extinct not only
there but at all AMS’ sites. Only one species in decline at Willow
Slough, Erynnis tristis, appears to be doing well elsewhere in the
region.
Because declines at other sites are documented by biweekly
sampling, phenological artifacts in the once-a-year sampling regime are easily recognized and accounted for. Because the patterns
of decline detected by such different sampling regimes are largely
similar over the years documented, the utility of the once-a-year
regime in spotting trends is supported. We will present a detailed
analysis of the behavior of individual species, including comparisons of both abundance and phenology at Willow Slough and West
Sacramento, in a separate paper.
Although the utility of once-a-year sampling was supported in
the present study, it is worth emphasizing that the Willow Slough
transect is something of a best case scenario, due to the consistency with which it has been observed, and the stable sunny climate that prevails at the season of observation. One shortcoming
that holds for all once-a-year surveys is that they can by themselves provide no estimate of the number (or perhaps type) of species that they are likely to miss. Recent studies in California (Pellet,
2008) and Switzerland (Kéry and Plattner, 2007) which used repeated surveys to estimate species detectability indicate that the
portion of the species missed in single surveys can be substantial.
In both studies, the average detection probability of species known
to be present was between 50% and 60%.
4.2. Role of climate
Climate at Willow Slough, like that of California as a whole, has
warmed signiﬁcantly over the past several decades (LaDochy et al.,
2007). Studies elsewhere have shown that the number and diversity
of butterﬂies seen in a survey can be affected by weather on the day
of observation (Kocher and Williams, 2000) and in the season
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preceding it (Pollard, 1988); therefore temperature is an obvious
suspect in the search for the drivers of the observed decline in species diversity at Willow Slough.
We do in fact ﬁnd some evidence consistent with an effect of
increasing temperatures on the Willow Slough butterﬂy fauna.
Mean temperature during the previous summer is a positive predictor of N, the number of individual butterﬂies seen the following
4th of July. Observed species counts, S, decline signiﬁcantly by
about 3.3 species for each 1 °C increase in the previous summer
temperature. As mean summer temperatures have warmed by
about 1.2 °C over the course of this study, that trend may account
for the loss of about 3.9 species from the Willow Slough fauna. The
actually observed decline of diversity at Willow Slough, however,
is much greater: the ﬁtted linear regression indicates a loss of
10.2 species over the same time period. Presumably a, which is
not sensitive to N, declined because other factors, in addition to
trends in climate, are involved in the observed decline of the
Willow Slough fauna.
4.3. Life cycle correlations
While we have not positively identiﬁed any external driver of
the decline in diversity, some species’ life cycles apparently make
them particularly vulnerable to decline. In particular, species that
overwinter as larvae or eggs are signiﬁcantly more likely to have
declined than those that overwinter as pupae or adults. Our results
parallel those of Bink (cited in Dennis (1993)) who studied correlates of vulnerability among 145 butterﬂy species of northwest
Europe. Among those butterﬂies, overwintering stage was a predictor of vulnerability to habitat disturbance. Species hibernating as
eggs were most vulnerable, followed by those overwintering as larvae and then by those overwintering as pupae or adults. Similarly,
an analysis of trends over 35 years of 338 British moth species
found the greatest declines among species overwintering as eggs,
while the few species overwintering as adults increased on average
(Conrad et al., 2004).
Dennis (1993) attributed Bink’s results to a greater vulnerability
of eggs and larvae to direct habitat disturbance. It is also possible is
that overwintering stage is associated with the ﬂexibility with
which a species tracks ﬂuctuations in climate. Forister and Shapiro
(2003) found that over the past 30 years, the date of ﬁrst ﬂight of
many Central Valley butterﬂies has come earlier in the year. For
butterﬂies that overwinter as pupae, the change in date of ﬁrst
ﬂight was signiﬁcantly greater than for those overwintering as larvae. If pupal overwinterers are generally better able to track the
phenology of nectar sources, host plants, or their natural enemies,
they may be less vulnerable to directional change in regional climate. However, earlier emergence can be deleterious regardless
of overwintering stage if it leads to either earlier onset of diapause
or the production of an added late generation at high risk of weather-induced mortality.
4.4. Causation
We would of course like to know why the Willow Slough butterﬂy fauna is in decline, and likewise the broader regional fauna.
Although we have identiﬁed some climatic correlations, they are,
as noted previously, unlikely to be the sole or even the major drivers of decline.
Based on our familiarity with the natural history of the fauna,
we suspect that successional vegetation change has contributed
to the decline at Willow Slough. Since the mid-1980s two invasive,
perennial, clonal weeds, Lepidium latifolium (Brassicaceae) and
Dipsacus sylvestris (Dipsacaceae), have rapidly increased their combined areal coverage to approximately 50% of the ﬂoodplain. In the
process they have displaced numerous butterﬂy resources, both

nectar sources and larval host plants. This in itself may have been
responsible for the unexpected apparent extinction/disappearance
from the 4th of July count of P. campestris. Present for 26 years running and then absent in 5 out of the past 6 years, its host plant, Aster chilensis (Asteraceae) – which also served as a major seasonal
nectar plant – has been reduced in coverage by an order of
magnitude.
Other species adversely impacted and of butterﬂy importance
include Apocynum cannabinum (Apocynaceae), Asclepias fascicularis, Asclepias speciosa (both Asclepiadaceae), Phyla nodiﬂora (Verbenaceae), Malvella leprosa (Malvaceae),and the important summer
annual Lotus purshianus (Fabaceae). L. latifolium, a nectar source
for various short-tongued Lycaenidae, is a larval host of the weedy
butterﬂy P. rapae, whose numbers have actually increased at Willow Slough. D. sylvestris is not a larval host plant but is a nectar
source for medium-to-large-size butterﬂies with long proboscides.
However, local vegetation change alone cannot be driving the Willow Slough decline either, insofar as it is mirrored by declines in
butterﬂy faunas at other sites on a regional basis. We suspect
broader patterns of land use and habitat continuity are implicated
in butterﬂy declines throughout the region.

5. Conclusions
The observed decline shows the utility of systematic, long-term
monitoring efforts of the type carried out by many citizen scientists. Although the decline in species diversity at Willow Slough
has been drastic, it would have been difﬁcult to document (other
than anecdotally) without the consistent record of monitoring that
we have. Indeed, before analysis with Fisher’s a, it was not evident
to the observer (AMS) that a decline was taking place. Even the
eventually dramatic decline in the raw number of species would
have gone undocumented (and perhaps unnoticed) in a census less
than 24 years long.
The results also illustrate how the use of a bias-reducing statistic can greatly improve estimates of relative species diversity and
so improve our power to detect trends. There are many methods
of estimating species diversity (Bunge and Fitzpatrick, 1993; Gotelli and Colwell, 2001; Magurran, 1988), not one of which, a included, is appropriate in every situation (Rosenzweig et al., 2011,
2003). However, if abundance data are available and one wants
to detect trends or make comparisons between sets of similar taxa
in space or time, Fisher’s a may be the best. Compared to other
diversity indices, including S, Fisher’s a typically performs well in
applications requiring a statistic with good ‘‘discriminant ability’’
(a term coined by Taylor (1978) to refer to the effectiveness of a
statistic in detecting the effects of relevant independent variables
(Magurran, 1988)). Discriminant ability is measured as the proportion of a statistic’s among-sample variance that can be explained
by the variables of interest. In our study, the discriminant ability
of Fisher’s a was clearly better than that of raw species count.
‘Year’ explained a much higher proportion of the variance in a (adjusted r2 = 0.657) than in S (adjusted r2 = 0.521).
Since its development by Fisher, the a statistic has proven effective in application to many collections, both biological and non-biological (e.g. (Buzas and Culver, 1999; Efron and Thisted, 1976;
Taylor, 1978; Wolda et al., 1994)). Magurran (1988) attributes a’s
good performance to its near independence of sample size, its relative insensitivity to both the commonest and the rarest species,
and its robustness with respect to deviations of the data from the
theoretical log-series form. Indeed, a performs better than other
indices even where the distribution of abundances is signiﬁcantly
different from a log-series (Boswell and Patil, 1971; Condit et al.,
1998; Magurran, 1988). The ability to distinguish underlying trends
from noise is especially important when what is being measured
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may be a gradual erosion of diversity. So we recommend the application of a to other census or monitoring data that include the number of individuals seen.
Economic and logistical concerns often limit the thoroughness
of ecological monitoring efforts. The Willow Slough case history
demonstrates that even a once-a-year sampling program focused
on short-lived, multivoltine insects can be of signiﬁcant value in
spotting and predicting trends in diversity if it is carried out in a
consistent manner that assures statistical quality.
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