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ABSTRACT

The Effects of Anthropogenic
Sensory Pollution on Arthropod Diversity and Pollinator Behavior

(April 2023)

Sierra Dee Rodriguez, B.Sc., Texas A&M University — San Antonio

Graduate Thesis Chair: Dr. Jennifer N. Phillips

Pollinators provide a key ecological function in terrestrial ecosystems, yet in
recent years, they have encountered unprecedented declines, likely due to anthropogenic
change. Light and noise pollution, which can interfere with the visual and auditory
systems of animals that regulate daily behaviors, are important factors to consider when
communities are encroached by human development. While many researchers have
looked at how vertebrate species behaviorally react to human caused habitat degradation
and sensory pollution, little is known about how invertebrates, including arthropod
pollinators, are affected, and whether there is a negative cascading effect on the plants
that they pollinate. This research investigates threats to arthropod biodiversity and
pollination services from light pollution and noise pollution with field observations and
experiments. This research is unique and is an important first step to understanding why
arthropods and arthropod pollinators are in decline and will inform land managers in

important conservation action.
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I.  RESULTS, TABLES, & FIGURES

Pitfall Trap Order Richness

Two models were competitive within 2 AICc for order Richness. First, a model that

included both continuous variables, noise and light, and secondly, a model that uses

categorical Treatment (Table 1A). The first model indicates a significant positive effect

of both noise and light on order richness (Table 1B, Figure 1.). The second ranked model

that includes treatment suggests that Light+Noise Treatment are associated with a

significant increase in Total orders (Table 1C, Figure 1.)

Table 1A: Model selection results for order Richness where a model with Noise Level
(LAeq) and Light Level (Lux) are the top model predictors.

Model Intercept LAeq Lux Treatment df logLik AICc deltawi wi
4 9.34 04 042 5 -245.65 501.8  0.00 0.37
5 8.63 - - 6 -245.37 5035 1.66 0.16
3 9.34 - 0.36 4 -247.89 504.1 2.3 0.12
2 9.40 0.33 - 4 -248.13 504.6 2.8 0.09
7 8.79 - 0.26 7 -244.86 504.7 2.91 0.08
6 7 -245.05 5051 @ 3.29 0.07
1 9.40 - - 3 -249.69 5056  3.75 0.06
8 8.96 024 0.25 8 -24457 5065 @ 4.64 0.04

Table 1B: Results of top model where Light level (Lux) and Noise level (LAeq) both

positively affect order richness.

Random Effects

Groups Name Variance SD
Section  (Intercept) 0.84 0.92
Residual 3.44 1.86

Number of Observations: 118 Groups: Section 6



Fixed Effects

Estimate SE df t p
(Intercept) 9.3952 041 5.7687 22795 <0.0001 ***
Light Level (Lux) 0.4241 0.8 1155238 2.307 0.0228 *

Noise Level (LAeq) 0.3984  0.19 116.2121 2.145 0.0340 *

Table 1C: Random Effects for Insect Order Richness ~ Treatment, the second ranked
model within 2 AlCc.

Groups Name Variance SD
Section (Intercept) 0.7638 0.8739
Residual 3.4401 1.8548

Estimate SE df t p

(Intercept) 8.63 049 1421 1755 <0.0001 ***
Light 0.88 0.48 112.07 1.83 0.07
Light+Noise 1.43 048 112.07 2.15 0.004 *
Noise 0.77 048 112.04 1.60 0.11

Tukey's T-Test, pairwise comparison, Linear Hypotheses:

Linear Hypotheses: Estimate  SE VA p

Light vs. Control 0.88 048 183 0.26
Light+Noise vs. Control 1.43 048 297 002 *
Noise vs. Control 0.77 048 160 0.38
Light+Noise vs. Light 0.55 049 113 0.67
Noise vs. Light -0.12 048 -024 1.00
Noise vs. Light+Noise -0.67 048 -138 0.1
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Figure 1. The first ranked model indicates a significant positive effect of both noise and
light on order richness (a), (b). Order Richness is increased in Light+Noise Treatments
across our four treatment types (c). Where we find significance between our top model

predictors of Light+Noise and Control with a p-value of 0.009.

Pitfall Trap Arthropod Abundance
For pitfall trap arthropod abundance, the top model is the null model, and the next highest
model was not competitive as it was greater than 2 AICc (2.08), and therefore it was not

examined. We find no significant effect from any of our predictor variables on insect

abundance.



Table 2A: Candidate Models for Abundance ~ Treatment + LAeq + Lux

Model Intercept LAeg Lux df logLik AlICc A wi
1 332.0 2 -976.87 0.00 048
3 332.0 1461 3 -976.85 208 0.17
2 332.0 -13.00 3 -976.86 208 0.17

Pitfall Trap Evenness

Two models were within 2 AlCc of the top ranked null model for pitfall trap evenness
(Table 3A). First, a model that included continuous variable Noise (LAeq), and the
second model included continuous variable Light (Lux). There was no significant effect
from noise or light on evenness across treatment types. Therefore, we find no difference

in evenness between our four treatment types.

Table 3A: Candidate Models for Evenness ~ Treatment + LAeq + Light Level. The null
model is ranked first, followed by a model with Noise only.

Model Intercept LAeq Lux Treatment df logLik AICc Awi Wi

1 1.27 - - 2 -3473 736 0 0.41
2 1.27 -0.03 - 3 -3435 749 135 021
3 1.27 - 0.02 3 -3452 753 169 0.17
4 1.27 -0.02 0.01 4 -3424 76.8 3.28 0.08
5 1.30 - - + 5 -33.23 77 343 0.07
7 1.32 - 0.02 + 6 -33.03 788 525 0.03
6 1.31 0.01 - + 6 -33.18 79.1 556 0.03
8 1.33 0.02 0.03 + 7 -3295 809 7.36 0.01
Fixed Effects
Estimate SE t p
(Intercept) 1.267 0.03 4219 <0.0001  ***

Noise Level (LAeq) -0.026 0.03 -0.86 0.39



Fixed Effects

Estimate SE t p
(Intercept) 1.267 0.03 42.13 <0.0001  ***
Light Level (Lux) 0.019 0.03 0.64 0.525

Pitfall Trap p-diversity

We find support that treatment affects arthropod order composition (Table 4A).
Specifically, this pattern appears to be driven by differences in continuous noise level
(LAeq) (Table 4B), not light (Table 4C). We find using the multi-level pattern analysis
that there are three species of arthropods significantly associated with Control, Noise, and

Light treatment types (Table 4E).

Table 4A. PERMANOVA values for arthropod order composition
(i.e. B-diversity) across four treatments.

Df  SumsOfSgs R2 F p

Treatment 3.00 0.49 005 190 0.01 ***
Residual 114.00 9.73 0.95 - -
Total 117.00 10.21 1.00 - -

Table 4B. PERMANOVA values for arthropod order composition (i.e. B-diversity)
across continuous noise levels (LAeq).

Df  SumsOfSgs R2 F p

Noise Level (LAeq) 1.00 044 531 0.04 0.001 ***
Residual 116.00 9.77 - 096 -
Total 117.00 1021 - 1.00 -



Table 4C. PERMANOVA values for arthropod order composition
(i.e. B-diversity) across continuous light levels (lux).

Df SumsOfSgs R2 F p
Light Level (lux) 1 011 0.01 128 025
Residual 116 10.10 0.99 - -
Total 117 10.21 1.00 - -

Table 4D. NMDS Centroid table

Pitfall Centroids: NMDS1 NMDS2 NMDS3 NMDS4
Control Treatment -0.0685 -0.0433 -0.0575 0.0534
Light Treatment -0.0694 0.0376 -0.0023 -0.0825
Light+Noise Treatment 0.1214 0.0221 0.0534 -0.0614
Noise Treatment 0.0182 -0.0143 0.0081 0.0857

Table 4E. Multi-level pattern analysis indicates the following arthropod three species are
significantly associated with treatment types.

Family Treatment stat p
Pseudoscorpiones  Noise 0.987 0.013 *
Thysanura Light, Noise 0912 0.028 *
Collembola Control, Light, Noise  0.997 0.001 ***

Signif. codes: 0 “***”(0.001 “*** 0.01 “*> 0.05°“.> 0.1 “’ 1

Sticky Trap Abundance

For total number of arthropods across our four treatment types, we found significance
with our top model predictors of Control and Light, and significance between Light and
Noise where the p-values were both greater than 0.001. Light attracts significantly higher
abundances of arthropods compared to control treatments. The relationship between
Light alone and Noise alone is significant, where higher insect abundances are present in

Light alone, compared to Noise alone where the significance of both relationships are



p <0.001 (Table 5A, Figure 2). Conversely, the Noise treatment did not have a

significant effect on insect abundances compared to Control treatment (p = 0.956).

Table 5A. Model parameters for sticky trap Abundance ~ Treatment.

Estimate SE df t p
(Intercept) 34.55 7.23 75 478 <0.001 ***
Light 40.35 10.22 75 3.95 <0.001 ***
Light+Noise 19.75  10.22 75 1.93 0.05
Noise -5.68  11.04 75 -0.52 0.61

Linear Hypotheses

Estimate SE Z p
Light vs. Control 40.35 10.22 395 <0.001 ***
Light+Noise vs. Control 19.75 10.22 1.93 0.214
Noise vs. Control -5.68 11.04 -0.52 0.956
Light+Noise vs. Light -20.6 10.22 2.02 0.182
Noise vs. Light -46.03 11.04 -417 <0.001 ***
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Figure 2. The Linear Hypothesis table and Figure 2. illustrate the relationships between
light and control; and noise and light are significant where the p-value is < 0.001.



Pollinator Observation

For total pollinator visits, AICc model selection indicates that the null model is the top
model, followed by three models within 2 AAICc (Table 6A). The second ranked model
included treatment, temperature, and the number of flowers (Table 6B). The third ranked
model included continuous noise variable LAF90 + Temperature + the number of flowers
on the observation plant (Table 6A). The third ranked model was treatment alone (Table
6A). The third ranked model (LAF90 + Temp + No. FH) indicates a there is significance
in the relationship between the number of total pollinators observed and the number of
flowers available, where the p-value was 0.01 (Table 6B, Figure 3). The number of
flower heads is significant in this model where the p-value is 0.01, the estimate = 0.006,
SE =76.62, df = 76.62, t = 2.61. Flower heads was the only significant fixed effect in this
model. Additional post-hoc examination of a dependent variable, visits/flowerheads, did
not alter any patterns, suggesting no effects of sensory pollutants on pollinator visitation

rates as measured.

Table 6A. Total Pollinator Visits Model Selection

K AlICc  AAICe AlCcwi Cum.wi LL

Null 4 275.05 0 0.27 0.27 -133.31
Treatment + Temp + No. FH 7 27535 0.30 0.24 0.51 -130.04
LAF90 + Temp + No. FH 7 275.44 0.39 0.22 0.73 -130.09
Treatment 5 276.97 1.92 0.10 0.84 -133.16
LAF90 5 277.17 2.12 0.09 0.93 -133.26
Treatment + Temp 6 279.10 4.05 0.04 0.97 -133.08
LAF90 + Temp 6 279.27 4.23 0.03 1 -133.17



Table 6B. Model results for the third ranked model: Treatment + Temp + No. of Flower

Heads Model.
Groups Name Variance SD
Flower Type  (Intercept) 0.1105 0.3324
Color (Intercept) 0.04918 0.2218
Residual 0.8692

Estimate SE df t p
(Intercept) 3.8437 1.1011 63.9847 3.491 <0.0001 ***
Noise Treatment 0.0906 0.1836  90.9062  0.493 0.62
Temperature -0.0004 0.0155 58.2168 -0.028 0.98
No. of Flower Heads 0.0063 0.0024 76.6229  2.616 0.010 *

Total Pollinators

400

300

200

100

100 150 200

Number of Flowers

Figure 3. Table 6B. and Figure 3. illustrate that the number of total pollinators observed
are significantly affected by the number of flowers available.



To test for differences in Coleopteran pollinator visits, we used the same GLMM models

and model selection procedure described above but replaced the order with Coleoptera as

the response variable and Treatment, noise level (LAF90), temperature, and shade

remained predictor variables, with Flower Type and Section as random effects. The top

model was continuous noise levels (LAF90), the null was the second ranked model, and

treatment was third. These three models were competitive within 2 AAICc for Total

Coleoptera Pollinator Visits. The top model suggests a weak negative effect on

coleopterans but is insignificant at the 95% confidence interval level (Table 7A, Figure

4).

Table 7A. Model selection table for order Coleoptera

K AlCc AAICec AlCcwi Cum.wi LL

LAF90 5 37219 0 0.34 0.34 -180.77
null 4 37249 0.30 0.29 0.63 -182.03
Treatment 5 374.06 1.87 0.13 0.77 -181.70
LAF90 + Temp 6 374.28 2.08 0.12 0.89 -180.67
Treatment + Temp 6 376.11 3.92 0.05 0.94 -181.59
LAF90 + Temp + No. of FH 7 376.12 4.01 0.05 0.98 -180.47
Treatment + Temp + No. of FH 7 377.98 5.79 0.02 1 -181.36

AIC BIC logLik deviance df.resid

3715 384 -180.8 361.5 92

Table 7B. Top-ranked model for Coleoptera visits ~ LAF90

Random effects

Groups Name Variance SD

Flower Type (Intercept) 0 0
Section (Intercept) 0.01166 0.108
Residual 2.42206 1.556

10



Fixed Effects

Estimate SE df t p
(Intercept) 34 0.760 9554 446  <0.001 ***
LAF90 -0 0.018 96.88 -1.64 0.105
e p=0.62
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Figure 4. We found no significant difference between the treatment type and the total
number of Coleoptera.

To test for differences in Dipteran pollinator visits, we used the same GLMM models and
model selection procedure described above but replaced Diptera as the response variable.
Two models were competitive within 2 AAICc, where the top model was Treatment +
Temperature + the number of flowering heads on the observation plant. The second

ranked model consisted of continuous noise levels (LAF90) + Temperature + No. of FH.
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The top model indicates a significant negative effect of the number of flowering heads on
Dipterans (Table 8A, Figure 5). Treatment is not significant in this model, but trending

towards significance where P < .06.

Table 8A. Model selection table for order Diptera

K AICc AAICec AlCcwi Cum.w; LL
null 4 275.05 0.00 0.27 0.27 -133.31
Treatment + Temp + No. of FH 7  275.35 0.30 0.24 0.51 -130.04
LAF90 + Temp + No. of FH 7 275.44 0.39 0.22 0.73 -130.09
Treatment 5 276.97 1.92 0.10 0.84 -133.16
LAF90 5 277.17 2.12 0.09 0.93 -133.26
Treatment + Temp 6 279.10 4.05 0.04 0.97 -133.08
LAF90 + Temp 6 279.27 4.23 0.03 1.00 -133.17

Table 8B. Treatment + Temperature + No. of Flowering Heads model for order Diptera

Random Effects

Groups Name Variance SD

Flower Type (Intercept) 0.01855  0.1362
Color (Intercept) 0 0
Residual 1.23357  1.1107

Fixed Effects

Groups Estimate SE df t p
(Intercept) 0.42 1.26 96.14 0.33 0.07
Noise Treatment 0.40 0.23 96.88 1.77 0.08
Temperature 0.02 0.02 9519 1.01 0.31

No. of FH 0.01 0.002 38.11 5.01 <0.001 ***

12



Table 8C. Noise Treatment model

Random Effects

Groups Name Variance SD
Flower Type (Intercept)  0.3241 0.5693
Color (Intercept) < 0.001 <0.001
Residual 1.309 1.144

Fixed effects

Estimate SE df t p
(Intercept) 2.36 0.23 1850 10.07 <0.001 ***
Noise Treatment 0.45 024 9218 184 0.07

@ p=0.06 ®) p =< 0.001
300 . 1=1.83 W o t=5.01
200 200
g 2
£ £
@ <
£ =
a . a [ ]
100 100
]
(]
0 0
Control Noise 0 50 100 150 200 25(
Treatment Number of Flowers

Figure 5: A) Treatment has a weak negative effect on visits by Dipteran pollinators,
while the number of flower heads increases the number of dipteran visits (B).
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To test for differences in pollinators from the taxonomic order Lepidoptera, we used the

same GLMM models and model selection procedure described above but Lepidoptera

pollinator visits as the response variable. The null model is the top model, and the second

ranked model is treatment, but it is greater than 2 AlCc therefore we did not examine it

(Table 9).

Table 9. No models were ranked above the null model for order Lepidoptera.

K AICc  AAICc AlCcwi Cum.w; LL
null 4 310.42 0 0.470 0.47 -150.99
Treatment 5 31254 2.12 0.16 0.63 -150.94
LAF90 5 312.64 2.22 0.16 0.79 -150.99
Treatment + Temp + No. of FH 7  314.67 4.25 0.06 0.84 -149.71
LAF90 + Temp + No. of FH 7 314.76 4.34 0.05 0.90 -149.75
Treatment + Temp 6 314.79 4.38 0.05 0.95 -150.93
LAF90 + Temp 6 314.89 4.47 0.05 1 -150.98

To test for differences in the number of pollinators from the taxonomic order

Hymenoptera, we used the same GLMM models and model selection procedure

described above but replaced the response variable with the total number of Hymenoptera

visitors. Model selection indicates that the null model is the top model. Within 2 AlCc

were two models, a model that included Treatment and secondly, a model that included

continuous noise variable LAF90. There was no significant effect from our predictor

variables of Treatment alone or LAF90 alone (Table 10B, 10C; Figure 6).

14



Table 10A. Model selection for order Hymenoptera

K AICc AAICec AlCcwi Cum.w; LL
null 4 298.82 0 0.37 0.37 -145.19
Treatment 5 299.73 0.91 0.23 0.60 -144.54
LAF90 5 300.65 1.83 0.15 0.75 -145.00
Treatment + Temp + No.of FH 7 301.88 3.06 0.08 0.83 -143.31
Treatment + Temp 6 301.92 3.09 0.08 0.91 -144.49
LAF90 + Temp 6 302.88 4.06 0.05 0.96 -144.97
LAF90 + Temp + No. of FH 7 303.09 4.27 0.04 1 -143.92
Table 10B. Treatment model for order Hymenoptera
Random effects
Groups Name Variance SD
Flower type (Intercept) 0.84 0091
Color (Intercept) 011 0.34
Residual 0.85 0.92
Fixed effects
Estimate SE df t p
(Intercept) 2.35 031 1959 766 <0.001  ***
Noise Treatment 0.23 0.20 8180 1.17 0.246
Table 10C. Noise (LAF90) model for order Hymenoptera
Random effects
Groups Name Variance  SD
Flower Type  (Intercept) 0.90 0.95
Color (Intercept) 0.10 0.31
Residual 0.83 0.91
Fixed effects
Estimate SE df t p
(Intercept) 2124 057 84.16 373 <0.0001 ***
LAF90 0.008 0.01 88.23 0.65 0.519

15
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Figure 6. We found no significant difference between Total Hymenoptera across
treatment types of control and noise.

Pollinator diversity

The top model for pollinator evenness was the null model. Two models were competitive
within 2 AAICc for evenness across treatment types of noise and control. The second
ranked model consisted of the variable No. of FH. The third ranked model was
continuous noise levels (LAF90). We found no significant difference between the No. of

FH, and continuous noise levels (LAF90) and pollinator evenness (Table 11B, 11C).
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Table 11A. Pollinator Evenness Model Selection Table

K AICc AAICe AICc wi Cum. wi LL
null 3 71.79 0 0.34 0.34 -32.77
No. of FH 4 7261 0.83 0.29 0.57 -32.09
LAF90 4 73.76 1.97 0.13 0.70 -32.66
Treatment 4 7396 2.18 0.12 0.82 -32.76
LAF90 + No. of FH 5 74.68 2.89 0.08 0.90 -32.01
Treatment + No. of FH 5 7484 3.05 0.07 0.97 -32.09
LAF90 + Treatment + No.of FH 6  76.75 4.96 0.03 1 -31.91

Table 11B. The No. of FH (number of flower heads) model for pollinator evenness was

not significant.

Random effects

Groups Name Variance SD
Flower Type (Intercept) 0 0
Residual 0.1135 0.3369

Fixed effects

t P

Estimate SE df
(Intercept) 0.6017  0.052 97
No. of FH 0.0009 0.0007 97

11.61 <0.001
1.17 0.246

Table 11C. Continuous noise (LAF90) model for pollinator evenness was not significant.

Random Effects

Groups Name Variance SD
Flower Type  (Intercept) 0 0
Residual 0.1148 0.3388
Fixed effects
Estimate SE df t p
(Intercept) 0.72 0.17 97 437 <0.001
LAF90 -0.002 0.003 97 -046 0.65

17



Pollinator Voucher Specimen f-diversity

To determine how our 2 treatment types of Noise and Control, influence pollinator -
diversity, we used the PERMANOVA adonis2 function using the Kulczynski
dissimilarity index with 999 permutations in R-Studio package vegan. Models included
effects of Treatment, continuous Noise levels (LAF90), and number of flowering heads

on the observation plant.

We found no significant difference of turnover between treatment types (Table 12A). We
found a significant relationship between pollinator order and flower type (Table 12B), but
not for continuous noise level (Table 12C). Voucher Specimen were categorized by
taxonomic order, family levels and treatment (Table 13A). The Jaccard dissimilarity

matrix table indicates Treatment type is significant (Table 13B).

We used a multi-level pattern analysis to assess voucher specimen Family composition
(i.e. p-diversity). We find two taxonomic families are significantly associated with
control treatment sites, Hymenoptera: Andrenidae and Diptera: Bombyliidae (Table
13C). We performed a species accumulation curve on our voucher specimen (Figure 7).

Table 12A. PERMANOVA table results for Treatment indicates no significant effect on
order composition.

Permanova tablel Df SumOfSgs R2 F p
Treatment 1 0.2937 0.02 1.60 0.15
Residual 95  17.4062 0.98
Total 96  17.6999 1.00

18



Table 12B. PERMANOVA table results for Flower Type indicates a significant effect of
flower species on order composition (i.e. B-diversity) values of arthropod pollinator.

Permanovatable2 Df SumOfSgs R2 F p
Flower Type 18 4.19 024 134 0.039*
Residual 78 13.51 0.76

Total 96 17.70 1.00

Table 12C. PERMANOVA table results for LAF90 indicates no significant effect on
arthropod pollinator order composition.

Permanovatable3 Df SumOfSgs R2 F p
LAF90 1 031 0.02 1.69 0.17
Residual 95 17.39 0.98

Total 96 17.70  1.00
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Table 13A. Voucher Specimen table categorized by taxonomic order, family levels and

treatment.

order Family Control  Noise
Lepidoptera Lycaenidae 1 0
Lepidoptera Nympahlidae 1 0
Hymenoptera  Megachilidae 8 5
Hymenoptera  Apidae 4 5
Hymenoptera ~ Andrenidae 12 0
Lepidoptera Scythrididae 1 5
Hymenoptera  Halictidae 8 3
Diptera Tachinidae 1 1
Diptera Bombyliidae 4 0
Coleoptera Cleridae 2 3
Hymenoptera  Scoliidae 1 0
Coleoptera Burpestidae 2 7
Coleoptera Cerambycidae 1 3
Hemiptera Lygaeidae 1 0
Hymenoptera  Braconidae 2 3
Coleoptera Mordellidae 3 1
Hymenoptera ~ Ichneumonidea 1 0
Coleoptera Melyridae 1 0
Hemiptera Miridae 0 1
Diptera Syrphidae 0 2
Coleoptera Lampryidae 0 1
Hymenoptera  Sphecidae 0 1
Coleoptera Meloidae 0 2
Lepidoptera Hesperidae 0 1
Diptera Rhagionidae 0 1
Hemiptera Rhopalidae 0 1
Hymenoptera  Formicidae 0 2
N =102 TOTAL 54 48
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Table 13B. Jaccard dissimilarity matrix table indicates Treatment type is significant.

Df SumOfSgs R2 F P
Treatment 1 1.28 0025 276 0.002 ***
Residual 110 51.01 0.98
Total 111  52.29 1

Table 13C. Multi-level pattern analysis indicates that two families are positively
associated with Control sites.

Family Treatment stat p
Andrenidae Control  0.451 0.001 ***
Bombyliidae Control  0.344 0.013 *

Signif. codes: 0 “***>(0.001 “***0.01 “*> 0.05 > 0.1 * 1

random

Figure 7. The species accumulation curve, of a population gives the expected number of

15 20 25 30

10

1 | | 1 | 1
0 20 40 60 80 100

Sites

observed species or distinct classes as a function of sampling effort. Our species

accumulation curve appeared to plateau around 100 sampling locations, indicating that

the number of species observed may have reached a maximum.
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II.  INTRODUCTION

Pollinator foraging behavior has played a significant role in influencing plant
morphology, signaling, and community structure since angiosperms began to dominate
the landscape over 400 million years ago (Ehrlich & Raven, 1964). Functioning and
healthy terrestrial ecosystems depend on pollinators to perform important ecological tasks
(Ollerton, 2017). Flowers differ in terms of their structure, color, odor, and nectar reward.
This is largely attributed to the pollinators that visit these diverse flowers. This has been
termed “pollinator syndrome” and continues to be refined as a framework for
understanding the modes of floral diversity, compared to the function of pollination
services (Dellinger, 2020). Pollination syndromes are often identified by a group of
morphological characteristics that are thought to indicate convergent floral adaptations to
specific kinds of animal pollination (Ollerton et al., 2011). Plant-pollinator relationships
are one of the most ecologically important classes of species interactions. As without
pollinators, approximately 86% of angiosperms (~ 352, 000 species) could not seed set
and reproduce. And without plants to provide pollen and nectar rewards, hundreds of
thousands of animal species would starve (Ollerton et al., 2011). Moreover, some plants
and pollinators have tightly coevolved together and depend on one another for survival

(Fleming & Holland, 1998; Wilson et al., 2021).

These symbioses are under increasing threat from anthropogenic disturbances (Francis et
al., 2012; Knop et al., 2017; Macgregor & Scott-Brown, 2020). As human activity
steadily increases, pollinating animals face pressures and are likely altering their natural

behavior to contend with urbanization, habitat degradation, climate change, and pollution
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(Bunkley et al., 2017; Jones & Leather, 2013; Owens et al., 2020). Anthropogenic noise
and light are two common sources of sensory pollutants. Noise pollution is the
propagation of elevated sound levels (noise) above 65 decibels (dB). There are many
sources of noise pollution, but common types include, traffic noise, air traffic noise,
construction, and large outdoor events. Artificial light at night, referred to as ALAN
hereafter, is defined as excessive, intrusive, or prominent artificial light in the
environment (Davies & Smyth, 2018; Dominoni et al., 2020; Sanders & Gaston, 2018).
ALAN may disrupt the nocturnal and crepuscular pollinator’s ability to regulate circadian
rhythm, by masking, distracting, or misleading pollinators (Dominoni et al., 2020). Light
may act as a sink, attracting pollinators to plants in lit areas, or by attracting pollinators to
the light source (Owens et al., 2020). Alternatively, ALAN may act as a repellent,
repelling nocturnal arthropods and pollinators away from the light source and suitable
forage (Skutelsky, 1996). Insects and pollinators may also avoid illuminated areas due to
perceived or associated predation events (Rydell, 2006; Skutelsky, 1996). Light pollution
impacts the activity level of some nocturnal insects (Dreisig, 1980) and potentially
pollinators. Those affected are likely reducing the temporal niche they operate within
(Tierney et al., 2017). Light may also have cascading effects on the plants located in lit
areas (Seymoure, 2018). Acoustic noise, ALAN, and chemicals are some of the common
pollutants released into the environment by humans. These anthropogenic drivers may act
additively, in conflict, or synergistically and could potentially have cascading effects on
insects and the plants they pollinate (Deora et al., 2021; Owens et al., 2020; Phillips et al.,

2021; Wilson et al., 2021).
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Groups of arthropod pollinators likely use different mechanisms for assessing and
responding to sensory stimuli. Visual and auditory cues aid in conspecific
communication, predator detection, and flower location. Hymenoptera and Diptera rely
on both visual and acoustic information (Morley et al., 2013). Chordotonal sensory
organs are present in insects and crustaceans and are not found in any other class of
animals (Kavlie & Albert, 2013). In 2013, Kavlie and Albert outlined that knowledge on
the sensory pathways of chordotonal ears is still rudimentary and that simple model ears
of insects would be a great opportunity to better understand these fundamental questions
within sensory biology. These sensory organs have the potential to function as
proprioceptors, which keep track of position and relative motion (Kavlie & Albert, 2013).
They can also serve as exteroceptors, like the Johnston's organ found in antennae of
mosquitos and honey bees, which detects vibrations in the air. For example, in honey
bees, this sensory organ is sensitive to air vibrations up to 500 Hz (Kirchner, 1993;
Towne, 1995). In the mosquito species Culex pipiens, this sensory system is sensitive to
8510 470 Hz (Lapshin & Vorontsov, 2017). Both proprioceptors and exteroceptors have
been linked to cold avoidance behavior and temperature entrainment of the circadian
clock (Kavlie & Albert, 2013). Mechanosensory hair-like structures on insect’s body can
also serve as receptors for sound vibration (Boublil et al., 2021). Therefore, sensory
pollution may mask the arthropods and arthropod pollinators’ ability to perceive the
environment or predators and may affect their circadian rhythm, overall foraging

efficiency, and reproductive success.

Previous research has studied the effects of anthropogenic sensory pollution on vertebrate

behavior and seedling recruitment (Francis et al., 2012; Phillips et al., 2021; Willems et
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al., 2022) but little is known about how sensory pollution affects invertebrate behavior
(Morley et al., 2013; Swaddle et al., 2015), and how, in turn, would affect the plants they
interact with. Recent reports of declining insects (Goulson, 2019; Wagner et al., 2021)
and pollinators (Potts et al., 2010) worldwide highlight the importance of new studies that
focus on arthropods and pollinator behavior and the underlying mechanisms these
animals use to contend with anthropogenic threats in urban landscapes. This research

seeks to investigate this gap in knowledge.

Noise

Previous research indicates that noise disrupts predator-prey interactions. In our New
Mexico study system, it has been shown that anthropogenic noise pollution from
compressors changes terrestrial arthropod abundances (Bunkley et al., 2017).
Abundances for arthropods on compressor sites were significantly fewer for certain
groups of animals like crickets and grasshoppers. As compressor noise levels increased,
predatory arthropods such as velvet ants, jumping spiders and wolf spiders also
decreased. A positive association between noise and abundance was found for one
family, leafhoppers (Cicadellidae). Noise may be disrupting predatory arthropods, such
as velvet ants and spiders, ability to perceive cues from the environment like the presence
of prey but may act as a predator shield for other herbivorous families such as
leafhoppers. Another laboratory experiment from the literature on the effect of sound
pollution on soybeans, ladybugs, and aphid predation, found that lady bugs exposed to
loud rock music were less effective predators. This resulted in a higher density of aphid
populations, and lower overall biomass of soybean plants in comparison to the control

groups (Barton et al., 2018).
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One arthropod that has been somewhat well studied is the jumping spider family
(Salictidae). Jumping spiders are an ideal model to study terrestrial arthropod behavior
because they are a widespread, cosmopolitan species with acute vision. Jumping spiders
also have sensory hair all over their bodies that aid in detection of acoustic signals
(Denbaum, 2019). They have elaborate courtships displays which include visual and
auditory elements. Behavioral studies on acoustic perception demonstrated jumping
spiders respond to low 80 Hz tones by freezing, a known antipredator acoustic startle
response. The spider’s neural responses to 80-380 Hz persisted at distances greater than 3
meters (Shamble et al., 2016). Arthropods that lack tympanal organs (i.e., spiders) were
previously thought to only able to perceive stimuli in near field ranges. Furthermore,
mechanical stimulation of hairs on the patella of the spider revealed neural units
corresponding with those during acoustic stimuli. This work supports the idea that hairs
play a role in detection of acoustic cues and suggests that these auditory responses aid in

predator detection and facilitate an acoustic startle response (Shamble et al., 2016).

Sound detection in invertebrates is especially poorly understood, but arthropod hearing in
commercially vital species of crustaceans has been documented in the literature. Sound
production in lobsters was first documented 60 years ago (Moulton, 1957). Since, several
studies have looked at intraspecific communication as the potential use of sound in these
crustaceans (Atema & Cobb, 1980; Atema & Voigt, 1995; Breithaupt, 2002).
Mechanistically, we know buzzing sounds are created by crustaceans by rapid contraction
of internal muscles located at the base of the antennae (Mendelson, 1969). American
lobsters (Homarus americanus) produce sound features, characterized by low (~ 100 Hz)

frequencies (Fish, 1966; Jézéquel et al., 2018). Additionally, real or simulated feeding
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sounds of king crabs (Paralithodes camtschaticus), increased movements (Tolstoganova,
2002). Like spiders, crustaceans lack the typical hearing organ or air-filled spaces used
for sound pressure detection (Popper et al., 2001; Popper & Hawkins, 2018). However,
crustaceans have a variety of external sensory receptors that have been shown to detect
low frequency particle motion (Budelmann, 1992). Jézéquel et al. found in 2021 that
American lobsters (Homarus americanus) can detect auditory acoustic stimuli between
the threshold range of (80 — 120 Hz) (Jézéquel et al., 2021). American lobsters auditory
range encompasses the frequency range of the buzzing produced, supporting the idea that
sound production and detection is used for intraspecific communication (Jézéquel et al.,
2021). Jézéquel’s work highlights the role of external cuticular hairs in sensory detection
in arthropods. This work supports the idea that hairs play a role in sensory detection in
arthropods. This study implies that hearing is mechanistically possible for a variety of
arthropods, both terrestrial (Albert & Gopfert, 2015; Shamble et al., 2016; Sutton et al.,
2016; Towne, 1995) and aquatic (Jézéquel et al., 2021). Given the vital ecological and
economic roles terrestrial and marine arthropods serve, this research draws attention to
effects of anthropogenic noise (Jézéquel et al., 2021) and accentuates the idea that hair
aids in sensory detection in some arthropods, which may be relevant to terrestrial

arthropod hearing.

Arthropod herbivore reactions to change in noise has also been documented. Elevated
heart rate is used as a measurement unit for stress in animals, including arthropods.
Monarch butterfly caterpillars (Danaus plexippus), exposed to simulated traffic noise
during playback studies had higher heart rates than control animals, suggesting that

caterpillars perceive noise as a stressor. Caterpillars exposed to chronic noise for 7 or 12
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days both showed no elevated heart rate at the end of larval development, indicating that
chronic noise exposure can lead to habituation to stressors. Habituation to stressors
during larval development could have implications to adult behavioral response to
anthropogenic stress (Davis et al., 2018). Broadly speaking, these results highlight that
noise may affect some groups and life stages of animals more negatively than others.
More research is needed to better understand the mechanisms specific taxonomic groups

use to contend with sensory pollution.

Noise affecting pollinators is the least documented in the sensory ecology literature
compared to work on vertebrates. A single study in the UK investigated the effects of
multiple pollutants on pollinator communities near roadside verges and found no
significant impacts from noise. They found a higher density of bees after treatments and
suggested this increase in pollinator density may be due to site disturbance during
equipment setup. Other studies have found that bees maintain a high species richness and
sometimes increase in abundance where disturbance is more occasional and localized
(Archer et al., 2013; Winfree et al., 2007). Previous work in the San Juan Basin in
northwestern New Mexico has demonstrated that noise pollution alters ecological
services such as pollination. Some services such as pollination increased, while seedling
recruitment decreased in the presence of compressor noise. Black-chinned hummingbirds
(Archilochus alexandri) visited artificial flowers in noise five times more than flowers in
control sites (Francis et al., 2012). These findings suggest that noise may act as a predator
shield for some species such as the Black-chinned hummingbird, and indirectly affect
hummingbird pollinated plants found in the system, such as scarlet gilia (Ipomopsis

aggregata). Phillips et al. (2021) found that plant communities were different between
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long-term noise plots and control plots, where one hypothesized mechanism is a
disruption in pollination services (Phillips et al., 2021). Whether this is the mechanism of

environmental change remains to be tested and is one goal of this thesis.

Light

Artificial light at night (ALAN) is a novel evolutionary issue for animals to contend with.
Though recent research has studied behavior in response to light pollution, it is still under
researched in invertebrate groups. Light pollution misleads moths (Lepidoptera) and dung
beetles (Coleoptera), as they misidentify light sources as celestial cues (Davies et al.,
2013; Kyba et al., 2017; Owens et al., 2020). A study in the UK found that moth species
that exhibit positive phototaxis and or are nocturnally active, have stronger negative
population declines in comparison to species that do not show positive phototaxis, or are
diurnal species (van Langevelde et al., 2018). Other studies have demonstrated that
artificial light at night has a negative effect on nocturnal pollinators, where pollination
visits were reduced by 60% in lit areas compared to control (dark) areas (Knop et al.,
2017). Research using structural modeling on the combined effects of anthropogenic
noise and light pollution on a bat pollinated tree, C. pentandra, found significant effects
of ALAN on bat pollination, with decreased pollination visits as ALAN exposure
increased. However, the trees reproductive success yielded a positive effect from light
exposure. This study suggests that plants exposed to light may benefit by producing more
photosynthates due to the extended photo period, and ability to sustain large quantities of
fruit (Dzul-Cauich & Munguia-Rosas, 2022). These results further demonstrate that
ALAN may potentially have cascading effects on plants and their pollinators. Light and

noise may affect pollination systems synergistically or antagonistically.
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Here, we propose to study the effects of sensory pollution on arthropod biodiversity and
pollinator behavior. The objective of this thesis is to examine the effects of continuous
natural gas noise exposure on abundance, species richness, beta diversity, and pollinator
behavior. Specifically, we will address two main objectives: (1) Quantify invertebrate
biodiversity using a full factorial light and noise experiment and (2) describe diurnal
insect pollinator visitation rates between noise and control experimental plots and
describe presence absence patterns of diversity using voucher specimens. To our
knowledge, this research is the first of its kind to investigate arthropod diversity across
both light and noise treatments, and the first to delve into arthropod pollinator behavior in
noise, which can provide important insights to observed insect and pollinator declines

worldwide.

1. RESEARCH QUESTION & HYPOTHESES
This thesis aims to answer the question “How does sensory pollution affect the
abundance, diversity, and behavior of insects and insect pollinators?”
Hypothesis (1) we hypothesize that persistent noise negatively affects the diversity of
insects by interfering with their ability to navigate or causing avoidance behaviors.
Prediction 1a. As noise increases, order Richness decreases.
Prediction 1b. As noise increases, arthropod abundance decreases (Bunkley et al.,
2017) .
Prediction 1c. As noise increases, arthropod evenness decreases.

Prediction 1d. As noise increases, species composition (beta diversity) changes.
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Hypothesis (2): we hypothesize that artificial light at night (ALAN) increases both
abundance and diversity of insects due to the innate attraction to lights.

Prediction 2a. As light increases, order Richness increases.

Prediction 2b. As light increases, arthropod abundance increases.

Prediction 2c. As light increases, arthropod evenness decreases.

Prediction 2d. As light increases, species composition (beta diversity) changes.
Hypothesis (3): We hypothesize that light and noise combined have antagonistic effects,
where light attracts and noise repels pollinators, which in turn will affect the diversity of
pollinators visiting.

Prediction 3a. As light and noise increases, order Richness increases.

Prediction 3b. As light and noise increases, insect abundance increases.

Prediction 3c. As light and noise increases, insect abundance decreases.

Prediction 3d. As light and noise increases, species composition (beta diversity)

changes.

Hypothesis (4) we hypothesize that noise treatments will negatively affect pollinator
movement and visitation rates by disrupting orientation flights to food sources.

Prediction 4a. As noise goes up, pollination visits decrease.

Prediction 4b. Sensitive pollinator species will be absent from noise plots.

IV.  SIGNIFICANCE AND IMPLICATIONS
Future habitat restoration activities specific to the natural history and habitat needs of
important pollinators could promote the sustainability of pollination services to these
species, but it is impossible to know how effective those activities could be without first

learning more about the pollinator communities in question. Given the current global
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collapse of arthropod insect and pollinator populations, our research addresses this by
prioritizing research on experimentally testing how sensory pollution affects insect

diversity and pollinator behavior.

V. RESEARCH DESIGN

Study Location

The San Juan Basin, located in the northwest corner of New Mexico, is among the most
productive oil and gas basins in the United States (Fassett, 2010). Our study area,
Rattlesnake Canyon Habitat Management Area (RCHMA, henceforth ‘RCHMA"), is
situated in northwestern New Mexico and managed by the Bureau of Land Management
(BLM, henceforth ‘BLM’). The habitat is dominated by pinyon pine (Pinus edulis), Utah
juniper (Juniperus osteosperma), and sagebrush (Artemesia tridentata), with BLM
leasing oil and natural gas sites across the area, some of which produce constant noise
from large compressors (Francis et al., 2009, 2011). Chronic noise pollution via resource
extraction has been disturbing this region for approximately 70 years (Fassett, 2010). In
previous studies, the RCHMA has been used as a long-term study system to investigate
the effects of anthropogenic sensory pollution (Bunkley et al., 2017; Francis et al., 2009,
2011, 2012; LaGory et al., 2001; Phillips et al., 2021; Willems et al., 2022; Wilson et al.,
2021). We aimed to use this unique opportunity to examine the effect Light, Noise and
the combination of Light+Noise has on insect diversity. To achieve this, JNP conducted a
full factorial experimental design with Control, Light alone, Noise alone, and
Light+Noise treatments in 2018 and 2021, using 24 plots. Each plot had an
approximately 250m radius around the central well pad. In 2022, we grouped the plots

into two treatments, Noise and Control. Treatment and Control plots were at least 0.5km
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apart to ensure different conditions. Areas of the four treatments were grouped into six
distinct sections or “colors” to account for potential landscape level variation and

latitude.

Methods

To test our hypotheses, we took multiple approaches, both experimental and
observational. First, we investigate which arthropod orders and families occurred on and
around natural gas well sites in a long-term study system in New Mexico to examine the
effects of sensory pollutants on 1) arthropod diversity 2) arthropod abundance and 3)

pollinator visitation rates.

Arthropod Diversity and Abundance across sensory pollution treatments

To investigate potential differences in richness, abundance, evenness, and beta diversity
of arthropods across the four treatments, we utilized data collected from 120 pitfall traps
that were evenly distributed across all treatments in 2018. Each site was equipped with 5
traps, with locations determined by the presence of light posts at lit sites and randomly
distributed at Control and Noise plots. Pitfall traps were left out for 6 nights, sieved into
clean jars and preserved in 90% ethyl alcohol. Specimens were sorted to taxonomic order
using dichotomous keys in the laboratory. Evenness was calculated using Simpson’s
inverse diversity index, where abundance was the number of individuals sorted to the

order level.

In 2021, we repeated the 120-sample design using sticky traps to better capture flying
insects unlikely to fall into pitfall traps and insects that do not preserve well in alcohol.

The sticky traps were constructed by attaching 12x12 gridded cardboard to wooden

33



stakes five meters from light posts for Light or Light+Noise treatment, and randomly
between 75-100 meters for Control and Noise treatments. Both sides of the cardboard
were painted with Tanglefoot, a natural, chemical free liquid used to trap flying and
walking insects (Phillips et al., 2019). We collected sticky traps after 7 nights and

assessed insect abundance by counting each insect on both sides of the trap.

Pollinator visitation rates in noise

In May of 2022, our study system consisted of 12 noisy sites and 12 control sites as we
did not erect light towers. This provided us with the opportunity to investigate the effects
of chronic compressor noise on pollinator visitation in comparison to control plots. We
began by locating flowering plants on each site and measuring the levels of artificial
noise at each plant. Subsequently, we conducted 20-minute pollinator observations at the
flowering plants by counting the number of pollinators on each flower every 60 seconds
and categorizing them by insect order. Flowers available within the landscape were used,
which resulted in variations in flower type and size, but we tried to select flowers that
were <1 by 1 ft in size. After the 20-minute observation period, we collected a voucher
pollinator specimen of each type of pollinator seen from the observation plant. Specimen
were collected for a five-minute period to standardize the sampling effort. we used an
aspirator for smaller specimens and a capture by hand technique using vials for
collection, while larger Lepidoptera were collected using a butterfly net. Pollinators were
only collected from the center of observation flowers. The most abundant insect groups
encountered on flower reproductive structures were bees, wasps, ants (Hymenoptera),
flies (Diptera), beetles (Coleoptera), moths, butterflies (Lepidoptera), and true bugs

(Hemiptera). The total number of observations was 98 trials, where 50 were on Control
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Plots and 48 were on Noise plots. Additionally, we documented the observation plants:
flower type, the number of flowering heads on the plant, and recorded weather
information at each observation. Insects captured in the field were put into kill jars for
euthanasia, prepared, pinned, stretched, and appropriately labeled for storage. All
voucher specimens were sorted by treatment type, pinned, and taxonomically classified to
the furthest taxonomic level (Family) using taxonomic keys and iNaturalist. Insects were
temporarily stored in insect boxes in foam with silica desiccant packages in each box
during the field season. All specimens are stored in Cornell insect boxes in the Texas

A&M University — San Antonio Entomological Collection.

We investigated diversity metrics at the order level, where there each pollinator belong to
five common orders, Hymenoptera (bees, ants, wasps), Coleoptera (beetles), Diptera
(flies), Lepidoptera (moths and butterflies) and lastly an “Other” column of pollinators
that were not classified to the order level during observation. We collected 113 voucher
specimen post pollinator observation. We later analyzed beta diversity on 102 voucher

specimens taxonomically identified to the family level.

Noise and Light Measurements

For all experiments (pitfall, sticky traps, and observations), continuous levels of artificial
light at night and noise levels were taken at each observation point or trap. To record the
noise conditions, we took a 4-minute background noise recording at each focal plant
using a Larson Davis 831 Type 1 Sound Level Meter (SLM; Larson Davis model 831,
firmware 2.206, A-weighting, fast response, 0.0 dB gain, re: 20 pPa, with one minute in

each cardinal direction. We collected light levels with a Konica-Minolta T-10A
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Illuminance Meter at each pitfall or sticky trap at least 1 hour after sunset, held
horizontally at the height of the trap.

The approach to use three different insect sampling methods pitfall traps, sticky traps and
pollinator observations respectively, was dependent on funding for each field season.
Data collected in years 2018, and 2021 were collected by JNP. JNP and SDR collected
data in 2022.

Statistical Analyses

For clarity, we present our results in the following order: (1) pitfall trap order richness,
(2) pitfall trap insect abundance, (3) pitfall trap evenness, (4) pitfall trap B-diversity, (5)

sticky trap insect abundance, (6) pollination visits, and (7) pollinator evenness and (8)

pollinator B-diversity.

All analyses were conducted in R (R Core Team, 2022). We used linear mixed effect
models and AICc (Bates et al., 2015; Mazerolle, 2020, Arnold, 2010) to understand what
sensory pollutants, if any, have an effect on arthropod diversity metrics (1) order
richness, (2) pitfall arthropod abundance, (3) evenness), (6) pollination visits, and (7)
pollinator evenness. We also examined whether broad scale treatments or microhabitat
measures of light and noise were more predictive of patterns in diversity and pollinator
visits. To calculate order evenness, we used the Inverse Simpson’s diversity index in the
vegan package in R-Studio (Oksanen, 2022). To understand what model bests predicts
diversity metrics (dependent variables 1-5), for pitfall and sticky traps across our 4
treatment types of Light, Noise, Light+Noise and Control treatments, we used the Lme4
package in R-Studio to explore candidate models with AlCc (Arnold, 2010; Bates et al.,

2015). Using function dredge in R package MuMIn (Barton, 2011) we examined the
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global linear mixed-effects regression model with Treatment, continuous noise level
(LAeq), and continuous light level (lux) as predictor variables. To account for possible
spatial autocorrelation, the section each sample belonged to was specified as a random
effect. We examined and present results for all top models within 2 AlCc (Arnold, 2010).
We log transformed dependent variables that did not fit the assumption of normality. If a
categorical variable (i.e., treatment), is included in top ranked models, we used the glht
function from R package multcomp to use post-hoc Tukey tests to look at the difference

between treatments (Hothorn et al., 2008; Phillips et al., 2021).

We followed a similar process for variable (6) pollination visits, with additional fixed
effects of number of flower heads, temperature, flower species and random effect of
section, LAF90, or the A-weighted sound level 90% of the measured time, as an updated
measure of noise pollution. We used variance inflation factors (VIFs) to evaluate
collinearity and retained all variables with VIF < 5 (Allison, 2012). Using packages
AlCcModavg and MuMIn, we compared candidate models consisting of all potential
subsets of variables in the global model with the dredge function (Barton, 2011;
Mazerolle, 2020). We examined the global linear mixed-effects regression model with
Total Visits, Total Coleoptera, Total Diptera, Total Lepidoptera, and Total Hymenoptera
as the response variables and Treatment, continuous noise level (LAF90), the number of

flower heads, temperature, and shade as predictor variables.

To determine how our 4 treatment types of Light, Noise, Light+Noise and Control,
influence terrestrial arthropod order composition (B-diversity), we used the

PERMANOVA adonis2 function using the Kulczynski dissimilarity index with 999
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permutations in R-Studio package vegan (Oksanen, 2022). We tested the individual
effects of treatment, Light level (lux), and Noise level (LAeq). To identify taxonomic
terrestrial arthropod orders significantly associated with treatment types, we performed a
multi-pattern analysis using the R package "indicspecies” (De Céaceres, 2022). The

analysis used the IndVal.g association function and a significance level of 0.05.

For pollinator voucher specimens, we quantified pairwise compositional dissimilarity
between Noise and Control sites based on taxonomic family occurrences to understand
beta-diversity between Noise and Control treatments. We used the Jaccard index with the
“jaccard” package (Chung et al., 2022) in RStudio to examine non-metric analyses based
on the presence/absence voucher specimen dataset. We used the PERMANOVA adonis?2
function in R-Studio package vegan (Oksanen, 2022) to measure multivariate ordination,
and beta diversity results between groups. To identify taxonomic arthropod orders and
family groups significantly associated with treatment types, we performed a multi-pattern
analysis using the R package "indicspecies" (De Céaceres, 2022). The analysis used the
IndVal.g association function and a significance level of 0.05. Next, a species
accumulation curve was generated using the R package vegan to visualize the number of

species that were observed as the number of sampling locations increased.

VI. DISCUSSION
Overall, we find evidence that sensory pollutants alter insect diversity, abundance, and
behavior. The methodology used to survey insects appears to be important, and

functional groups are likely affected differently.
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Pitfall traps

Our pitfall results indicate that for order richness, continuous measures of noise and light
both have a positive effect on richness (Table 1B, Figure 1.). At the broader treatment
level, the trend persists, with the effects of Light+Noise increasing order Richness most
significantly compared to pitfall traps on quiet and dark Control plots (Table 1C, Figure
1.). These results illustrate that artificial light at night and anthropogenic noise can alter
ecological community richness at the order taxonomic for terrestrial arthropods. Based on
our beta diversity analysis, we see that noise may be affecting some terrestrial arthropod
orders differently. We find three orders (Collembola, Thysanura, Pseudoscorpiones) are
significantly associated with treatment types (Table 4E). Noise seems to drive turnover
between terrestrial species diversity across treatment types. For example, Bunkley et
al(2017), found that predators (velvet ants, jumping spiders, wolf spiders, etc.) were
decreased in noise and pests (leafhoppers) were increased (Bunkley et al., 2017).
Additional work into the identifying functional roles of arthropod orders within the
community may help elucidate possible mechanisms driving these patterns in response to

sensory pollutants.

We found no significant effect across our four treatment types for insect abundance or
evenness using pitfall trap methods, indicating that the overall number of insects caught
by pitfall traps is consistent. This result did not match our original prediction, that light
would innately increase both terrestrial arthropod abundance. Alternatively, nonflying,
terrestrial arthropods may be innately attracted to light but fail to reach the light, and or
the pitfall traps near the light. Functional groups of arthropods such as ground dwelling

decomposers orders Collembola and Thysanura, and arthropod predators such as
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Pseudoscorpiones may be more susceptible to pitfall trap collection methods in
comparison to larger bodied arthropods, and arthropods with the ability to fly or jump.
Additionally, ground dwelling arthropods such as Collembola, Thysanura and
Pseudoscorpiones might be less susceptible to the effects of sensory pollutants due to
natural buffers such as leaf litter and debris. Additional research should be conducted on

ground dwelling arthropods to better understand these patterns.

Sticky Traps

Using a different methodology aimed at flying arthropods, our results suggest that Flying
arthropods may be more susceptible to being drawn towards lit areas, resulting in higher
insect abundances in the Light treatments. Additionally, the higher abundances of
arthropods in the Light treatment could be attributed to the fact that flying arthropods can
travel some distance to reach the light, whereas terrestrial insects likely are unable to, or
at a much slower rate. Furthermore, the results provide evidence that Light treatment
attracts significantly higher abundances of arthropods compared to both Control and
Noise treatments. The significant difference observed in arthropod abundances between
Light treatment and Noise treatment supports the hypothesis that ALAN increases
arthropod abundances due to the innate attraction to lights. This result aligns with our a
priori hypothesis that light increases insect abundance. Many studies have highlighted the
effects of light pollution but to our knowledge this is the first study to analyze the effects

of both light and noise simultaneously on flying arthropod abundance.
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Pollinator Observations

We find no significant trend between pollinator visitation rates in control versus noisy
plots, but we did find a weak negative association at the order level between
Coleopterans (Beetles) and a positive association for Dipterans (Flies). Pollinating beetles
were less abundant and flies more abundant in noisy environments. However, no
significant trends were observed among other orders examined, such as Hymenoptera,
and Lepidoptera. We found no significant difference of turnover between treatment types;
therefore B-diversity is not significantly affected at the pollinator order level by treatment
type. This is contradicting to a previous pollinator diversity study, where they find
detrimental effects to pollinator functional groups from traffic related pollution (Noise
and NO) (Fisher et al., 2022). Furthermore, as one intuits, we found a significant
relationship between pollinator order and the number of flower heads on the observation
plant. Other studies have examined the effects of plant traits and environmental factors on
pollinator visitation rates and found that floral display (i.e. the number of open flowers on
a plant, on any given day) consistently explained among-plant visitation rates across all
regions in the study, but visitation rate was not significantly affected by any other
biological or environmental variables (Sanchez - Lafuente et al., 2005). We suggest
future studies standardize the amount of flower heads, and flowering plants while
conducting a robust, full sampling in order to fully understand how diversity of
pollinators may vary across continuous noise levels. Additionally, increasing the sample

size and extending the sampling period may further elucidate these patterns.
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Pollinator Voucher Specimen Diversity
Our multi-level pattern analysis revealed two families Andrenidae (miner bees) and
Bombyliidae (bee flies) are both positively associated with control plots (Table 12C).

These two species both appear to be avoiding noisy plots.

Persistent noise may be driving certain species out of noisy areas, and noise may be one
of the factors that changes community composition. Additionally, these changes in the
acoustic environment might have cascading effects on the plants these animals pollinate
(Francis et al., 2009, 2012; Phillips et al., 2021). The anthropogenically altered
soundscape may be affecting the relationships between the pollinators and the animals
that predate or parasitize these pollinator families. Some parasitoids rely on acoustic
eavesdropping and noise can alter their ability to locate hosts (Phillips et al., 2019). Over
time noise could be one of the factors that changes community composition. Community
turnover and vegetation are likely affected by pollination for specific plant pollinator
relationships. These relationships could be one of the influences driving changes in plant
community diversity in this habitat. Preliminary data suggests further research is needed
to investigate why some families are affected by noise, and to investigate the mechanisms

and potential cascading ecological effects.

Host Parasite Interactions — Andrenidae and Bombyliidae

Our multi-level pattern analysis revealed Andrenidae and Bombyliidae arthropod
pollinators are both significantly associated with control treatments. This finding is
interesting and presents a new area for future research. We find evidence from the

literature that Bombyliid flies and Andrenid bees are linked, where flies from the family
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Bombyliidae have been documented as parasites of andrenid bees (Drake, 2013; Yeates
& Greathead, 1997). Furthermore, we find documentation from the literature citing
bombyliids to also be hyperparasites, where some bombyliids will parasitize, parasitoids
of Andrenid bees (Drake, 2013; Paxton & Pohl, 1999). Focusing on the effects of noise
pollution in an already “noisy” relationship between andrenid bees and bombyliid flies,
would be a great next step for this research. Though we find evidence that andrenids and
bombyliids are significantly associated with control treatments, whether bombyliids are
indeed following their hosts to control treatment sites remains to be tested and would be a

great future direction for this research.

Additionally, these results highlight the effects of sensory pollutants in rural areas;
understanding these patterns in rural areas away from confounding urban areas can

allows us to better understand the specific effects of light and noise.

Cascading effects

Depending on their role in the ecosystem, some arthropods might benefit from sensory
pollutants, such as aphids, and leafhoppers like Bunkley found in 2017 (Bunkley et al.,
2017). There could also be indirect effects that can cascade throughout the community,
affecting some animals such as predators (Francis et al., 2012) and insectivores, more
detrimentally than others. From the plant perspective, rates of herbivory may be
increased because of sensory pollutants, where pest arthropod populations are unchecked
by predators. This may lead to overall differences between plant communities between
noisy and quiet areas (Phillips et al., 2021). In light, we see an increase in predatory

arthropods such as ants (Formicidae). These changes in order richness and beta diversity,
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could have cascading effects on arthropod and arthropod pollinator communities in

sensory disturbed areas.

Arthropod Perception

Within the incredibly diverse group of Arthropoda, we find documentation of sensory
abilities in the literature. At the taxonomic order level, we know approximate hearing
thresholds based on insect taxonomic order (Morley et al., 2013). We know that at the
order level, Hymenopterans can hear in the range of (0.2 - 0.3 kHz), while Dipterans,
Lepidopteran, and Hemipterans, can hear in the (0 — 50 kHz) range and Coleopterans
within the (20-20 kHz) range (Morley et al., 2013; Schaub et al., 2008; Towne, 1995).
These hearing ranges are within the spectrum of noise found in our study sites (Francis et
al., 2011). We also know that pollinating orders such as Hymenoptera and Diptera rely
upon both visual and acoustic information (Morley et al., 2013) for foraging (Barragén-
Fonseca et al., 2020), navigation (Warrant et al., 2004), landmark orientation (Warrant et
al., 2004), and host parasite interactions (Phillips et al., 2019). Furthermore, the sensory
organ known as the Johnston’s organ is present in both families, Andrenidae and
Bombyliidae. Both families are positively associated with control treatment types, and
these results suggest noise sensitivity in these families. The fruit fly Drosophila
melanogaster contains the largest chordotonal organs found in insects. This organ
appears to be particularly prominent in the order Diptera — flies and mosquitoes (Kavlie
& Albert, 2013). This could be a possible mechanism behind why we find some fly
families are sensitive to noise. Additionally, Shamble’s finding in 2016 and Jézéquel’s
finding in 2021 regarding the importance of hair in sensory detection underscores the

need for further research on the role of hair in sensory perception in arthropods that lack
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tympanal organs. Future research exploring the role of hair in noise sensitive pollinator
families such as Andrenidae and Bombyliidae should be conducted, given that some bees
in this family are more hairy or robust than others, and both have the Johnston “hearing”

organ.

We measure sensory pollutants such as light in (Lux) as perceived by the human eye and
noise in decibels (dB) as perceived by human ears. “Umwelt” is a German term used to
describe what an animal can sense and perceive and within the animal kingdom there are
likely limits to sensory abilities, unique to the animal’s overall umwelt and its occupied
niche. Yet we measure sensory disturbances from light and noise in terms of human
perception. At the taxonomic order level, we have broad thresholds for some important
insect orders (Morley et al., 2013) and commercial crustaceans (Jézéquel et al., 2021) but
little is known about other arthropod groups and their respective hearing threshold
capabilities and mechanisms they may utilize to detect sensory pollutants. Research that
teases apart these sensory thresholds for light, noise and the combination of Light+Noise
for arthropod families or even at the genus level, will contribute greatly by informing the
scientific community, and improving conservation efforts for these specific taxa. Once
the baseline thresholds for hearing abilities in small, overlooked taxa such as arthropods
is created, technology to measure and assess sensory perception in accordance with their
capabilities can be improved upon. Research that adds to this growing body of knowledge
on sensory perception in non-human animals will aid innovators to improve the

technology used to quantify continuous measures of noise and light.
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Sensory Pollution Traps

As Bunkley demonstrated in 2017 noise can increase pest like arthropods such as
Leafhoppers (Hemiptera: Cicadellidae) (Bunkley et al., 2017). We have demonstrated
with our study that arthropod abundance and richness can be affected by sensory
pollutants, positively for certain arthropods and negatively for others. Recent research
finds evidence of receptivity to vibroacoustic stimuli in the invasive Spotted Lanternfly
(Lycorma delicatula), where L.delicatula were attracted to broadcasts of 60-Hz
vibroacoustic stimuli (Rohde et al., 2022). Other arthropod pests such as mosquitoes rely
on hearing of females for courtship and mating (Loh et al., 2023). Using a trap with
specific playback frequencies might be a cost effective, method for controlling
mosquitoes and associated outbreaks. Understanding functional groups of taxa and their
hearing thresholds may be a useful integrated pest management (IPM) technique for
trapping pest like arthropods, such as the invasive spotted lanternfly (Hemiptera:
Fulgoridae), other invasive Hemipterans such as the Red-streaked Leafhopper

(Hemiptera: Cicadellidae), and disease transmitting mosquitoes (Diptera: Culicidae).

Interaction of Light+Noise

The effects of light and noise are still poorly understood for arthropods. Our study is
novel, as it is the first of its kind to perform a full factorial experiment to examine the
singular effects of Light and Noise, and the combination Light+Noise. This experimental
design allows us to better understand the individual effects and the interaction of
combined sensory pollutants, at the broad treatment level and at the microhabitat level
using continuous Noise and Light measurements. We found that continuous noise levels

(LZeq) and continuous light levels (Lux) had significant positive effect of on order
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richness for our pitfall trap method. We also find a significant relationship between order
Richness and Light+Noise Treatments across our four treatment types. We find that
terrestrial arthropod order richness is increased in the treatment type of Light+Noise
combined. Broadly speaking, these findings are interesting as it appears the combination
of light and noise pollutants seem to have a negating effect, where order richness levels in
the combination of Light+Noise seem to be similar to order richness measures for control
treatment types. Looking at the microhabitat level and the continuous noise and light
readings individually, we see that as noise and light levels increase, order richness
increases. These results further support the idea that noise and light, and the combination
of the two might be affecting some arthropods more detrimentally than others, at the
functional level (decomposers, ground dwellers, terrestrial arthropods, flying arthropods,

arthropod pollinators), order level, family level and potentially species level.

VIlI.  CONCLUSION

Overall, sensory pollution seems to have some effects on arthropod diversity. We find
that Light increases diversity metrics and abundance. For pollinators, it seems
Coleopterans (beetles) may be negatively influenced, while Dipterans (flies) may be
positively influenced in Noise. For beta diversity, we find three terrestrial arthropod
orders, Collembola, Thysanura, and Pseudoscorpiones, are significantly associated with
treatment sites. For our pollinator voucher specimen, we find two families are
significantly associated with control treatment plots, Andrenidae and Bombyliidae,
respectively. Dipterans could be using noise as a predator shield, or they could be

following Andrenid bees to control sites. Additional repetitions and a deeper dive into
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species specific patterns, and their functional roles in the ecosystem, will help elucidate

how noise and light disrupts.
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IX. SUPPLEMENTAL MATERIAL
Glossary:

Noise pollution — the propagation of elevated sound levels (noise) with ranging impacts
on humans or other living organisms.

Acute Noise — short bursts or exposure to noise (ex: cars intermittently passing on a road)
Chronic Noise — continuous noise (ex: oil compressor on 365 days a year)

Frequency (Hz and kHz): for a periodic signal, the maximum number of times per
second that a segment of the signal is duplicated. For a sinusoidal signal, the number of
cycles (the number of pressure peaks) in one second (Hz). Frequency equals the speed of
sound (340 ms-1) divided by wavelength (Barber et al., 2010).

dB — dB is a scale used to measure sound levels, where sound pressure levels are
unweighted. Also referred to as dB (2).

dBA — dBA is a scale where levels are "A" weighted according to the weighting curves to
approximate the way the human ear hears.

Leq — Time-averaged values, such as equivalent continuous sound level (Leq), can be
extremely informative to describe sounds that are chronic or frequent; measured using
Larson Davis Sound Meter(Francis & Barber, 2013). If A-weighted, called LAeq. If
unweighted, called LZeq.

LAF90 — refers to those A-weighted noise levels in the lower 90 percentile of the
sampling interval; it is the level which is exceeded for 90% of the measurement period. It
will therefore exclude intermittent features of traffic and is used to estimate a background
level (‘Glossary of Acoustic Terminology’, 2012).

Particle Velocity — the second distinct component to a sound wave undetectable to
humans but detectable by many invertebrates using flagellar mechanosensory structures
such as hair or antennae(Morley et al., 2013).

Light pollution — Excessive, intrusive, or prominent artificial light in the environment
(Alaasam et al., 2021).

Artificial light at night (ALAN) — Artificial light at night; light manufactured and
emitted into the nighttime environment by humans. The cause of light pollution (Alaasam
etal., 2021).

Skyglow — Cumulative brightness of the night sky as a result of either light pollution or
natural light sources (Alaasam et al., 2021).
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Lux — A measure of illuminance, equal to one lumen/m2, and used as a measure of light
intensity relative to distance from the light source (Alaasam et al., 2021).

Illuminance — Total luminous flux per unit area, i.e., the amount of light hitting a given
area (Alaasam et al., 2021).

Table 1: Frequency hearing ranges by insect order.

Insect order Frequency (kHz)
Hymenoptera* 02-03
Diptera* 0-50
Lepidoptera 0-50
Hemiptera 0-25
Coleoptera 20-50
Table 1: Approximate hearing ranges of insect
orders. Asterisk indicates insect orders sensitive to
particle velocity (Morley et al., 2013; Schaub et
al., 2008; Towne, 1995).
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Map courtesy of Joshua S. Willems. We conducted six repetitions of the four treatments
across the landscape. The color clusters are to account for spatial autocorrelation of
latitude.
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