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Abstract

Many predatory arthropods occur naturally in turfgrass, and they provide adequate control of lepidopteran pests, 
such as fall armyworm, Spodoptera frugiperda (JE Smith) (Lepidoptera: Noctuidae), and black cutworm, Agrotis 
ipsilon (Hufnagel) (Lepidoptera: Noctuidae). Recording predation is challenging under field conditions because 
predators rarely leave any evidence. Clay models were successfully employed for studying predation, and this 
technique is underutilized in turfgrass. Little is known about whether the characteristics of clay models, such as 
color, shape, and size, influence arthropod interactions in turfgrass. To improve the utility of clay models in turfgrass, 
the influence of the color, shape, and size of clay models on arthropod interactions was studied by exposing 
clay models during daytime and nighttime in a turfgrass field. The results showed that arthropods interacted 
with clay models, and various types of impressions were recorded, including paired marks, scratches, cuts, and 
pricks. Although the color of the clay model had no significant effects on arthropod interactions during the night, 
significantly greater numbers of impressions were noticed on the blue and green models than on the yellow models 
during the daytime. The caterpillar-shaped models captured significantly greater densities of impressions than the 
beetle-shaped models. Additionally, the number of impressions significantly increased with an increase in the size 
of the model regardless of shape.
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Turfgrass is a perennial grass that is regularly managed at low 
height as a uniform green ground cover (Robbins and Birkenholtz 
2003, Held and Potter 2012), which essentially adds aesthetic, rec-
reational, and environmental benefits to the landscape (Stier et al. 
2015). Turfgrass is the largest cultivated crop in the United States, 
covering approximately 20.2 million ha (Milesi et al. 2009) and con-
tributing $58 billion annually to the U.S.  economy (Haydu et  al. 
2008). Turfgrass supports a diverse group of arthropod fauna, such 
as herbivores (Potter and Braman 1991, Eickhoff et al. 2006, Nair 
et al. 2021), pollinators (Del-Toro and Ribbons 2020, Joseph et al. 
2020), predators (Braman et  al. 2002, 2003; Joseph and Braman 
2016), parasitoids (Braman et al. 2004, Joseph and Braman 2011), 
and detritivores (Joseph and Braman 2009a). Predatory arthro-
pods, such as anthocorids, Araneae, carabids, formicids, geocorids, 
mirids, lasiochilids, and staphylinids, are abundant and common on 
turfgrass (Joseph and Braman 2009a, Singh 2020). These predators 
can control key turfgrass pests, such as fall armyworm, Spodoptera 
frugiperda (JE Smith) (Lepidoptera: Noctuidae) (Joseph and Braman 
2009b), black cutworm, Agrotis ipsilon (Hufnagel) (Lepidoptera: 
Noctuidae) (López and Potter 2000), Japanese beetle, Popillia ja-
ponica Newman (Coleoptera: Scarabaeidae), billbugs, Sphenophorus 

spp. (Coleoptera: Curculionidae) (Dupuy and Ramirez 2019), and 
southern chinch bug, Blissus insularis Barber (Hemiptera: Blissidae) 
(Nachappa et  al. 2006). Thus, to obtain sustained benefits from 
natural pest control in turfgrass systems, these predators should be 
conserved.

Predator–prey interactions can be studied through various tech-
niques, such as direct observations (Pfannenstiel and Yeargan 2002, 
Cabrera et al. 2019), video recordings (Zou et al. 2017, Manubay 
and Powell 2020), caged experiments (Li et al. 2017), live sentinel 
prey baits (Tillman et  al. 2020), quantitative fatty acids (Iverson 
et al. 2004), stable isotopes (Boecklen et al. 2011, Kamenova et al. 
2018), DNA in gut content (Eitzinger et al. 2019, Oliveira-Hofman 
et al. 2020), and impressions on clay models (Bateman et al. 2017, 
Rößler et al. 2019, Khan and Joseph 2021). Among these techniques, 
the use of a clay model resembling insect prey is a cost-effective and 
emerging tool that could be utilized to estimate predation in various 
ecosystems (Howe et  al. 2009, Lövei and Ferrante 2017, Rößler 
et al. 2018), including forest (Sam et al. 2015, Molleman et al. 2016, 
Gunnarsson et  al. 2018, Hariraveendra et  al. 2020), agricultural 
(Mansion-Vaquié et al. 2017, Denan et al. 2020), and urban ecosys-
tems (Long and Frank 2020, Nason et al. 2021, Pena et al. 2021). 
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To record predaceous activity, clay models simulating prey organ-
isms are prepared and exposed to predators in the ecosystem. After 
the exposure, the clay models are recovered, and impressions cre-
ated on the clay models are evaluated to estimate possible predatory 
interactions. Distinct impressions found on the clay model provide 
insights into understanding predator species and their activity and 
behavior (Low et al. 2014, Khan and Joseph 2021).

Invertebrate and vertebrate predators interact with clay models 
and create distinct impressions (Bateman et  al. 2017, Lövei and 
Ferrante 2017, Khan and Joseph 2021). Arthropod predators are ac-
tive in the ground, especially on the temperate forest floor (Ferrante 
et  al. 2017). They use chemical, tactile, visual, and gustatory cues 
to search and locate prey (Yasuda 1997, Halpin and Rowe 2016, 
Duong et al. 2017, Xue et al. 2018, Yamazaki et al. 2020). Along 
with the color and color patterns, the ambient light availability, 
shape, and size of the insect also play a role in determining the 
visual perception of the predator (Troscianko et al. 2009). Previous 
studies showed that body size (Remmel and Tammaru 2009, Moura 
et al. 2018, Sahayaraj and Fernandez 2021), coloration (Théry and 
Gomez 2010, Zvereva et  al. 2019, Aslam et  al. 2020), and shape 
(Paluh et al. 2015) could influence the behavior of arthropod pred-
ators and how they interact with clay models. Additionally, pre-
dation rates can vary and could be subject to the difference in the 
appearance of prey or the reflectance of light from the model (Rojas 
et al. 2014, Cheng et al. 2018). However, the effects of the character-
istics of the clay model, such as color, size, and shape, on arthropod 
predator interactions are not documented in turfgrass field settings. 
Moreover, the activity of arthropod predators and prey insects can 
vary during the daytime and nighttime hours. Thus, the objectives 
of the current study were to determine the effects of 1) color, 2) size, 
3) shape of the clay model, and 4)  time of exposure on predatory 
interactions in the turfgrass system.

Materials and Methods

Study Site and Clay Model
In 2020, experiments were conducted on ‘Tifway’ bermudagrass 
(Cynodon spp.) plot (2,896.4 m2) located at the University of Georgia, 
Griffin Campus, Griffin, GA (33.2622, −84.2829). The plot is part 
of a 71,890.5-m2 open turfgrass research field with no trees within 
50 m from all directions. The bermudagrass was mowed weekly at 
8  cm height and irrigated daily for 30 min. However, regular fer-
tilizer and pesticide applications were not administered. Although 
the bermudagrass field was partially infested with weeds, treatments 
were deployed where bermudagrass was continuously present. All 
the experiments were conducted on the same turfgrass plot.

The clay models were prepared using nontoxic clay (Sculpey III, 
Polyform Products, Elk Grove Village, IL). This clay product was 
selected because it stays soft under field summer temperatures (Roels 
et al. 2018).

Color and Time of Exposure
Clay models were prepared using yellow- (Sculpey III yellow), blue- 
(Sculpey III blue), green- (Sculpey III string bean), black- (Sculpey III 
black), red- (Sculpey III red), white- (Sculpey III white), and brown- 
(Sculpey III hazelnut) colored clay (Fig. 1). The treatments included 
light and dark shades of colors. For each color, 10 × 2 mm (small) 
and 30 × 4 mm (large) (length × diameter) models were prepared to 
simulate early (third) and late (fifth) instars of S. frugiperda larvae, 
respectively. The treatments were seven colored clay models and 
time of exposure, daytime and nighttime hours. The colored models 

were deployed from 6:30 a.m. to 8:30 p.m. for daytime and from 
8:30 p.m. to 6:30 a.m. for the nighttime. The clay models, a small 
and a large model, were glued on a 7.5  × 2  cm (length × width) 
weatherproof paper card (JL Darling, Tacoma, WA) using nontoxic 
glue (Newell Rubbermaid Inc., Westerville, OH), and it served as 
the experimental unit. The colored clay model treatments were ar-
ranged in a randomized complete block design (RCBD) with 6 or 10 
replications, whereas the time of exposure treatment was replicated 
three times. The colored clay model treatments were deployed at 3-m 
spacing within a block and between blocks. The colored clay model 
treatments were deployed 6 m from the edge of the turfgrass field. 
The individually colored treatment was placed on the surface of the 
thatch after clearing the turfgrass canopy (Fig. 2). The experiment 
was repeated where colored clay model treatments were replicated 
6 times in the first trial and replicated 10 times in the second trial. 
Trial 1 was conducted from 19 to 21 May, and trial 2 was conducted 
from 29 to 31 July 2020, representing the early and mid-summer 
months in Georgia.

Shape and Size
For clay model preparation, the same procedure as described previously 
was adopted, but only green-colored clay was used. Previous studies 
showed that predators interacted with green-colored clay models (Low 
et al. 2014, Sam et al. 2015, Roels et al. 2018, Khan and Joseph 2021, 
Long and Frank 2020). Elongated cylindrical- and rectangular octagonal-
shaped models were prepared for the experiment. The elongated cylin-
drical shape represented S. frugiperda larvae, whereas large, medium, and 
small shapes represented various stages of larvae. The three rectangular-
octagonal shapes represented adults of predaceous carabids, Calosoma 
sayi Dejean, Tetracha carolina (L.), and Agonum spp., respectively (Fig. 
3). The three sizes for S. frugiperda larvae were 30 mm × 5 mm, 17 mm × 
3.5 mm, and 10 mm × 2.5 mm (length × diameter), whereas the predatory 
beetles were 26 mm × 12 mm × 8 mm (C. sayi), 14 mm × 8 mm × 6 mm 
(T. carolina), and 7 mm × 4 mm × 3.5 mm (Agonum spp.) (length × width 
× height). The models were individually glued on a 7.5 cm × 2 cm (length 
× width) weatherproof paper card using nontoxic glue.

Clay model treatments were deployed at 3-m spacing within a block 
and between blocks. To reduce the edge effect, the first block was 6 m 
away from the edge of the turfgrass field. The treatments were placed 
on the soil surface after mowing the turfgrass canopy and were exposed 
for 24 h, from one morning (10:00 a.m. to 12:00 p.m.) to the following 
day. The treatments in the experiment were clay model shape and size, 
and they were arranged in RCBD with 10 replications. The experiment 
was conducted twice, from 1 to 3 July and from 4 to 6 August 2020. The 
assays were replicated 10 times for each trial.

Evaluation
Clay models were recovered from the field, transported to the la-
boratory, and stored at room temperature (21°C) until evaluation. 
The clay models were evaluated, referring to the impression types 
characterized by Khan and Joseph (2021) using a dissecting stereo-
microscope (40×). The impression types were categorized as paired 
marks, scratches, detached segments, pricks, dents, and U-shaped 
marks. Some impressions, such as deep distortions, merged sur-
faces, and scooped marks, were quantified as a percentage of the 
affected clay model surface area. Additionally, the clay models were 
evaluated for damage scales from 0 to 10. The damage scale could 
be interpreted as 0 (0%), 1 (1–10%), 2 (11–20%), 3 (21–30%), 4 
(31–40%), 5 (41–50%), 6 (51–60%), 7 (61–70%), 8 (71–80%), 9 
(81–90%), and 10 (91–100% of the clay model surface covered with 
the impressions).
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Statistical Analyses
All the data analyses were performed in SAS (SAS Institute 2012). 
For the color experiment, the numbers of impressions on the clay 
model treatments were subjected to analysis of variance (ANOVA) 
using the PROC GLIMMIX procedure in SAS. The procedure used 
a generalized linear mixed model with a negative binomial distribu-
tion and log link function. The colored clay model, time of exposure, 
and their interaction were the treatments. The treatments served as 

a fixed effect, whereas replications (6 or 10)  served as a random 
effect. The estimation method was maximum likelihood with the 
Laplace approximation. To understand the effects of clay model 
color, the impressions were further subjected to one-way ANOVA 
by time exposure using the PROC GLIMMIX procedure in SAS. The 
clay model color and replication were included in the generalized 
linear model. Because data were analyzed using a generalized linear 
model, the data were neither assessed for normality nor transformed. 

Fig. 1. Clay models of different colors: (A) black-, (B) blue-, (C) brown-, (D) green-, (E) red-, (F) white-, and (G) yellow-colored models.

Fig. 2. Method of placing the clay model experimental unit in turfgrass: (A) predeployment and (B) postdeployment.
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Pearson’s correlation analysis was performed between impression 
types and total impressions using the PROC CORR procedure in 
SAS. If correlations existed between impression types and total im-
pression, multicollinearity was removed by adding a PARTIAL state-
ment to the PROC CORR procedure.

For the shape experiments, the number of impressions on the clay 
models was subjected to ANOVA by a generalized linear mixed model 
with a negative binomial distribution and log link function using the 
PROC GLIMMIX procedure in SAS. The treatments, shape, and size 
of the clay model were the fixed effects, and replications served as a 
random effect. The estimation method was maximum likelihood with 
the Laplace approximation. To understand the effects of size, the im-
pressions were further subjected to one-way ANOVA by shape using the 
PROC GLIMMIX procedure in SAS. The clay model size and replication 
were included in the generalized linear model. Pearson’s correlation ana-
lysis between impression types and total impressions at a 95% signifi-
cance level was performed using the PROC CORR procedure in SAS. If 
a correlation existed between impression types and total impressions, the 
multicollinearity was removed by adding a PARTIAL statement to the 
PROC CORR procedure in SAS. The means and standard errors of the 
variables were calculated using the PROC MEANS procedure in SAS.

Results

Impression Types
Ten impression types were observed during four trials in the field, 
and they were paired marks, scratches, cuts, detached segments, 

deep distortion, pricks, dents, merged surface impressions, scooped 
marks, and U-shaped impressions (Fig. 4). Of these impressions, 
paired marks, scratches, and cuts were most frequent. The less fre-
quent impression types were summed up under the ‘other impres-
sions’ category.

Color and Time of Exposure
In trial 1 (May 2020), the clay model color and time of exposure had 
a significant effect on the total number of impressions, but the color × 
time of exposure interaction was not significantly different (Table 1).  
For the paired marks, the effects of model color and model color × 
time of exposure interaction were significantly different but not sig-
nificantly different for the time of exposure. There was no significant 
effect of model color × time of exposure for cut, scratch, and other 
impressions (Table 1). When one-way ANOVA was performed by 
the time of exposure, none of the colors showed significant differ-
ences between each other for numbers of impression types and total 
impressions (Table 2).

In trial 2 (July 2020), the time of exposure and model color were 
significantly different for the number of total impressions, but the 
model color × time of exposure interaction was not significantly af-
fected (Table 1). The paired marks were only significantly different 
for the time of exposure. The model color significantly affected the 
number of scratches and other impressions (detached segments, deep 
distortion, pricks, dents, merged surface feeding impressions, scooped 
marks, and U-shaped marks). The interaction between color × time 
of exposure was not significant for all impression types (Table 1).  

Fig. 3. Clay models of different shapes and the corresponding insects: (A) large beetle model and Calosoma sayi Dejean (Coleoptera: Carabidae), (B) medium 
beetle model and Tetracha carolina (L.) (Coleoptera: Carabidae), (C) small beetle model and Agonum sp. (Coleoptera: Carabidae), (D) large larval model and fall 
armyworm, (E) medium larval model and fall armyworm, and (F) small larval model and fall armyworm.
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To understand the effects of model colors, one ANOVA was per-
formed by the time of exposure. The number of scratches and total 
impressions was significantly greater on the blue model than on the 
yellow model during the daytime (Table 3). There were no significant 
differences between the black, brown, green, red, and white models 
for scratches and the total number of impressions. For paired marks, 
cuts, and other impressions, model colors were not significantly dif-
ferent during the daytime. During the night, a significantly greater 
number of scratches were found on the red models than on the white 
and yellow models (Table 3). Other impression types showed sig-
nificant differences between model colors, but the mean number of 
impressions failed to separate using the Tukey–Kramer test. Paired 
marks, cuts, and total impressions were not significantly affected by 
the model colors during the night (Table 3).

When the effects of model color were evaluated for impressions 
during the daytime and night, a significantly greater number of total 
impressions was observed at night than during the daytime (F = 12.7; 
df = 1, 244; P < 0.001; Fig. 5A) during trial 1. In trial 2 (July 2020), 
the total number of impressions did not significantly differ (F = 2.6; 
df = 1, 409; P = 0.105; Fig. 5B). A similar trend was observed at the 
damage scale (0–10), which differed significantly between daytime 
and night during May (F = 102.8; df = 1, 244; P < 0.001; Fig. 5C) 
and July 2020 (F = 7.1; df = 1, 409; P = 0.008; Fig. 5D), with night 
having a significantly higher damage scale than daytime.

During the daytime in trial 1 (May 2020), paired marks were 
significantly correlated with scratches for the brown, green, and red 
models (Table 4). In the red model, cut impressions were significantly 
associated with scratches. The cut impression was significantly 

Table 1. Summary of ANOVA results for the model used to find the effect of the color, exposure time, and their interaction on different 
impression types and their total number in May and July 2020

Impression Exposure time Color Exposure time × color

F df P F df P F df P

May 2020
 Cut 0.0 1, 232 0.993 0.0 6, 232 1.000 0.0 6, 232 1.000
 Paired 0.0 1, 232 0.950 2.1 6, 232 0.049 2.5 6, 232 0.022
 Scratch 0.0 1, 232 0.992 1.5 6, 232 0.165 0.9 6, 232 0.473
 Other 3.4 1, 232 0.065 0.9 6, 232 0.600 0.5 6, 232 0.832
 Total 24.0 1, 232 <0.001 2.2 6, 232 0.047 2.1 6, 232 0.060
July 2020
 Cut 0.0 1, 397 0.986 0.4 6, 397 0.875 0.2 6, 397 0.990
 Paired 21.7 1, 397 <0.001 1.3 6, 397 0.246 1.2 6, 397 0.323
 Scratch 0.0 1, 397 0.999 6.1 6, 397 <0.001 1.4 6, 397 0.204
 Other 0.6 1, 397 0.441 2.8 6, 397 0.010 1.1 6, 397 0.374
 Total 5.0 1, 397 0.025 6.0 6, 397 <0.001 2.0 6, 397 0.069

Table 2. ANOVA and mean (± SE) number of impressions on various colors of clay models evaluated in May 2020

Exposure time Impression type

Color Paired mark Scratch Cut Othersa Total

Daytime
 Black 0.00 ± 0.00 0.11 ± 0.11 2.94 ± 1.81 0.33 ± 0.24 3.28 ± 1.91

Blue 0.35 ± 0.35 0.18 ± 0.18 0.00 ± 0.00 0.41 ± 0.26 0.53 ± 0.38
Brown 0.06 ± 0.06 0.33 ± 0.23 0.89 ± 0.68 0.33 ± 0.20 1.33 ± 0.76
Green 1.28 ± 0.76 2.28 ± 1.43 0.11 ± 0.11 0.44 ± 0.22 3.83 ± 1.30
Red 0.72 ± 0.43 2.28 ± 1.43 3.61 ± 2.45 0.72 ± 0.36 7.28 ± 4.12
White 0.22 ± 0.13 1.06 ± 0.95 1.17 ± 1.05 0.33 ± 0.28 2.72 ± 2.33
Yellow 0.17 ± 0.12 0.22 ± 0.22 1.33 ± 0.98 0.39 ± 0.16 1.83 ± 1.13
F 1.3 1.9 1.6 0.2 1.2
df 6, 113 6, 113 6, 113 6, 113 6, 113
P 0.269 0.080 0.140 0.982 0.320

Nighttime
 Black 6.44 ± 1.65 0.11 ± 0.08 0.00 ± 0.00 0.28 ± 0.19 6.72 ± 1.66

Blue 7.22 ± 1.85 0.39 ± 0.27 0.00 ± 0.00 0.06 ± 0.06 7.67 ± 1.84
Brown 5.56 ± 1.44 0.00 ± 0.00 0.00 ± 0.00 0.28 ± 0.06 5.56 ± 1.44
Green 5.00 ± 1.05 0.44 ± 0.20 0.00 ± 0.00 0.11 ± 0.08 5.50 ± 1.03
Red 7.89 ± 1.84 0.11 ± 0.11 0.00 ± 0.00 0.56 ± 0.26 8.00 ± 1.81
White 5.89 ± 0.80 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.08 5.94 ± 0.80
Yellow 6.56 ± 1.21 0.06 ± 0.06 0.00 ± 0.00 0.39 ± 0.20 6.67 ± 1.19
F 0.4 0.8 — 1.1 0.4
df 6, 114 6, 114 — 6, 114 6, 114
P 0.897 0.588 — 0.394 0.886

Means within a column followed by letter were not provided as they were not significantly different (Tukey–Kramer test at P < 0.05).
aIncludes detached segments, deep distortion, pricks, dents, merged surface impressions, scooped marks, and U-shaped impressions.
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correlated with total impressions for black, brown, yellow, and white 
models. On blue, green, and red, a significant correlation was found 
between paired marks and total impression. The other impressions 
were significantly associated with total impressions on white models 
(Table 4). In July 2020, during the daytime, scratches were signifi-
cantly correlated with total impressions in all the color models. The 
cut and paired mark impressions were significantly associated with 
the total number of impressions on the red and white models. Other 
impressions were significantly correlated with the total number of 
impressions on yellow models (Table 4).

During the night in trial 2, the paired marks were significantly 
correlated with the total number of impressions in all the color treat-
ments (Table 5). Additionally, paired marks were significantly as-
sociated with the other impressions in black models. In July 2020, 
a significant association between scratches and other impressions 
was observed in the brown, green, and yellow models. Cut impres-
sion and paired marks were significantly correlated with the red 
model, whereas the cut impression was significantly correlated with 
scratches on the yellow model. Paired marks were significantly cor-
related with the total number of impressions in the brown and white 
models. The scratches were significantly associated with the total 
number of impressions in all the color treatments.

Shape and Size
In trial 1 (July 2020), the effect of shape and the size of the clay model 
was significant on the total number of impressions observed on clay 
models; however, their interaction was not significant (Table 6).  
The shape was significantly different on the number of paired marks, 
but there were no significant differences in size and shape and size 
interaction. The shape and size were significantly different in the 
number of scratches. A  significant effect was found on shape and 
size interaction on prick impressions on clay models. When the 

effect of size was analyzed by shape, significantly greater numbers 
of scratches and total impressions were found on large models than 
on medium models, followed by small models (Table 7). The prick 
impressions were significantly greater on large-sized models than on 
medium- and small-sized models. For the beetle-shaped models, the 
large- and medium-sized models captured significantly greater im-
pressions than the small models. The size of the beetle shape was 
not significantly different for any distinct impression type (Table 7).

In trial 2 (August 2020), the size was significantly different on the 
total number of impressions, whereas shape and shape and size inter-
action was not significantly different (Table 6). Paired marks were not 
significantly different for shape, size, or their interaction. The effect of 
size and shape was significantly different for the number of scratches 
on clay models. There were no significant effects of prick impression 
on shape, size, or their interaction. For other impressions, shape, size, 
and shape and size interactions were significantly different (Table 6). 
When the analysis was performed by shape to understand the effect 
of size, for larvae shape, there were no differences between sizes for 
any distinct impression type and the total number of impressions  
(Table 8). For beetle shape, the total number of impressions was sig-
nificantly greater on the large models than on the small models. The 
impression types were not significantly different between sizes.

When the effects of shape were evaluated for total impressions, a 
significantly greater numbers of total impressions were observed on 
the larva-shaped models than on the beetle-shaped models (F = 21.9; 
df = 1, 177; P < 0.001; Fig. 6A) in trial 1 (July 2020). In trial 2 (August 
2020), the total numbers of impressions did not significantly differ (F 
= 1.5; df = 1, 177; P = 0.216; Fig. 6B) between the larva-shaped and 
the beetle-shaped models. The damage scale values were significantly 
greater for larva-shaped models than for beetle-shaped models in July 
2020 (F = 30.2; df = 1, 177; P < 0.001; Fig. 6C). In trial 2 (August 
2020), the damage scale values did not significantly differ between the 

Table 3. ANOVA and mean (± SE) number of impressions on various colors of clay models evaluated in July 2020

Exposure Impression type

Color Paired mark Scratch Cut Othersa Total

Daytime
 Black 0.23 ± 0.11 4.70 ± 0.77ab 0.13 ± 0.06 0.60 ± 0.29 5.43 ± 0.82ab

Blue 0.07 ± 0.05 5.73 ± 1.21a 0.13 ± 0.08 0.70 ± 0.25 6.53 ± 1.25a
Brown 0.13 ± 0.08 2.30 ± 0.57bc 0.17 ± 0.10 0.10 ± 0.07 2.70 ± 0.63bc
Green 0.37 ± 0.14 5.57 ± 0.92ab 0.20 ± 0.12 0.37 ± 0.13 6.43 ± 0.89a
Red 0.10 ± 0.10 4.60 ± 0.71ab 0.30 ± 0.17 0.37 ± 0.13 5.37 ± 0.81ab

White 0.60 ± 0.37 2.93 ± 0.61abc 0.10 ± 0.07 0.53 ± 0.18 4.03 ± 0.88abc
Yellow 0.13 ± 0.10 1.53 ± 0.35c 0.00 ± 0.00 0.20 ± 0.07 1.83 ± 0.38c

F 1.3 4.9 0.3 1.7 5.5
df 6, 194 6, 194 6, 194 6, 194 6, 194
P 0.279 <0.001 0.948 0.129 <0.001

Nighttime
 Black 0.83 ± 0.27 4.27 ± 0.71ab 0.73 ± 0.36 0.23 ± 0.11 5.97 ± 0.81

Blue 0.57 ± 0.22 3.97 ± 0.73ab 0.33 ± 0.24 0.60 ± 0.17 5.40 ± 0.79
Brown 0.53 ± 0.18 3.70 ± 0.89ab 0.60 ± 0.43 0.17 ± 0.07 5.00 ± 1.00
Green 0.80 ± 0.29 3.79 ± 0.84ab 0.87 ± 0.44 0.70 ± 0.25 5.83 ± 1.04
Red 0.50 ± 0.20 6.07 ± 0.90a 0.53 ± 0.27 0.97 ± 0.33 8.07 ± 0.99

White 0.60 ± 0.23 2.33 ± 0.46b 0.30 ± 0.15 0.60 ± 0.33 3.83 ± 0.72
Yellow 1.20 ± 0.54 2.17 ± 0.58b 0.33 ± 0.30 0.23 ± 0.12 3.93 ± 1.00

F 0.6 2.7 0.6 2.3 2.1
df 6, 194 6, 194 6, 194 6, 194 6, 194
P 0.725 0.017 0.764 0.038 0.055

Means within a column followed by different letters were significantly different (Tukey–Kramer test at P < 0.05). Where no differences were observed, no letters 
are included.

aIncludes detached segments, deep distortion, pricks, dents, merged surface impressions, scooped marks, and U-shaped impressions.
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larva-shaped and the beetle-shaped models (F = 3.8; df = 1, 177; P = 
0.053; Fig. 6D).

In the Pearson’s correlation analysis for trial 1 (July 2020), 
paired marks were significantly correlated with prick impression, 
and scratches were significantly correlated with prick impression for 
beetle shape (Table 9). For larvae and beetle shapes, paired marks, 
scratches, and prick impressions were significantly correlated with 
the total number of impressions. In trial 2 (August 2020), paired 
marks were significantly different from prick impressions for larval 
shape. There were significant correlations between paired marks, 
scratches, and prick impressions and the total number of impressions 
on both the caterpillar- and beetle-shaped models (Table 9).

Discussion

The results showed that the clay model is an effective tool in cap-
turing a range of arthropod-mediated impressions in turfgrass. The 
blue and green models had greater densities of impressions than the 
yellow or white models during daytime. During the nighttime, how-
ever, all colored models captured similar numbers of impressions, 
although a greater number of impressions were recorded during the 
night than during the day, implying that either densities of pred-
ators or their activity were greater during the night than during 
the day, and predaceous behavior was not influenced by prey color. 
Previously, studies showed that successful host searching and ac-
ceptance involved chemical cues from prey (Yasuda 1997, Xue 
et al. 2018), herbivore-induced plant volatiles (Drukker et al. 2000, 
Schuman and Baldwin 2016), or a combination of tactile, visual, ol-
factory (smell), and gustatory (taste) cues (Halpin and Rowe 2016, 
Duong et  al. 2017, Manubay and Powell 2020, Yamazaki et  al. 

2020). Data also suggest that diurnal predators, especially birds, use 
visual cues to spot suitable prey (Zvereva et al. 2019, Yamazaki et al. 
2020). Green models were used the most in past research due to their 
resemblance to foliage-feeding larvae and lack of warning coloration 
(Low et al. 2014, Sam et al. 2015, Roels et al. 2018, Khan and Joseph 
2021, Long and Frank 2020).

The larval-shaped models captured more impressions than 
the beetle-shaped clay models, and the density of impressions 
increased with the increase in the size of the model. Troscianko 
et al. (2009) suggested that the shape of the prey subject is one of 
the important factors that can influence predatory interactions. 
Although it is unclear why predators preferred one shape over the 
other, it is possible that arthropod predators evolved on preying 
on larval stages of insects, and they are selected for traits that can 
recognize less mobile immature stages of arthropods. Additionally, 
the number of impressions increased with an increase in the size of 
the model in the current study. A previous study showed that the 
size of the body of the prey influenced the preference of ground 
beetle, Pterostichus melanarius (Illiger) (Coleoptera: Carabidae) 
(McKemey et  al. 2001). Similarly, the size of the mandibles of 
different species of tiger beetles in the genus Cicindela was cor-
related with the average size of prey (Pearson and Mury 1979). 
Smaller prey subjects are preferred by carabids, Nebria brevicollis 
(Fabricius) and Pterostichus madidus (Fabricius), when com-
pared to larger slugs (Mair and Port 2001). A previous study also 
showed that predator size and morphology can influence how they 
interact with prey. The macrocephalic morph of the ground beetle 
Damaster blaptoides Kollar, with a large head and strong jaws, 
prefers to crush the prey, the snail species in the genera Acusta, 
Aegista, Bradybaena, Cochlicopa, Discus, Euhadra, Succinea, 
Satsuma, Stereophaedusa, and Zaptychopsis; whereas the 

Fig. 4. Impression types: (A–D) paired marks, (E) deep distortion, (F) pricks, (G) scooped marks, (H) scratches, and (I) cuts.
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Fig. 5. Means (± SE) total impressions recorded in daytime and night during (A) trial 1 (May 2020) and (B) trial 2 (July 2020). Means (± SE) damage scale (0–10) 
for daytime and night during (C) trial 1 (May 2020) and (D) trial 2 (July 2020). Bars with similar-case letters (upper or lower) are not significantly different (α = 0.05; 
Tukey–Kramer test).

stenocephalic morph of the same predator species with a narrow 
head and weak jaws prefers to consume the soft body by inserting 
the head into the snail shell aperture (Konuma and Chiba 2007), 
suggesting that predator interactions could vary by species, and 
more research is warranted to understand species-specific effects 
on clay models. Clearly, the current study indicated that the in-
creased size of the prey model would benefit the capture of more 
predatory interactions if the goal is to monitor predatory activity.

Predators leave behind unique impressions on the clay model, and 
some of those impressions can be used to identify the specific type 
of predators active in the system (Low et al. 2014, Khan and Joseph 
2021). Most of the impressions found in the current study were char-
acterized by Khan and Joseph (2021) by exposing common turfgrass 
arthropods to clay models in laboratory assays. Paired marks, 
scratches, cuts and pricks, and other impressions were the impression 
types observed in the current study (Fig. 3). Some of the common 
arthropods reported from the central Georgia turfgrass fields are 
Calosoma sayi DeJean, Tetracha carolina (L.), Scarites subterraneus 
Fabricius, Harpalus pensylvanicus De Geer, Anisodactylus sp., 
Amara sp., Agonum sp. (all Coleoptera: Carabidae), Elateridae 
(Coleoptera), Sphenophorus spp. (Coleoptera: Curculionidae), 

Neocurtilla hexadactyla (Perty) (Orthoptera: Gryllotalpidae), 
Labidura riparia (Pallas) (Dermaptera: Labiduridae), Euborellia 
annulipes (Lucas) (Dermaptera: Anisolabididae), Solenopsis invicta 
Buren (Hymenoptera: Formicidae), Pseudopachybrachius vinctus 
(Say) (Hemiptera: Rhyparochromidae), and Lycosidae (Araneae) 
and these arthropods interacted with clay models (Khan and Joseph 
2021). Besides arthropods, avian community can cause impressions 
on the clay models (Low et al. 2014). Specifically, cut impressions 
can be caused by birds (Low et al. 2014) as well as carabids (Khan 
and Joseph 2021). In the current study, the clay models were placed 
within the grass canopy, which reduce light reflected from the sur-
face of the model. This suggests that the incidence of avian preda-
tion is minimal in the current study. However, the hunting bird, such 
as European starling, Sturnus vulgaris L. (Passeriformes: Sturnidae), 
often search for prey while walking on the turfgrass (Vittum 
2020) and they may locate the clay model and potentially interact 
with them.

More impressions were found during nighttime than during the 
daytime, suggesting that most of the predators present in turfgrass 
could be active at night. Our result is consistent with a previous study 
conducted in a temperate forest, where a greater level of predation 
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was observed during the night than during the daytime (Ferrante 
et  al. 2017). In contrast, higher predatory activity was observed 
on the clay models during the daytime than during the nighttime 
in a rainforest habitat in another study (Seifert et al. 2016). Cheng 
et al. (2018) showed that lower levels of predation on dark-shaded 
lepidopteran models than on those models placed in open habi-
tats, suggesting that the timing of model deployment can vary by 
ecosystem-specific characteristics and activity behavior of prevalent 
prey and predator species (Ferrante et al. 2017, Hernández-Agüero 
et al. 2020). Noctuid pests, such as S. frugiperda larvae, have a noc-
turnal habit, and it is possible that predators in turfgrass systems have 
also evolved with the nocturnal habits of prey. When surveys were 
conducted at night on creeping bentgrass (Agrostis stolonifera L.), 
active populations of carabids and ants were documented attacking 
nocturnal turfgrass pest, A. ipsilon (Hong et al. 2011). In addition to 
light, other abiotic factors, such as variations in temperature, relative 
humidity, and precipitation, can influence predator–prey interactions 
(Laws 2017). The effects of abiotic factors on predator activity and 
interactions in clay models warrant more research to enhance the 
utility of clay models in turfgrass environments.

The incidence of types of impressions was not similar across 
various colored models. The scratch impressions were relatively 
lower on light-colored shades such as white- and yellow-colored 
models than on dark-shaded models, perhaps an issue of reduced 
detectability because of poor light contrast under the lighted stereo-
microscope. These results are consistent with a recent study con-
ducted in Mediterranean woodlands, where lower levels of predatory 
interactions were observed with lighter-shaded clay models (yellow 
models) than with the darker-shaded (brown- and black-colored 
models) (Hernández-Agüero et  al. 2020). Similarly, Ferrante et  al. 
(2017) also showed that a greater interaction events from predators 
on red clay models than on green clay models. Scratch impressions 
were associated with paired marks, and in some instances, paired 
marks were associated with prick impressions (Fig. 3F; Tables 4, 5, 
and 9). These results indicate that some of the predators make mul-
tiple impressions when they interact with models. It is also possible 
that impressions on clay models are generated from non-predatory 
origins. For example, scratch impressions can be caused by accidental 
crawling of adult billbugs (Sphenophorus spp.) on the models (Khan 
and Joseph 2021) or through unintentional contact with grass blades. 

Table 4. Pearson’s correlation between impression types by the color of the clay model during the daytime

Color May 2020 July 2020

Cut Paired Scratch Others Total Cut Paired Scratch Others Total

Black Cut      0.99***      
Paired           
Scratch           0.96***
Others           
Total           

Blue Cut           
Paired      0.89***      
Scratch           0.98***
Others           
Total           

Brown Cut      0.92***      
Paired    0.71**        
Scratch          0.98***
Others           
Total           

Green Cut           
Paired    0.56*   0.86***      
Scratch      0.87***     0.97***
Others           
Total           

Red Cut    0.87***   0.96***     0.38*
Paired    0.59**   0.59**     0.50*
Scratch     0.60*  0.96***     0.96***
Others           
Total           

White Cut      0.99***     0.57**
Paired          0.74***
Scratch          0.88***
Others      0.99***      
Total           

Yellow Cut      0.97***      
Paired           
Scratch          0.95***
Others          0.37*
Total           

The notations indicate the correlation (*P < 0.05; **P < 0.01; and ***P < 0.001) between different impression types.
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Table 6. Summary of ANOVA results for the model used to find the effect of the shape, size, and their interaction on different impression 
types in July and August 2020

Impression Shape Size Shape × size

 F df P F df P F df P

July 2020         
 Paired 13.9 1, 173 <0.001 2.7 2, 173 0.069 0.1 2, 173 0.913
 Scratch 16.2 1, 173 <0.001 10.6 2, 173 <0.001 1.7 2, 173 0.178
 Prick 0.0 1, 173 0.872 2.9 2, 173 0.058 3.8 2, 173 0.024
 Other 0.0 1, 173 0.997 0.0 2, 173 0.992 1.0 2, 173 0.367
 Total 22.1 1, 173 <0.001 12.8 2, 173 <0.001 1.3 2, 173 0.270
August 2020
 Paired 0.0 1, 173 0.960 2.9 2, 173 0.056 0.0 2, 173 0.959
 Scratch 3.9 1, 173 0.049 6.0 2, 173 0.003 0.1 2, 173 0.892
 Prick 0.1 1, 173 0.799 1.3 2, 173 0.288 0.9 2, 173 0.391
 Other 193.8 1, 173 <0.001 128.2 2, 173 <0.001 486.0 1, 173 <0.001
 Total 2.3 1, 173 0.130 7.2 2, 173 0.001 0.3 2, 173 0.769

Table 7. ANOVA and mean (± SE) number of impressions on various shapes of clay models evaluated in July 2020

Shape Impression type

 Size Paired mark Scratch Prick Othersa Total

Larvae Large 1.60 ± 0.35 3.47 ± 0.50a 0.83 ± 0.19a 0.07 ± 0.05 5.97 ± 0.70a
Medium 1.13 ± 0.36 1.67 ± 0.41b 0.20 ± 0.09b 0.17 ± 0.10 3.17 ± 0.55b
Small 0.77 ± 0.22 0.60 ± 0.18c 0.20 ± 0.11b 0.10 ± 0.06 1.67 ± 0.43c
F 2.1 13.5 6.7 0.5 13.7
df 2, 78 2, 78 2, 78 2, 78 2, 78
P 0.134 <0.001 0.002 0.609 <0.001

Beetle Large 0.57 ± 0.19 0.83 ± 0.26 0.30 ± 0.13 0.20 ± 0.11 1.90 ± 0.42a
Medium 0.47 ± 0.31 0.80 ± 0.18 0.57 ± 0.21 0.07 ± 0.07 1.90 ± 0.52a
Small 0.23 ± 0.14 0.37 ± 0.14 0.17 ± 0.07 0.00 ± 0.00 0.76 ± 0.29b
F 1.3 1.9 2.0 0.5 4.0
df 2, 78 2, 78 2, 78 2, 78 2, 78
P 0.284 0.161 0.138 0.597 0.023

Means within a column followed by different letters were significantly different (Tukey–Kramer test at P < 0.05). Where no differences were observed, no letters 
are included.

aIncludes dents, merged surface impressions, elongated scratches, scooped marks.

Table 8. Mean ± SE number of impressions on various shapes of clay models evaluated in August 2020

Shape Impression type

 Size Paired Scratch Prick Othersa Total

Larvae Large 1.23 ± 0.45 2.10 ± 0.69 0.30 ± 0.17 0.37 ± 0.17 4.00 ± 0.89
Medium 0.53 ± 0.13 1.63 ± 0.32 0.23 ± 0.09 0.13 ± 0.09 2.53 ± 0.46
Small 0.87 ± 0.26 0.77 ± 0.27 0.36 ± 0.21 0.10 ± 0.06 2.10 ± 0.50
F 1.6 3.0 0.2 1.5 2.7
df 2, 78 2, 78 2, 78 2, 78 2, 78
P 0.215 0.056 0.822 0.240 0.072

Beetle Large 1.33 ± 0.71 1.47 ± 0.33a 0.63 ± 0.19 0.20 ± 0.10 3.63 ± 0.80a
Medium 0.53 ± 0.18 0.87 ± 0.28ab 0.20 ± 0.09 0.13 ± 0.10 1.73 ± 0.38ab
Small 0.77 ± 0.20 0.47 ± 0.22b 0.27 ± 0.10 0.00 ± 0.00 1.50 ± 0.34b
F 0.6 2.9 2.8 0.1 4.4
df 2, 78 2, 78 2, 78 2, 78 2, 78
P 0.547 0.058 0.068 0.868 0.015

Means within a column followed by different letters were significantly different (Tukey–Kramer test at P < 0.05). Where no differences were observed, no letters 
are included.

aIncludes dents, merged surface impressions, elongated scratches, scooped marks.
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Table 9. Pearson′s correlation between impression types by the shape of clay model

Shape July 2020 August 2020

Paired Scratch Prick Others Total Paired Scratch Prick Others Total

Larvae
 Paired     0.66***     0.67***

Scratch     0.84***     0.81***
Prick     0.40*** 0.22*    0.38***
Others           
Total           

Beetle
 Paired     0.78***     0.81***

Scratch   0.24**  0.69***     0.56***
Prick 0.42***    0.70***     0.32**
Others           
Total           

The notations indicate the correlation (*P < 0.05; **P < 0.01; and ***P < 0.001) between different impression types.

Fig. 6. Means (± SE) total impressions recorded on larval- and beetle-shaped models (A) trial 1 (July 2020) and (B) trial 2 (August 2020). Means (± SE) damage 
scale (0–10) on larval and beetle-shaped models (C) trial 1 (July 2020) and (D) trial 2 (August 2020). Bars with similar-case letters (upper or lower) are not 
significantly different (α = 0.05; Tukey–Kramer test).
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Impressions can be generated through anthropogenic origins, such as 
while handling and transporting clay models. Thus, the implications 
of certain impressions, such as scratches, should be carefully inter-
preted, as knowledge of the arthropod community prevalent in a given 
system is essential and will complement the utility of the clay model.

To summarize, the results showed that impressions created on the 
clay model were not influenced by the color of the model during the 
night, whereas more impressions were found on the blue and green 
models than on the white or yellow models during the day. When 
the shape of the models represented lepidopteran larvae and carabid 
adults, more impressions were found in lepidopteran larvae-shaped 
models than in adult beetle-shaped models. More impressions were 
found on the models as the size of the models increased, regardless 
of shape. These results lay out characteristics of clay models to maxi-
mize the detection of predator activity in a turfgrass system. The use 
of the clay model tool can be enhanced to understand the relative 
activity of predators, which emphasizes the need for the conserva-
tion of predators for pest management and improves integrated pest 
management approaches in turfgrass.
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