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Abstract
As evidence for global insect population declines continues to amass, several studies have indicated that Orthoptera (grass-
hoppers, crickets, and katydids) are among the most threatened insect groups. Understanding Orthoptera populations across 
large spatial extents requires efficient survey protocols, however, many previously established methods are expensive and/or 
labor-intensive. One survey method widely employed in wildlife biology, the aural point count, may work well for crickets and 
katydids (suborder: Ensifera) because males produce conspicuous, species-specific mating calls. We conducted repeated point 
count surveys across an urban-to-rural gradient in central Pennsylvania. Occupancy analyses of ten focal species indicated that, 
although detection probability rates varied by species from 0.43 to 0.98, detection rates compounded over five visits such that 
all focal species achieved cumulative > 0.90. Factors associated with site occupancy varied among species with some positively 
associated with urbanization (e.g., Greater Anglewing, Microcentrum rhombifolium), some negatively associated with urbani-
zation (e.g., Sword-bearing Conehead, Neoconocephalus ensiger), and others exhibiting constant occupancy across a habitat 
gradient (e.g., Common True Katydid, Pterophylla camellifolia). Our community-level analysis revealed that different species’ 
habitat associations interacted such that intermediate levels of urbanization (i.e., suburbs) hosted the highest number of species.
Implications for insect conservation: Ultimately, our analyses clearly support the concept that aural point counts paired with 
static occupancy modeling can serve as an important tool for monitoring night-singing Orthoptera populations. Applications 
of point count surveys by both researchers and citizen scientists may improve our understanding Ensifera populations and 
help in the global conservation of these threatened insects.
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Introduction

As evidence for global insect population declines continues 
to amass (Thomas 2016; Hallmann et al. 2017; Leather 2017; 
van Klink et al. 2020), ecologists are tasked with the increas-
ingly urgent need to establish robust monitoring regimes 
for sensitive insect taxa (Thomas 2005; Montgomery et al. 
2020). Indeed, effective survey protocols have the capacity 

to form the foundation of long-term monitoring programs 
that afford conservation biologists insight into population 
trends (including baseline data) and species habitat associa-
tions (Lebuhn et al. 2013; Taron and Ries 2015). Central to 
the establishment of insect population monitoring programs 
is the availability of cost-effective survey protocols that yield 
effective assessments of focal taxa presence across large geo-
graphic extents (Yoccoz et al. 2001; Potts et al. 2011). Data 
resulting from robust population monitoring regimes can, in 
turn, be used to guide conservation and management strate-
gies (Menz et al. 2013) and help inform the allocation of 
scarce conservation funding (McIntosh et al. 2018). Further, 
effective monitoring is useful for identifying habitat needs 
for sensitive species, an important requisite to the develop-
ment of species conservation plans (Menz et al. 2013).

Although insect populations appear to be declining across 
a wide suite of taxa (Hallmann et al. 2017; Leather 2017), 
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several studies have highlighted that Orthoptera (grasshop-
pers, crickets, and katydids) are among the most rapidly-
declining groups of insects (Dirzo et al. 2014; Sánchez-Bayo 
and Wyckhuys 2019). Indeed, Orthoptera are known to be 
highly sensitive to variation in habitat conditions (Fischer 
et al. 1997; Hugel 2012) and have thus been cited as impor-
tant bioindicators (Riede 1998). In addition to being globally 
imperiled, Orthoptera make obvious subjects for population 
monitoring because many of them produce conspicuous mat-
ing calls that are species-specific and readily discernable by 
the human ear (Alexander et al. 1972), especially crickets 
(Gryllidae) and katydids (Tettigonidae, suborder: Ensifera). 
While Ensifera populations have been studied extensively 
in some regards (Gwynne 2001), few efficient, standardized 
monitoring protocols exist and most involve lethal trap-
ping, time-intensive collection efforts like mark-recapture 
(reviewed by Gardiner et al. 2005), or expensive automated 
acoustical sampling techniques (Gibb et al. 2019). Many 
collection methods (e.g., sweep-netting) are also challenging 
within densely-vegetated communities, especially for taxa 
like katydids, many of which are arboreal (Gardiner et al. 
2005). Although acoustic sampling methods for crickets 
and katydids are well-established (Bailey 1991; Gerhardt 
and Huber 2002; Lehmann et al. 2014), these methods often 
require specialized audio sampling gear for automated detec-
tion (Jeliazkov et al. 2016; Gibb et al. 2019) and complex 
sonogram identification algorithms (Ganchev and Potamitis 
2007; Penone et al. 2013). Clearly, developing a simple and 
efficient monitoring protocol for Ensifera is paramount for 
understanding Orthoptera population ecology and for devel-
oping long-term population monitoring protocols (Riede 
1998; Gardiner et al. 2005).

The development of more efficient monitoring protocols 
would help elucidate habitat associations for individual 
Ensifera species across diverse ecological communities 
(Kéry and Royle 2015; McNeil et  al. 2020). Given the 
community-wide population declines observed in Orthop-
tera (Dirzo et  al. 2014; Sánchez-Bayo and Wyckhuys 
2019), an understanding of habitat requirements for these 
sensitive insect populations may be a conservation prior-
ity (Brouwers and Newton 2009). While Orthoptera species 
in some regions have their habitat associations described 
at coarse spatial scales (Taylor et al. 2005; Bazelet et al. 
2016; Hochkirch et al. 2016), the habitat needs for cricket 
and katydid species in many regions (e.g., North America) 
remain completely anecdotal (Shapiro 1998; Gwynne 2001) 
with no quantitative descriptions available for the majority 
of taxa. Thus, conservation for Ensifera species or popula-
tions is limited by a lack of quantitative data on habitat needs 
(Brouwers and Newton 2009) which, in turn, are limited by 
efficient monitoring protocols (Ferson and Burgman 2006). 
This data gap is critical because species may have strong 

habitat associations (rather than random habitat use) and 
taxa differ in their habitat needs (Bazelet et al. 2016).

The conspicuous stridulations produced by singing Ensif-
era make them excellent candidates for aural population 
surveys that could be conducted by trained field biologists 
(Alexander et al. 1972; Riede 1998). Indeed, many verte-
brate taxa that produce loud calls are studied using aural 
surveys as a primary sampling technique. For example, 
aural-based “point counts” are a common method in avian 
ecology to detect singing male passerines within habitats of 
interest (e.g., McNeil et al. 2018, 2020) or along systemati-
cally-placed sampling locations (Ralph et al. 1995; Wilson 
et al. 2012; Sauer et al. 2017). Likewise, nocturnal birds 
like nightjars (order: Caprimulgiformes, Knight et al. 2016) 
and shorebirds like Wilson’s Snipe (Gallinago delicata) or 
American Woodcock (Scalopax minor, Kozicky et al. 1954) 
take place at night and require passive listening for singing 
males. Similarly, non-avian taxa have been sampled using 
aural point counts including Eastern Gray Squirrels (Sciurus 
carolinensis Rahim 2016), and frogs (Dorcas et al. 2009). 
Point count data are useful for ecological studies because 
they not only yield data on species occurrence (Ralph et al. 
1995), but repeated surveys allow for detection-adjusted 
occupancy estimation of true species presence, even when a 
species is not detected perfectly (MacKenzie 2006). Clearly, 
night-singing Ensifera like crickets and katydids should be 
amenable to sampling using standard point count surveys, 
however, the merit of this sampling method remains largely 
unknown.

To help develop a rapid monitoring protocol and habitat 
assessment tool for night-singing Orthoptera, we conducted 
point count surveys across central Pennsylvania and quanti-
fied occupancy of singing males across a diverse suite of 
species. More specifically, we (i) used repeated point count 
surveys to quantify detection probability and site occupancy 
of night-singing Orthoptera across an urban-to-rural habitat 
gradient, (ii) assessed the extent to which repeated point 
count surveys (conducted by trained field biologists) can be 
used to quantify song phenology of night-singing Orthop-
tera, (iii) quantified species-specific habitat associations, and 
(iv) assessed broad patterns of species richness across our 
Pennsylvania study area. We discuss these results in terms 
of sampling protocols for night-singing insects, species phe-
nology and Orthoptera habitat use patterns across varied 
landscapes.

Materials and methods

Study area and site selection

We conducted roadside point count surveys for night-
singing Ensifera in central Pennsylvania, USA (Centre and 
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Huntingdon Co.) across an urban-to-rural gradient. Central 
Pennsylvania consists of a mix of deciduous forest domi-
nated largely by oaks (Quercus spp.) and maples (Acer spp., 
Albright et al. 2017), row-crop agricultural fields, pastures, 
and varying degrees of urban and suburban cover types (Cuff 
1989; Shultz 1999; Fry et al. 2011). To select sampling loca-
tions across our study area, we plotted four line-transects 
extending 10 km into each cardinal direction from the cen-
troid of downtown State College, Pennsylvania, using Arc-
GIS 10.2 (ESRI 2011). Along each line-transect, we plotted 
points exactly 1 km apart such that the outermost points 
were 10 km from the downtown centroid. We then snapped 
each point location to the nearest public road with an acces-
sible shoulder. Ultimately, this sampling protocol yielded 
40 points along the four line-transects plus one point in the 
center of our study area (total N = 41, Fig. 1).

Point count surveys

We quantified night-singing Ensifera communities using 
aural point count surveys, comparable in many ways to 
those described by Ralph et al. (1995) for songbirds and 
Dorcas et al. (2009) for chorusing frogs. More specifically, 
we conducted stationary surveys on roadside shoulders and 
each consisted of a single observer standing at each point 
location for the duration of a three-minute survey. All aural 
surveys were conducted by D. McNeil, who has had exten-
sive experience in quantifying wildlife populations using 

aural sampling techniques (McNeil et al. 2014, 2018, 2020). 
During each survey, we recorded all detected Ensifera with 
the exception of the tree crickets (subfamily: Oecanthinae; 
see Supporting Table 1). We excluded tree crickets from our 
sampling because several species in our study area sound 
quite similar (e.g., Oecanthus latipennis [Riley 1881] vs 
O. quadripunctatus [Beutenmüller 1894], etc., Alexander 
et al. 1972). In contrast, nearly all other species of Ensifera 
stridulations can be discerned fairly easily by the human 
ear (e.g., Fig. 2, see Supporting Tables 1 and 2). Record-
ings of all species are readily available online through sci-
entific databases such as the Cornell Lab of Ornithology’s 
Macaulay Library or digital field guides such as Elliot and 
Hershberger (2007; also see Supporting Table 1). Because 
our focus was Ensifera that stridulated chiefly after dark, 
we sampled between sunset and midnight each night and 
conducted surveys from 27 July through 24 November, a 
period which encompasses the singing periods for most local 
Ensifera (Alexander et al. 1972). Over this period, each of 
our 41 sampling points was surveyed on five separate occa-
sions with each replicate separated by 2–3 weeks.

In addition to recording the name of each detected Ensif-
era species, we also recorded for each the estimated distance 
to nearest stridulating male (rounded to the nearest 5 m) and 
number of individuals detected in five bins: 0, 1–2, 3–5, 
5–10, and > 10. Prior to our formal three-minute count, we 
allowed one minute to elapse after arriving to each loca-
tion to allow Ensifera to resume normal singing behavior 

Fig. 1  A map of survey loca-
tions (bolded white circles) 
where crickets and katydids 
were counted with repeated 
surveys between July and 
November, 2019 across an 
urban-to-rural gradient in Cen-
tre and Huntingdon Counties, 
Pennsylvania
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after potential disturbance from the observer traveling to 
each point location (Ralph et al. 1995). This one-minute 
‘rest’ period afforded the observer the opportunity to record 
ambient conditions prior to sampling. Specifically, i. minutes 
since sunset (mss), ii. ordinal date, iii. Beaufort wind index, 
iv. cloud cover (%), v. noise index, and vi. temperature.

Quantification of landscape characteristics

We quantified habitat around survey locations using 
remotely-sensed data from the National Land Cover Data-
base (NLCD, Fry et al. 2011). We summarized land cover at 
the 100 m radius scale for the following land cover classes: 
1. forest, 2. developed, and 3. agriculture. We used a 100 m 
radius because this is the maximum distance within which 
majority of Ensifera were detected. Each covariate was mod-
eled as percent cover within a 100 m radius buffer around 
each point location.

Statistical analyses

To assess species detection probability, occupancy prob-
ability, and habitat associations, we created single-season 
occupancy models in the R package unmarked (Fiske and 
Chandler 2011; R Core Team 2020). Occupancy models 
provide an excellent framework for assessing species pres-
ence as they independently model probability of occupancy 
(i.e., presence at a site) and probability of detection (i.e., 
detecting a species, given it is present; MacKenzie 2006; 
Kéry and Royle 2015). With this in mind, there are several 
assumptions associated with occupancy models (see Mac-
Kenzie 2006): (1) detections at each site are independent of 
detections at other sites (i.e., independence), (2) detection 
probability is constant across sites or otherwise incorporated 
into models as covariates (i.e., homogenous detection), (3) 

occupancy probability is constant across sites or otherwise 
incorporated into models as covariates (i.e., homogenous 
occupancy), and (4) sites do not change occupancy state 
during the sampling period (i.e., site closure).

Over the course of our five sampling visits, we quickly 
noticed that during our fifth sampling round (4–24 Novem-
ber), most sites were apparently unoccupied by all species, 
and thus we only modeled species occupancy using the first 
four sampling periods. Moreover, we only modeled species 
with enough detections for model convergence (e.g., > 20% 
naïve occupancy, MacKenzie 2006). Although we observed 
18 species, this guideline ultimately allowed us ten Ensif-
era species with which to model occupancy including five 
katydids: Pterophylla camellifolia (Fabricius 1775; Com-
mon True Katydid), Microcentrum rhombifolium (Saussure 
1859; Greater Anglewing), Neoconocephalus nebrascensis 
(Bruner 1981; Nebraska Conehead), N. retusus (Scudder 
1878; Round-tipped Conehead), and N. ensiger (Harris 
1841; Sword-bearing Conehead), and five crickets: Hapi-
thus saltator (Uhler 1864; Jumping Bush Cricket), Gryllus 
pennsylvanicus (Burmeister 1838; Fall Field Cricket), Eune-
mobius carolinus (Scudder 1877; Carolina Ground Cricket), 
Allonemobius allardi (Alexander and Thomas 1959; Allard’s 
Ground Cricket), and A. fasciatus (De Geer 1773; Striped 
Ground Cricket, see Supporting Table 2 for a full list of 
species recorded). Of these ten species, four were detected 
sufficiently often that we modeled observations from sam-
pling occasions 1–4 (all three ground crickets and G. penn-
sylvanicus). Although we initially tried to model all species 
using sampling occasions 1–4, these models were often 
highly overdispersed or did not converge because of the high 
degree of variation in individual species song phenology. H. 
saltator was rarely detected during the first sampling occa-
sion so we modeled its occupancy using sampling occasions 
2–4. Preliminary katydid occupancy modeling indicated that 
analyses incorporating data from all four occasions were 

Fig. 2  Sonograms for three 
species of Neoconocephalus 
recorded in central Pennsylvania 
during aural point count surveys 
in 2019
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highly overdispersed (i.e., ĉ  > 1.0). To ensure the data 
underlying our katydid models conformed to occupancy 
assumptions, we modeled species during time periods when 
visit-specific naïve occupancy appeared largely constant. We 
modeled N. nebrascensis and P. camellifolia with sampling 
visits 1–2; M. rhombifolium and N. retusus with visits 2–3, 
and N. ensiger with visits 1–3. To ensure that our analysis 
was focused on only species detected near each point loca-
tion, we also removed detections for species where the clos-
est individual was > 100 m from the observer.

For each of our ten focal species, we created occupancy 
models allowing for all possible combinations of up to one 
covariate on detection probability (p) and up to one covariate 
on occupancy probability (ψ). Our model set also included 
null (intercept-only) models on both p and ψ. We restricted 
the number of parameters in this way to avoid overparame-
terization of our models. We considered the following covar-
iates on detection probability: i. minutes since sunset (mss), 
ii. ordinal date, iii. Beaufort wind index (estimated in the 
field), iv. cloud cover (%, visually estimated to nearest 25%), 
v. noise index (adapted from Dorcas et al. 2009), and vi. 
temperature. We restricted our analyses to only one detection 
covariate to avoid specifying overly complex models into our 
analyses. We likewise considered the following covariates 
on occupancy probability: i. percent forest cover, ii. per-
cent agriculture cover, and iii. percent developed cover. To 
rank models for each species, we used an information theo-
retic approach for model selection (Akaike’s Information 
Criterion adjusted for small sample size,  AICc, Burnham 
and Andersen 2002). For competing models (ΔAICc < 2.0), 
we also examined and report covariate β coefficient 95% 
confidence intervals and interpreted those that overlapped 
as zero as weak biological effects (Burnham and Andersen 
2002; MacKenzie 2006). For the top-ranked model in each 
candidate set, we estimated overdispersion using the Mac-
Kenzie and Bailey Goodness-of-fit Test for Single Season 
Occupancy Models (i.e., ĉ  , Kéry and Royle 2015). For 
overdispersed candidate models, we ranked models using 
Quasi  AICc  (QAICc) which further penalizes overly com-
plex models beyond the penalty applied by  AICc (Burnham 
and Andersen 2002). We used  QAICc to rank seven of our 
ten model sets due to minor overdispersion (mean ĉ = 1.6, 
range: 0.75–3.25). Prior to each analysis, we scaled all vari-
ables to improve model convergence (Sokal and Rohlf 1969; 
Kéry and Royle 2015).

In addition to modeling each species individually, we 
modeled species richness as a function of i. percent forest 
cover, ii. percent agriculture cover, and iii. percent developed 
cover. We estimated species richness for all species detected 
at each site (see Supporting Table 2) where we considered 
any species detected at least once across five sampling peri-
ods to be ‘confirmed present’ and richness was the sum of 
all species confirmed present at any site over time. Using 

species richness as a response variable to percent land cover, 
we created simple linear models in R and ranked models 
using the same Information Theoretic approach described 
above. Herein, we tested all linear and quadratic relation-
ships between land cover and species richness as well as an 
intercept-only null model.

Results

By sampling 41 locations each five times between 27 July 
and 24 November, we conducted a total of 205 three-min-
ute Ensifera point counts for a cumulative sampling time 
of 10.25 h (615 total minutes, 15 min/location). Surveys 
spanned a gradient of urbanization (mean 45% cover, range 
0–100%) with non-urban cover chiefly a mixture of second-
ary forest (mean 21% cover, range 0–93%) and agriculture 
(mean 24% cover, range 0–84%, Fig. 1). Over these surveys, 
we observed a minimum of 857 individual singing males 
across 18 different species (Supporting Table 2). Of these, 
ten species had sufficient detections for statistical modeling 
and thus were included in subsequent analyses.

Phenology

Seven of our ten focal species (those species with enough 
detections to model) were already singing when our sam-
pling began in July and three species initiated singing after 
sampling began (Fig. 3). Although we are unable to assess 
the total song periods for species already singing when our 
sampling began, of the three species that initiated singing 
after our sampling began, there was substantial variation in 
their duration of singing: song periods lasted 36, 68, and 
82 days for H. saltator, M. rhombifolium, and N. retusus 
(respectively). Early September (Ordinal dates 245–246) 
marked the approximate peak of detected Ensifera species 
richness during the 2019 survey season as all 10 focal spe-
cies were detected over these nights. Thereafter, nightly spe-
cies richness declined linearly until mid-November (ordinal 
date 313) when detections for all species ceased completely 
(Fig. 3).

Detection and occupancy probability

Detection probability varied among species ranging from 
0.43 (M. rhombifolium, 95% CI 0.31–0.55) to 0.98 (H. salta-
tor, 95% CI 0.89–0.99) (Fig. 4, Table 1). Rates compounded 
such that all ten of our focal species could achieve cumula-
tive detection probability rates of > 0.90 after five replicates 
(Fig. 4) though most species achieved this rate with fewer 
replicates. Furthermore, although our surveys were three 
minutes in length, 89.93% of species detections were made 
within 1 min of the survey’s beginning and 95.38% were 
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made within 2 min of survey time. Additionally, species 
varied in the factors that impacted p̂ (Table 1) with several 
species exhibiting a negative relationship between detection 
probability and survey date.

Like detection probability, estimates of occupancy prob-
ability ( ̂� ) varied among species ranging from 0.33 (N. 
ensiger, 95% CI 0.19–0.55) to 0.98 (P. camellifolia, 95% 
CI 0.68–0.99, Fig. 4, Table 1). Habitat associations also 
varied among Ensifera species (Fig. 5). For example, sites 
with more developed land cover hosted higher estimates of 
�̂ for M. rhombifolium and H. saltator (Fig. 5, Table 1). 
In contrast, both N. ensiger and N. retusus were negatively 
associated with developed land cover. With these habitat 
patterns in mind, candidate model sets for several species 
indicated that �̂ remained largely constant (e.g., E. caroli-
nus, P. camellifolia, etc.) suggesting that highly urban areas 
were just as likely to host a focal species as heavily forested 
locations.

Species richness

Our top species richness model included a quadratic term 
for developed land cover with both the linear and quadratic 
β coefficients characterized by 95% confidence intervals that 
did not overlap zero (Table 2). There were no competing 
models in the species richness model set. Predictions using 
this top-ranked model suggested that Ensifera species rich-
ness was greatest at intermediate levels of developed land 
cover (i.e., suburbs) while heavily developed and predomi-
nantly forested locations hosted the lowest species richness 
(Fig. 6). Ensifera richness ranged from low values of 5.96 

and 6.07 species at 100% and 0% development (respectively) 
with richness increasing by a factor of 1.5 (richness > 9) at 
intermediate levels (38–60%) of developed land cover at the 
100 m radius scale (Fig. 6).

Discussion

Effective population monitoring for threatened species is of 
enormous importance for global biodiversity conservation 
(Yoccoz et al. 2001; Potts et al. 2011; Menz et al. 2013). 
Our study provides the first empirical demonstration that 
aural point counts conducted by field biologists may serve 
as an important survey method to study cricket/katydid 
populations because they are efficient, accurate, and non-
destructive. In our region, it was possible to simultaneously 
and non-destructively monitor 18 different species, though 
only 10 of these were common enough for subsequent analy-
ses. Efficiency was accomplished by coupling high rates of 
species detection probability (Fig. 4) with a brief survey 
duration (three minutes) while requiring essentially no spe-
cial equipment. While alternative aural sampling methods 
are well-established in Ensifera literature (e.g., Gibb et al. 
2019), most require expensive recording equipment and 
highly technical analyses to extract and analyze recordings 
(Penone et al. 2013; Bradfer-Lawrence et al. 2019). Non-
lethal sampling methods like point count surveys are also 
desirable for studying species of conservation concern (Rose 
et al. 1994) whereby legal and ethical concerns may preclude 
the collection of live specimens. Indeed, the merit of aural 
point count surveys as a technique to rapidly quantify animal 
populations will come as no surprise to vertebrate biologists 

Fig. 3  Mapped phenology 
for ten species of cricket and 
katydid detected with repeated 
surveys across an urban-to-rural 
gradient in Centre and Hunt-
ingdon Counties, Pennsylvania 
detected from July to Novem-
ber, 2019. Each sampling date 
is shown as a light gray vertical 
bar. For each species is shown 
maximum counts for date 
period
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Table 1  Occupancy models for five species of cricket and katydids observed in Centre and Huntingdon Counties, Pennsylvania from July to 
November, 2019

Models are ranked in descending order of Quasi Akaike’s Information Criterion adjusted for small sample size,  QAICc. Each model is described 
with two components: detection probability (p) and occupancy probability (ψ), with covariates on each model component shown in parentheses. 
We considered each of six covariates on p: (i) date, (ii) minutes since sunset (mss), (iii) cloud cover (cloud), (iv) Beaufort wind index (wind), (v) 
noise index (noise), and (vi) temperature (temp). We considered each of three covariates on ψ: (i) percent developed cover (100 m radius), (ii) 
percent forest cover, and (iii) percent agriculture cover. We also considered intercept-only (.) model components for both p and ψ. Covariate β 
95% confidence intervals that did not include zero are bolded while those overlapping zero are non-bold. For covariates with β 95% confidence 
intervals that did not include zero, relationship directions are depicted with superscript signs. Also shown for each model are: number of model 
parameters (k), model weight (w), cumulative model weight (Cum. wt.), and Log likelihood (LL)

Model k QAICc ΔQAICc w Cum wt LL

Crickets (family: Gryllidae)
 Allonemobius allardi

  p(date(−)), ψ(.) 4 175.19 0.00 0.28 0.28 − 83.04
  p(date(−)), ψ(developed) 5 175.64 0.45 0.23 0.51 − 81.96
  p(date(−)), ψ(agriculture) 5 176.18 0.98 0.17 0.68 − 82.23

 Allonemobius fasciatus
  p(date(−)), ψ(forest(−)) 5 83.81 0.00 0.36 0.36 − 36.05
  p(temp(+)), ψ(forest(−)) 5 85.48 1.68 0.16 0.52 − 36.88
  p(.), ψ(forest(−)) 4 85.58 1.78 0.15 0.66 − 38.24

 Eunemobius carolinus
  p(.), ψ(.) 3 72.15 0.00 0.16 0.16 − 32.75
  p(date(−)), ψ(.) 4 72.89 0.73 0.11 0.28 − 31.89
  p(date(−)), ψ(.) 4 73.03 0.88 0.11 0.38 − 31.96

 Gryllus pennsylvanicus
  p(date(−)), ψ(.) 4 121.90 0.00 0.32 0.32 − 56.39
  p(date(−)), ψ(agriculture) 5 123.56 1.67 0.14 0.45 − 55.93

 Hapithus saltator
  p(.), ψ(developed(+)) 4 25.63 0.00 0.34 0.34 − 8.26
  p(cloud), ψ(developed(+)) 5 27.16 1.53 0.16 0.49 − 7.72
  p(wind), ψ(developed(+)) 5 27.38 1.75 0.14 0.64 − 7.83

Katydids (family: Tettigoniidae)
 Neoconocephalus ensiger

  p(date(−)), ψ(developed(−)) 4 104.01 0.00 0.25 0.25 − 47.45
  p(date(−)), ψ(agriculture) 4 105.19 1.18 0.14 0.40 − 48.04
  p(mss(−)), ψ(developed(−)) 4 105.50 1.49 0.12 0.52 − 48.2

 Neoconocephalus retusus
  p(temp(+)), ψ(developed(−)) 5 46.03 0.00 0.6 0.6 − 17.16
  p(temp(+)), ψ(agriculture(+)) 5 47.13 1.10 0.35 0.95 − 17.71

Model k Q/AICc ΔQ/AICc w Cum wt LL

Neoconocephalus nebrascensis
 p(date(−)), ψ(.) 3 89.45 0.00 0.35 0.35 − 41.4
 p(date(−)), ψ(forest) 4 90.83 1.38 0.18 0.53 − 40.86
 p(date(−)), ψ(development) 4 90.85 1.40 0.18 0.71 − 40.87

Pterophylla camellifolia
 p(temp), ψ(.) 3 64.91 0.00 0.10 0.10 − 29.13
 p(.), ψ(.) 2 65.21 0.30 0.09 0.19 − 30.45
 p(temp), ψ(agriculture) 4 65.39 0.48 0.08 0.27 − 28.14
 p(date), ψ(.) 3 65.50 0.59 0.07 0.34 − 29.43
 p(.), ψ(agriculture) 3 65.56 0.65 0.07 0.41 − 29.45
 p(temp), ψ(forest) 4 65.65 0.74 0.07 0.48 − 28.27
 p(.), ψ(forest) 3 65.82 0.90 0.06 0.55 − 29.58
 p(date), ψ(agriculture) 4 65.98 1.07 0.06 0.61 − 28.44
 p(date), ψ(forest) 4 66.24 1.33 0.05 0.66 − 28.57

Microcentrum rhombifolium
 p(date(+)), ψ(developed(+)) 5 63.25 0 0.49 0.49 − 25.77
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Fig. 4  Point estimates of occupancy probability (top left) and detec-
tion probability (lower left) for occupancy models of each of ten 
species: Neoconocephalus nebrascensis (N.neb), N. retusus (N.ret), 
N. ensiger (N.ens), Pterophylla camellifolia (P.cam), Microcentrum 
rhombifolium (W.rho), Eunemobius carolinus (E.car), Allonemobius 

fasciatus (A.fas), A. allardi (A.all), Gryllus pennsylvanicus (G.pen) 
and Hapithus saltator (H.sal). Additionally shown are cumulative 
rates of estimated detection probability for each species extrapolated 
over 1–5 survey replicates (right). Error bars represent 95% confi-
dence intervals

Fig. 5  Top-ranked patterns of 
occupancy for four representa-
tive species of Ensifera: Neo-
conocephalus retusus, (upper 
left), Allonemobius fasciatus 
(upper right), N. ensiger (lower 
left), and Hapithus saltator 
(lower right). Percent cover 
values as each independent vari-
able are quantified at the 100 m 
radius. Mean model estimates 
are shown with a solid black 
line while dashed lines repre-
sented 95% confidence intervals
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who have leveraged the method for decades (Gooch et al. 
2006; McNeil et al. 2014, 2020). Our analysis, thereby, 
contributes to a rich body of literature supporting the use 
of point count surveys to sample animals with conspicuous 
breeding displays—including night-singing Orthoptera.

By analyzing aural point count data with occupancy mod-
els, we provide the first quantitative glimpse into the habitat 
needs for a variety of night-singing Orthoptera across east-
ern North America. For example, two later-singing species 
(Fig. 3), H. saltator and M. rhombifolium, were positively 
associated with developed habitats while others like N. 
ensiger exhibited the opposite pattern (Fig. 5). In contrast, 
we found no habitat patterns on occupancy for some spe-
cies (e.g., P. camellifolia) suggesting that these species were 
essentially ubiquitous across the habitats we sampled. This 
latter point is interesting because habitat loss (via conversion 
to urban and agriculture) is recognized as one of the major 
threats to biodiversity, the world over (Andrén 1994; Jantz 

et al. 2015). Although the geographic scope of our study is 
limited, our results suggests that some native Ensifera spe-
cies may be highly generalistic in that they occur both in 
expansive forests and heavily degraded landscapes. Further 
studies could investigate how the behavior, physiological 
requirements and natural history of these species contrib-
ute to their different habitat needs. Further, these results lay 
the groundwork for additional studies to better understand 
the spatial scale at which Ensifera use habitat, although we 
assessed patterns at the 100 m scale, it is entirely likely that 
smaller scales (for diminutive, mostly flightless species like 
Allonemobius spp.) or larger scales (for large, flighted spe-
cies like Microcentrum spp.) might be more appropriate 
(Cody 1985; Orians and Wittenberger 1991).

The capacity to rapidly quantify species-specific habitat 
associations marks a fundamental advance in understanding 
of North American Ensifera because most species have no 
formal descriptions of habitat use (Gwynne 2001). Our study 
revealed numerous habitat associations that differed among 
species with some preferring agriculturally-dominated land-
scapes (e.g., N. ensiger) whereas others preferred habitats 
dominated by urban cover (e.g., H. saltator). Although some 
of these habitat associations have been anecdotally described 
(Shaw et al. 1982; Shaw and Carlson 1969), our work is 
the first to empirically describe habitat for the species in 
central Pennsylvania and provides a simple framework for 
better understanding Ensifera habitat across many regions/
contexts. Our community-level analysis revealed that differ-
ent species’ habitat associations interacted such that inter-
mediate levels of urbanization hosted the highest number 
of species. This pattern is explained by the ‘Intermediate 
Disturbance Hypothesis’ (Connell 1978) which states that 
habitats with intermediate levels of disturbance host the 
greatest number of habitat niches and can support the most 
species as compared to heavily disturbed (e.g., urbanized) or 
totally undisturbed ecosystems (e.g., natural, Connell 1978). 
With this in mind, our study was not designed to test this 

Table 2  Simple linear models of 
species richness for 18 species 
of Ensifera (families: Gryllidae, 
Tettigoniidae) observed 
in Centre and Huntingdon 
Counties, Pennsylvania from 
July to November, 2019

Models are ranked in descending order of Akaike’s Information Criterion adjusted for small sample size 
 (AICc). We considered each of three covariates on ψ: (i) percent developed cover (100 m radius), (ii) per-
cent forest cover, and (iii) percent agriculture cover. Both linear (x) and quadratic  (x2) forms of each covari-
ate are considered. We also considered an intercept-only (null) model on species richness. Also shown for 
each model are: number of model parameters (k), model weight (w), cumulative model weight (Cum. wt.), 
and Log likelihood (LL)

Model k AICc ΔAICc w Cum wt LL

Developed2 4 177.79 0.00 0.87 0.87 − 84.34
Agriculture2 4 183.84 6.05 0.04 0.91 − 87.36
Forest2 4 184.52 6.72 0.03 0.94 − 87.7
Intercept-only 2 184.72 6.93 0.03 0.97 − 90.2
Agriculture 3 186.18 8.39 0.01 0.98 − 89.77
Forest 3 186.48 8.69 0.01 0.99 − 89.92
Developed 3 186.95 9.16 0.01 1.00 − 90.15

Fig. 6  The best-ranked model of Ensifera species richness across an 
urban-to-rural gradient in Centre and Huntingdon Counties, Pennsyl-
vania detected from July to November, 2019. Mean model estimates 
are shown with a solid black line while dashed lines represented 95% 
confidence intervals
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hypothesis as we only sampled an area ~ 10 km radius, it 
is therefore possible that, these patterns would not hold at 
greater extents (e.g., across states, biogeographic realms, 
etc.). Indeed, disturbance associations are known to vary 
across scales and species groups (e.g., Mayor et al. 2012), 
so this result is likely at least somewhat context specific.

One important strength of our analytical approach is that 
it allows for simultaneous estimation of detection probability 
and occupancy probability of multiple species, 18 in our 
case (MacKenzie et al. 2005). While auditory surveys for 
Ensifera have been conducted previously (Riede 2018), few 
have incorporated model-based accounts of detection prob-
ability (but see Franklin et al. 2009). Failure to account for 
detection error during animal surveys usually leads to under-
estimation of site occupancy rates (MacKenzie et al. 2005) 
and may even suggest erroneous habitat relationship asso-
ciations (MacKenzie 2006; McNeil et al. 2019). Although 
field sampling methods like sweep netting and trapping 
may provide relatively straightforward means for assessing 
Orthoptera communities (Gray and Treloar 1933; Spafford 
and Lortie 2013), aural methods have the important benefit 
of being non-lethal (Ralph et al. 1995), lethal methods may 
violate the assumption of closure as animals are removed 
from sampling sites for collection (Otto et al. 2013) which 
would bias estimates of p̂ and, thereby, impact estimates of 
�̂ . We accounted for several important sources of variation 
in our models: survey time, date, wind, cloud cover, ambient 
noise, and temperature. Although not all of these covariates 
were useful in predicting variation in detection probability in 
our analyses, several consistent patterns emerged: multiple 
species demonstrated declining detection probability with 
advancing date and increased detection with temperature. 
These patterns are largely intuitive and suggest that detec-
tion probability was maximized during the early season 
(e.g., August–September) and on warm nights. With this 
in mind, accounting for detection probability in a modeling 
framework, as we have here, is important even when detec-
tion covariates are not included to ensure robust estimates 
of site occupancy over a study area (MacKenzie et al. 2005; 
McNeil et al. 2014).

While our study demonstrates that aural point counts 
paired with occupancy modeling provides an excellent 
approach to quantify habitat ecology for North American 
Ensifera, there are several important considerations that 
may make these sampling methods unsuitable in some 
circumstances. For instance, if singing males regularly 
relocate during a breeding season (i.e., enter or exit sites 
mid-season), this would constitute a closure violation and 
bias estimates of detection probability (McNeil et al. 2014). 
Although we did not assess individual movement patterns, 
previous research has indicated many species are highly ter-
ritorial (e.g., P. camellifolia, Shaw 1968; N. ensiger, Shaw 
et al. 1982) indicating that, for most species, within-season 

emigration/immigration was relatively rare. An additional 
challenge associated with aural point counts is that they are 
likely more difficult to apply in regions where many Orthop-
tera sound alike (e.g., the Neotropics, Diwakar et al. 2007). 
This is especially true in circumstances where there may be 
cryptic species, hybrid zones, etc. (e.g., Orci et al. 2010). 
In such circumstances, alternatives might be to identify 
insect song ‘morpho-types’ or to focus primarily on auto-
mated recording/detection methods (Lehmann et al. 2014). 
Another challenge associated with aural point count surveys 
is that true “counts” (number of singing males) were difficult 
to conduct, we found that, beyond ~ 10 males, individuals 
become nearly impossible to easily discern. As done here, 
other survey protocols for night-singing wildlife (e.g., anu-
rans) ‘bin’ counts to capture some variation in abundance 
without necessitating true animal counts (Dorcas et al. 2009; 
Nelson and Graves 2004). One final limitation worth con-
sidering here is associated with sampling Ensifera species 
that produce very quiet (or very high-pitched) songs; first, 
these quiet species may be difficult to detect amongst a loud 
chorus of other Ensifera (e.g., P. camellifolia). Second, such 
species may also be disturbed by the approaching observer 
and remain silent during the observation period (with farther 
individuals being too quiet to detect). In both cases, auto-
mated recorders might prove more effective than aural point 
counts (Lehmann et al. 2014). With that in mind, all species 
in our study were detected at minimum distances of 0 to 
10 m, indicating that they were willing to sing in close prox-
imity to the observer, and all but one species were detected 
at a maximum distance greater than 20 m, suggesting that 
they were not particularly “quiet”.

In addition to single-season occupancy analyses, data 
derived from repeated aural point counts likely have a num-
ber of additional analytical applications beyond those con-
sidered here. For instance, repeated sampling both within-
seasons (as modeled here) and among seasons (i.e., the 
robust design) would allow dynamic occupancy modeling 
with primary and secondary sampling periods (MacKen-
zie et al. 2005). Dynamic occupancy analysis would allow 
simultaneous estimation of detection, occupancy, coloniza-
tion, and local extinction (MacKenzie et al. 2005) and is 
readily modeled in the same package implemented in our 
study (R: unmarked, see Kéry and Royle 2015). Addition-
ally, for some species, counts of individuals may be pos-
sible (e.g., G. pennsylvanicus), for these countable species, 
models of abundance may provide a better response variable 
than species presence with methods like N-mixture models 
(e.g., Royle 2004; McNeil et al. 2018) or hierarchical dis-
tance models (e.g., McNeil et al. 2019). Additionally, com-
munity analyses could be conducted where multiple species 
are modeled together and community-wide metrics can be 
generated while accounting for heterogeneous rates of detec-
tion probability among species (Carrillo-Rubio et al. 2014).
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The evaluation of effective sampling methods for Ensif-
era as done here is timely in light of global Orthoptera 
declines (Dirzo et al. 2014; Sánchez-Bayo and Wyckhuys 
2019). Although our study was limited in spatial extent, our 
methods would apply well to studies across larger spatial 
and temporal extents (e.g., across numerous states, years). 
Aural point counts could even be combined with citizen sci-
ence (Dickinson et al. 2010, 2012) where individuals record 
particular focal species or group of species to collect large 
amounts of data, perhaps akin to the North American breed-
ing Bird Survey (Sauer et al. 2017) whereby a monitoring 
program could track population trends over time. Large 
scale programs might even focus on a few representative 
species to track long term which might provide insight into 
the Ensifera community as a whole (Roberge and Angel-
stam 2004). Our method would also likely be useful for 
tracking the spread of certain invasive species, indeed, we 
detected the invasive Japanese Burrowing Cricket on several 
occasions at some of our highly developed point locations 
(Supporting Table 2). Additionally, our habitat analysis was 
very coarse. Further work assessing the impacts of vegeta-
tion structure on Ensifera populations might explain more 
variation than broad cover types alone (Mayor et al. 2009). 
Work assessing ‘full’ breeding season song phenology for 
the species studied here and others would also prove use-
ful—ideally beginning before species begin stridulating and 
continuing until the cessation of song for all focal species. 
Ultimately, our study provides clear support for the use of 
road-side point counts as an effective standardized survey 
method for night singing Orthoptera of a variety of species, 
especially when paired with occupancy estimation (Ralph 
et al. 1995; MacKenzie et al. 2005).
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