O© 00 N O U1 b W N -

NONN NN DNNDNDNIDNR R R R R R opRmopm |\ |,
O O N O Ul b W N P © O 0 N OO0 U1 » W N »r o

RUNNING HEAD: ANOLIS LIZARDS AS BIOCONTROL AGENTS

MR. IVAN VINCENT MONAGAN (Orcid ID : 0000-0001-9506-8064)

Received Datews,04-Jul-2016
Revised Date+25-0ct-2016
Accepted Date : 14-Jan-2017
Article type_ : Original Research

RUNNING HEAD: ANOLISLIZARDS ASBIOCONTROL AGENTS

TITLE
ANOLISIAHZARDS ASBIOCONTROL AGENTSIN MAINLAND AND ISLAND
AGROECOSYSTEMS
lvan V. Monagan, Jr? (ivanvm@umich.edu), Jonathan Rorris’ (jonno@umich.edu), Alison
R. DavisRabosky? (ardr@umich.edu)yette Perfectd(perfecto@umich.edu), John
Vandermeer(jvander@umich.edu)

'Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor,
Michigan 48109 USA
?School of/Nattiral Resources and the Environment, University of Michigan, Ann Arbor,
Michigan 48109 USA
3Museum 'of Zoology, University of Michigan, Ann Arbor, Michigan 48109 USA

Corresponding‘author: lvan V. Monagan, Jr.
3MuseumsofZoology, University of Michigan, Ann Arbor, Michigan 48109 USA
E-mail: ivanvm@umich.eduPhone: (540) 834-3044; Fax:

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1002/ece3.2806

This article is protected by copyright. All rights reserved


https://doi.org/10.1002/ece3.2806�
https://doi.org/10.1002/ece3.2806�
https://doi.org/10.1002/ece3.2806�
mailto:ivanvm@umich.edu�

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

ANOLIS LIZARDS AS BIOCONTROL AGENTS

Word Count

Summary: 24

Main text:4,653

Acknowledgements: 88

Referencesi;728

Table and figure legends: 208

Number-of‘tables and figures: Tables: 3; Figures: 6
Number of references. 68

Summary

1. Ourknowledge of ecologicatteractions that bolster ecosystéunction and
productivity has broad applications to the management of agricultural systems. Studies
suggest that the presence of generalist predators in agricultural landscapes leads to a
decrease in the abundance of herbivorous pests, but our understanding of how these
interaetions ary across taxa and along gradients of management intandigce
geographic space remaimsomplete.

2. Inthis study, weassessd the functional response and biocontrol potential of a highly
ubiguitous insectivore (lizards in the gerArsolis) on the wold’s most important coffee
pest, the coffee berry bordfypothalemus hampeiWe conducted field surveys and
laberatory experiments to examine the impact of laselintensification on species
richmess,and abundance of anoles and the capacity of amoéekite berry borer
infestations in mainland and island coffee systems.

3. Ourresults show that anoles significantly reduce coffee infestation rates in laboratory
settings Mexico, P=0.03,F=5.13df=1, 35; Puerto Ricd?=0.014,F=8.82,df=1, 10 and
arecapable of consuming coffee berry borers in high abundance. Additionally,
diversified agroecosystems bolster anole abundance, while high intensity practices
including the reduction of vegetation complexity andapplication of agrochemicals
werewassociad with reduced anole abundance

4. Synthesis and applicationBhe results of this studyrovide suporting evidence athe

positive impact of generatipredators on the control of crop pestagmicultural
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landscapesand the role ofliversifiedagroecosystems sustaining both functiongl

divere communitiegand crop productiom tropical agroecosystems

Keywords; agriculture Anolis, biodiversity, ecosystem services, coffee berry borer

INTRODUCTION

Therelationship between biodiversity and ecosystem function has received much
attention dueto growing concerns around the negative impacts of intensified lanchpseaE
and theoretical studies suggest that biodiversity stabilizes ecosystem function, as referenced in
the “insuranceshypothiess” whereby functional diversity acts as a buffer for ecosystem processes
amidst environmental disturbandegset al. 2000; Yachi & Loreau 1999 heseprinciples
have been applied broadly to the management of agricultural landscapes, wjhichbedhn

structural diversity and external inpufdt{eri 1999; Perfectet al 2005) Diversified

agroecosystems that model native landscapes have been shown to function as reservoirs for local

biodiversity(Fahriget al. 2011; Tscharntket al.2005) and suitable outlets for species disale
among metapopulation communities (Vandermeer & Perfecto 2007). Furtheimoogasing
diversitycan supporecosystem services that increase crop yield, such as the biological control
of crop pests by natural enemies (Vanderne¢at. 2010, Kremen & Miles 2012). Our
understanding of howophic interactiongolster ecosystem services such as biocontrol, and the
response of relevant species to habitat modification may inform both socio-ecamami
ecologicalgoals of food security and biodiversity conservation.

The'sustainable management of crop pests is an issue of increasing importance among
farmers worldwide. In approximately 80 countries throughout the tropics (nearly 40% of all
sovereign_nations), coffee production is a leading agricultural commodity andrttaeypmeans
of subsistence for nearly 20 million coffee-growing households (¢@z2015). The coffee
berry bore(CBB), Hypothenemus hampés one of the most important and devastating coffee
pests, indueing 60-90% reductions in coffee yields throughout many countries including, but not
limited to, Mexico, Jamaica, Malags and Tanzania (Benavides\&ga 2005). The destruction
of the coffee berry occurs during the life cycld-bfhampeiwhereinreproduction occurs within
the fruit,the coffee seed is consumieglthe brood (during stages of development), and adults
emerge to disperse for oviposition in unoccupied berries (8rah 1995, Pereet al 2015).
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Several strategies have emerged to eliminate the berry borer, including agricultural
intensification (Perfectet al. 1996, SotePinto 2002) and the application of insecticides (B¥tin
al. 1995). Insecticide application, however, has proven inyraases to be ineffective. Since the
bulk of the organism's lifeycle occurawithin the fruit,topical pesticides are often ineffective
(Damon 2000), and in casedere it is affected CBB can quickly develop resistance to these
chemicals(Vega 2015)

Several'mechanisms have been cited as promoting tfdwp control of herbivorous
prey in ecological systems, with habitat complexity and predator diversity ag reggvant,
especially to managed systems (Phileothl. 2012, Iversoret al. 2014). Avariety of naturally
occurring biogentrol agents against the coffee berry borer have been documented, inctading an
(Perfecto &Vandermeer 2006, Larsen & Philpott 2010, Gonétiat 2013, Morriset al. 2015)
and birds (Johnson & Kellermann 2010, Katpal. 2013). In an experiment conducted by
Johnson and Kellerman (2010), coffee plants excluded from foraging birds and bats had
substantially higher coffee berry borer infestations. Furthermore, bird andisétetewere
greatest inrmore structurallyvdirse farms.

Arboreal lizards in the genudsolis(Iguanidae) are highly ubiquitous insectivores
throughoutithe New World tropics and reach the highest population densities of eshynlitree
world (Scheener and Schoener 1980t ¥ital. 2003). Anoles dve the topdown regulation of
arthropod communities due to their dominant presence, especially in island ecosystems (Spiller
and Schoener 1990). Despite the high abundance and distribution of anoles, very few studies
have addressed their functional rakepredators in agroecosystems (Borkhatdrad. 2006,

2012). An'exelusion experiment in Puerto Rican shade-coffee found a negative impac¢®f anol
on select herbivorous pestsofiRhataria2006), while studies of anoles in natural systems

indicate diets dominated by arthropods including ants é¥iél. 2003, Huangpt al. 2008),

spiders (Pacala, & Roughgarden 1984, Hoelgal 1999, Vittetal. 2003) and beetles (Wolcott
1923, Simmonds 1958). Simmonds (1958) provides evidence that anoles function as biological
control against scale insects in Bermuda, while also consuming a variety of small insect prey
(e.g, ants)inlargequantities Whether o not anoles are important predators of the coffee berry
borer, however, remains unknown.

Anolislizards have been used broadly as a model group for the study of trait
diversification and biotic interactions along environmental gradients (Losos A0@9).
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application to biocontrol appears most relevant due to an opportunistic feedingystadtsving
individuals to monopolize on aggregates of prey (e.g. colonies of ants and tefBarbsy

1930; Rancket al. 1975; personal observatioomparativestudies on the effects of anole
presencand absence island ecosystenshow a negative correlation between the presence of
anoles and. plant damage via the reduction of herbivorous insect pests (Pacalaggdiden

1984). Additionally, the ability odnoles taexploitvertical niche space, including coffee bushes
(Figure™),"may bolster their capacity to serve as a front line of defense against most insect pests,
particularly during outbreaks.

Differences in the evolutionary history and complexity of mainland and island lizard
assemblagesshave led to novel ecological differences among mainland andislibsd
populationsfAndrews 1979). The adaptive radiation of Caribbean anoles into distinct ecomorphs
that partition vertical and thermal niche space (Langerbbals2006) is a feature that may have
profound impacts on pest provisioning services along complementary gradients of
intensification. Our knowledge of how critical abiotic featureshsastemperature (Huey 1982,
Hertz 1992)vand light (Leal and Fleishman 2002) geneirafliyence species presence along
gradients of landise remains elusive. Mainland studies of anoles in agroecosystems show both
an increase, (Mexico; Urbir@ardoneet al.2006) and decrease (Mexico; Sug&dunoet al.

2008) inrichness and abundamaéh agricultural intensification, while studies in island systems
also show a negative response to increasing disturbance (Dominican Reploblét;ak 2000)

and a positive response of abundance in shifts from shade to open sun habitats (Buyerto Ri
Borkhatarigetal. 2012). The lack of comparable lande types and intensity metrics has made
inferring underlying mechanisms that drive these differeddésult.

The coffee agroforestry systems of Latin America have been used broadly as a model for
understanding the effects of land-use intensification on biodiversity (Peetezt®014). Coffee
is generally.grown along a gradient of vegetation complexity andusadatensity, including
reduced canopy cover, reduced vegetative diversity and chemical inputs (Moguel and Toledo
1999). Thisdmportant feature of coffee production, in addition to thekmelvn ecological and
biogeographie.dynamics of arslmake thema model system and taxon for studying the role of
diversity and ecological complexity biological control.

In this studywe conducted an experimental and field based assessment of the potential
for Anolislizards to reduce coffee berry borer (CBB) infestations in regions of ngthigih
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anole abundance (the Caribbean) and low anole abundance (Mainland M&aawyestigated
patterns of anole abundance and richness along a comparable gradient otieagricult
intensification in the mainland and Caribbean coffee growing regions of Mexico and Pigerto R
to test the_hypotheses that 1) anoles, as opportunistic and generaligirprédattion to reduce
CBB infestations in both mainland and Caribbean agsyestems, and 2) differences in
mainland and island community structure will result in a non-uniform respoaseli@ richness
and abundance to complementary formagricultural intensificationdue to the stabilizing
force of greaterfunctional diversitn island ecosystems

This study ofgeneralist insectivorglatexist in agricultural landscapes and highly
abundant acress egeographic spaamay help to identiffand-use practicethatimpactthe
ecosystemrservice of biocontrélurthermore, this approach has broad implications for
understanding how phenomena such as adaptive radiation among potentially relevant specie
may provide ecological and evolutionary insights on the role of pre-adapted fahtrtats that

shapecommunityresilienceto humanmodified environments.

2.METHODS
2.1 Study“Sites

Field"surveys were conducted in the Soconusco region of Chiapas, Mexico and the Puerto
Rican municipalities of Orocovis and Adjuntas during the months of June and July 2015,
respectively. Theoffee growing landscape in Mexico is characterized by large farms (~300
hectares) withsremnant patches of tropical evergreen forests making up appetxdfo of the
52 knt areascovered. A total of twentiree 50 x 25 m sampling sites were surveyed along a
gradient of shaded canopy cover and intensiiy. (LA, 1C), within an altitudinal range of ~1100
to 1200 m.above sea level. In Puerto Rico, coffee farms were more distinctly ditinlstiaded
and unshaded.management regimes and notably smallee i(-sl— 6 ha per farmiig. 1B,
1D). Survey.sites were selected in a similar landscape of high altitude (550 m to 730 m asl)
farms withins@ matrix of tropical forest. A total of six 50 x 25 m plots were samfuad a
gradient of'eanopy cover and intensity analogous to that of Mexico.
2.2 Field Survey Methods

Visual encounter survey methods were used to survey for all lizards in each 4260 m
Each plot was surveyed by walking each row of coffee and carefully inspecting ea@ntus
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surrounding vegation up to three vertical meters for the presence or absence of anoles. Surveys
took place between 10:00 to 15:00 hours because anoles were most active during this time
(personal observation). Survey time for each plot was measured as the total tineel feqa
single person survey effort per row divided by the total number of persons involved. Inaach pl
the total number of individuals encountered were recorded and each individudéniged to
species.

Follewing lizard surveys, we took four vertical digital canopy cover photos (DCP;
adapted from"Chianucet al.2014) along a grid of sixteen localities per 32within the 1250
m? plot area. Digital cover photography is a robust and time effective alterrmtiamdheld
densiometersypwhich enother common method of characterizing canopies (Chiaauati
2014). All'photos were taken using a point-and-shoot digital camera (Olympus Stylus Tough
TG-4) using the following settings: photo lens was set to F2, aperture priority, ISO 100,
automaticfocus and exposure. In the field, photos were taken at a height of approximately 1.5
meters. Images were collected between the hours of 10am and\Bpmotographs for each
point alongrthersurvey grid were analyzed and averaged into a single value for each plot.
2. 3 Site Classification

Each, survey plot was scored according to five major qualitative characteristics associated
with both.agricultural intensification and lizard abundance common to both Mexicaiard P
Rico (Figure 2. Characteristicanalyzed included road-induced edge effects (R), the application
of pesticides (P), average coffee height (above or below 1.5 meters) (S), amd geemopy
cover(C). Anagricultural intensity index (All) was generated using the following equation:

AII=(R+P +S)—C

R (roadside), P (agrochemicals) and S (height) are binary variables given afvaloe
presence and O.for absence. Plots that were present approximately one meter from a vehicle path
or road were.assigned a value of 1, whereas interior plots were assigned a zero value.
Agrochemical.application was determingd land owner inquiry regarding the history and
current usesof agrochemicals. The existent use of agrochemicals was assignedsay value
of 1. The agroechemical varieties and brands used were not recorded. Reduced giftee hei
(<1.5M) was quantified as more intense and received a valuewbilé,larger coffee (>1.5M)

received aero valuePercent canopy cover (C) waslumbtedasaraw cover value in decimal
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form. Index values for each region range between -1 and 2, with a value of 2 corresponding to
greatest intensit{Perfectoet al. 2005).
2.4 Laboratory Experiments
2.4.1 Field Collection and Husbandry

For laboratoryexperiments in both Mexico and Puerto Rico, lizards were collected by
noose or butterfly net from a single coffee farm in each region that was characterized by dense
canopy’coverand absence of pesticide application. Individuals were collected aftetiogmple
field surveysand on plots with an All score ranging froli®-These site characteristics were
chosen inorder to reduce the potential for gross fitness differences among indivigoals. U
collection,.eaeh individual lizard was assigned a number and GPS coordinatsiia tie
capture. A'series of morphological measurements were collected, includingzenblgngth
and sex. Lizards were sexed using non-invasive transillumination technique delsgribeads
and Leavitt (2007), whereby a small LED light was positioned at thbdaé-(contralateral to
the cloaca).to illuminate the presence or absence of male hemipenes. Individuals were also
inspected forthe presence or absence of a dewlap, which can also indicate sex in adults. Anoles
of 38 - 45 mmeshoutent length were used for each laboratory experiments because they were
the mostfrequently encountered size class for both Mexico and Puerto Rico.
2.4.2 Infestation Reduction Experiment

The infestation reduction potential of anoles was assegseausing an individual anole
in a 60 x 60 x 60 cm BugDorm®© experimental mesh tent containing a single coffee branch (Fig.
3A). Experiments were conducted in a semtdoor laboratory with a single mesbreen wall
that provided.a natural photoperiod amsbéent temperatures sufficient for natural feeding
activities for the lizards. Branches with bored fruits were selected from the field to ensure that
the berries were ripe enough for infestation by the berry borer. All bored bewligssacts were
removel from.each selected branch before the start of the experimentyweriity fruits and
multiple leavesdeft remaining on each branch. Individual branches were positioned lyartical
35mm plastic'canisters filled with watgfig. 3B). The top of each caster and branch based
was wrapped.in Parafilim®© plastic to prevent CBB mortality. Each branch wagpldwed in the
center of an inverted plastic bowl for vertical orientation and covered by a strigkoBlaak
was used tincrease basking area aaltbw the anole to move freely from the coffee branch to
the base of the enclosure.

This article is protected by copyright. All rights reserved



ANOLIS LIZARDS AS BIOCONTROL AGENTS

245 Prior to each trial, a solitary lizard was housed in each BugDormrfanimum of24

246  hoursto allow them to acclimatéSangeset al 2008). Berry borers were collectedm infested
247  fruits and removed carefully by splitting the fruit body and separating individual b&etieshe
248 plant material. At the start of each trislientyadult female berry borers were placed ribar

249  center of eacbranchusing a coffee leaf asplatform. The platform was kept stable until all
250 CBB had dispersed onto theanch Following the 24-hour trial window, each coffee branch was
251 removed and‘the total number of infected berries per bi@uechber of berries with at least one
252  CBB hole)wererecorded (Fig3C). Each lizard was returned to the original location of capture
253  after the experiment was completed.

254  2.4.3 Functional, Response

255 To assess the consumption potential of anoles, individuals were housed in@rdnkilo
256  aerated plastic terrariums withffee leaes as substrafer 24 hours prior to # start of each

257  trial. Terraiums were coated with fluon (Inse&tSlip, BioQuip, CA) at the top to prevent CBB
258 from escapingCardboard barriers were placed in betwesraria to prevent visibiy among

259 individuals=Terrariunholes were created using a small 16 gaugepadle to ensure airflow,
260  but to preventithe beetles from escaping.

261 Adult. female berry borers were obtained from infested berries collected inltharfae

262 placed interSeparate glass vials hours prior to the start of each experiBBmwe@ housed for
263  no longer than 24 hours to ensure borer efficacy. Berry borers were placed inaitientsr

264  between the hours of 9-10 am and remained unaffected foo@'s. Each trial lasted for twelve
265  hours, afterwhich lizards were removed from each container and all unconsumed beetles were
266 recorded. Allremaining beetles were euthaniodidwing each experiment. Morphometric

267 measurements taken for each individiadrd included: snouvent length, head width, head

268 length, tall length, front and hind limb length, in addition to sex, gravidity and species.

269 2.5 Dataanalysis

270  25.1Field Surveys

271 Canepy cover images were analyzed using a dot grid approach to estimate canopy cover
272  for each sample location. Interpretation of digital cover photographs using a tesmisfagrid
273  overlay is a standard technique well suited for estimating canopy cover (bakak996).

274 An analysis of variancBANOVA) testwas used to find statistical significance between
275 total abundance and region. Linear regressions were used to examine the efieapypfoover
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on total lizard abundance per region. We usatkgalized linear mixed models (GLMM) to
examine the relativeriportance habitat variables on abundance.
2.5.2 Laboratory Experiments

Generalized linear models (GLM) were used to account for covariates in differences
between consumption patterns (functional response) and berry borer infestatidietaten
treatmeis with.and without anoles. Differences in coffee borer infestation rates were analyzed
with an"ANOVA.

Linear-and non-linear models were used to fit the CBB consumption data fardylexi
Puerto Rico and the combined dataset to the following functiespbnse models as outlthby
Holling (1959:& 196%:

Type I:P = aN
. _ aN

Type ll: P = TohN
.p _ aN?

Type lll: P = T

whereP is the total number of coffee berry borers consuNad,prey density (total number of

CBB offered),ais attack rate, andis handling timeAttack rate and handling time were not
measured-directly in this study and were included as constants in the model. ThéuglGfva

each model.was used to assess performance, with the lowest value indicating the best fit to the
data.All statistical tests were performed in R v3.2.3 and significance was assessed at &P value
0.05.

3RESULTS
3.1 Infestationreduction potential and functional response

Inlaboratory settings, individual anoles reduced coffee berry borer indestdly an
average of 49% in Mexicd’€0.03 F=5.13,df=1, 35) and 83% in Puerto RicB € 0.019
F=8.82,df=1, 10; Figure 4). The effects of sex and gravidity on reduction potential were non-
significant £.>:0.05).

Manipulations of prey density reveal a Type Il functional response by anoles for
combined data from Mexico and Puerto Rico (Fig. 5). The combined data, however, reveals

indistinguishable differences between the Type 1 and Type Il AIC values (TablesljltsRe
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305 from a generalized linear model suggest gravidity, snout«ent length, species, and region are
306 non-significant effects on consumption potentiaP(0.05).

307 3.2 Environmental predictors of abundance and species presence

308 The average abundance of anoles on all coffee plots containing at least one individual
309 was approximately twelve times greater in u®ico than in Mexico (Fig.)6Anoles were the
310 only lizard'genus found on farms in Puerto Rico (five species total), while the twesspec

311 anole knownon farms ikexico werepresent alongvith a single species é&mievaand an

312 unidentified'species in the gensibuya(Table 3). In Mexico, a single species of anole was
313 dominantithroughout the study aréa ¢ollfusianu¥, while the less dominant species were

314 present only implots with reduced shade cover ranging from 50-75% cover (Table 3). Both
315 species in'Mexico also favored plots with coffee plants that were on average greater than 1.5
316 meters in height.

317 Coffee plantdons in Puerto Rico were generally dominated by a single species in plots
318 with high shadeA. gundlachi and plots with low shadé\( cristatellus Table 3). The less

319 dominant speciesy. evermannandA. stratulus also occurred more frequently in shade or sun
320 plots, respectively. All four species generally occurred together when plots witiengols

321 along aroad or habitat edge.

322 Along a gradient of increasirggriculturalintensity, both Mexican and Puerto Rican

323  anole abundance decreased significantly (Me>®a: 0.278 F= 9.48,df= 1, 21,P = 0.006;

324 Puerto Ri€oR? = 0.539,F=6.85,df=1, 4,P = 0.059; Figure 7). In Mexico, only 11 out of 23

325 surveyed plotsicontained anoles, while six of the eleven were present at therdesesalues

326 ranging from=1.0 to 0.5. In Puerto Rico, the greatest abundance of anoles was not ptesent at t
327 lowest intensity value, butidishow a linear decrease with increasing intensity. This trend

328 appears to be driven by a single plot with zero anoles. The generalized linedunmotel

329 testing the effects of canopy cover, agrochemicals, edge effects, and coffee heigiieon a

330 abundane.in plots in Mexico and Puerto Rico revealed significant effects of coffee height

331 (positive)(P="0.015,7=-2.43; Table 1) and agrochemical application (negatRe&) Q.05 Z=-

332 3.42; Table*l),on abundance in Mexico and significant effects of canopy cover (poBitive) (
333 0.005,Z=2.77; Table 1) on abundance in Puerto Rico. In both regions, the application of

334 pesticides had a deleterious effect on anole abund@abée 1), but lack of necessary
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replication of pesticide plots in Puerto Ridd£ 1) preventd this parameter from being used in
the model.

4 DISCUSSION

4.1 The biocontrol potential of Anolislizardson CBB

The results of this study are the first to provide evidence that anoles are capable of both
consuming,the/coffee berry boiarhigh numbergFig. 5) and significantly reducinGBB
infestations-irthe laboratory settings (Fig). Theseresults combined with our field survey data
showing that'anole abundansebolsteredy reduced agricultural intensificatigfig. 7),
suggest that anolesay be important biocontrol agentsdiversifiedcoffeelandscapes,
particularlysinsregions such as Puerto Rico where they are naturally more abéioatr®rmore
these results support several theoretical and field based studies suggesting that plest contro
services decline significantly when generalist predators are removeddfteaagricultural
landscapes (Perfecet al 2004, Fariget al 2008, Karpet al. 2013).

Predation rates by lizards are generally determined by manyfathers, including prey
diversity, predator size, and environmental conditions such as habitat diversity and sgasonali
(e.g, Angilletta2001; Pitt & Ritchie 2002). This study was conducted during the egg laying
season for.Mexican anoles and during the period of low berry borer abundance for both regions
(Sponagel1994), so the functional response of anoles to coffee berry borer abundances may be
different in field settings aithertimes of the year. Realistic estimates of reduction potential
would be most robust for experiments conducted in natural conditions, with naturabwariati
ecologicalfactors like structural complexity and prey diversity.

Results‘from the functional response experiment imply that more data are necessary to
infer a functional response curve for the combined data set or that the datétlzette
alternative model (Table 1). AIC values for Puerto Rico show negligible diffessbetween
each functional response type, suggesting that more data are needed to infer a satiation po
This result.also suggests that the combined data set significance may have been driven primarily
by the Mexieo data. Overall, however, the high consumption results from this study are
concordantwith several studies showing that anoles consume lanjpers of insects that may
have been otherwise assumed too small relative to lizard body size to reflect an important diet

component (Simmonds 1958). Ultimately, the behavior of the coffee berry borer iretiglg s,
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with added variables like habitatnability and ceconsumption of alternative prey, may provide
more realistic estimates of functional response for this genus.
4.2 Adaptiveradiation asa predictor of disturbance tolerance

Previous_studies documenting the effects of agricultntahsification corroborate the
results of this.study that shifts from diverse ecosystems to intensified agricultural landscapes
have negative effects dhefunctional characteristiasf anole communitiesuch as abundance,
diversity, and'use oferticalplantspace (Gloet al. 2000, Borkhatariat al. 2012). This study
additionally‘illustrates the deleterious effects of pesticide ubtekico and Puerto Rico, and the
significant role of dissimilar habitat variables on abundance in each region (caffeeihe
Mexico, canopy. cover in Puerto Rico). For plots that included agrochemical appbcétards
of both regions'were virtually eliminated, potentially becaugsediiced prey abundanas
perhaps through direct bioaccumulation of toxic substances (baair2007).

The sympatric occurrence alistinct ecomorphs the Puerto Rican coffee farms is
posited here as the underlying mechanism leading to higher abundances at interrvetiaié le
intersity amang island anoles (Fig. 7). Although lizards are generally assumed to f&imgbas
sites and open‘habitats for thermoregulation, several mechanisms may account for a dissimilar
responsetbetween island and mainland taxa. Anoles have been shown to be either
thermoregulators, species that actively select favorable microhabitats, or thermoconformers,
species that adopt ambient temperaturesdqs 2009). Comparative studies of the Puerto Rican
anolesA. gundlachiandA. cristatellusreveal thatA. gundlachifunctions as a thermoconformer
adapted toscooler environments, actristatellusas a thermoregulator tolerant of warmer
conditions(Hertz 1992, Rogowitz 199@)ur results corroborate this finding by showing
increasedA. gundlachiabundance in interigulots with high shade (Table 3), wherdas
cristatelluswas most abundant in plots with the least amount of shade and along forest edges
with reduced.cover (Table 3\nolis stratulusvas also shown to share trends similar to that of
A. cristatellus supporting findings by Borkhatared al (2012), who showed congruent
relationshipsto sun and shade dominance amoggndlachiandA. cristatellus Mainland
anole species,have been reported to avoid the costs of thermoregulation by selecting for
environmets that are relatively warmer (Vat al 2001). The results of this study, however,
suggest that mainland anoles respond more to shifts in structural diversity tednded cover
or habitat edges.
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A number of additional mechanisms may influenceréakiction of anole diversity in sun
and pesticide plots between the two regions. As discussed previously, thedife his
characteristics of Caribbean island and mainland anoles are understood to besfiatia
different. Anole communities within the @Glabean are limited by food resources due to high
interspecific.eompetition, whereas mainland anoles are generally limited by relatively greater
levels of predation (Andrews 1979). Andrews (1979) additionally references nthamales as
having lower'survivorship and lower food intake (via less time foraging). Although mainland
anoles with'low"abundances are not predicted to have as great of an ecosystem impact on the
insect community as island anoles, they are likely more vulnerable to chamyey
availabilityg structural diversity, and chemical inputs.

4.3 Implicationsfor management and conser vation

The results of this study imply thiiie geographic location aridcal environmental
settings where humattisturbance takes place dreth importanfactorsthat must be considered
when managing aisk speciesThisresearch suggests that the structural diversification of coffee
farms functions as a benefibthto farmers by providing the insurance of predatory diversity
against pest outbreakandto biodiversity by providing a hospitable landscape for persistence
and dispersal.

In.theisland agroecosystems of Puerto Rico, the loss of anole biocontrol sisrvices
buffered by greater functional diversity and overall abundance, relative to Mewging that
islands of'the greater Antilles are more equipped to respond to distarbathe genus level.
Shade adapted ectotherms sucAmaglis gundlachin Puerto Rico, however, will likely be
isolated in‘ferested habitat islands as the result of an increasing move toward sun coffee and
deforestation, and they may be at greater ettin risk relative to species that are more tolerant
to the higher temperatures experienced in more intensely managed farms (FE8hkA
study of mainland anoles by Pouretsal. (1999) suggested that mainland anole abundance
decreases linearly mesponse to increasing environmental temperatures. Such declines are
predicted tesbe further exacerbated amidst intensified agricultural landsaghécreasing
global temperatures (Deutsehal 2008).

In conclusion, the evidence presented in this study showing that anoles reduce pest
infestation potential and are adversely effected by-lesgdintensification has important

implications for the management of agricultural landscapes to maintain ecosystem services such
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427  as biological control. This understanding adds to a growing body of evidence suggesting that
428  win-win solutions are possible in agriculture, helping both to conserve biodiverditg an

429  promote the sustainable production of food to meet society’s needs.
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Figure 1. Photegraph of an adult Mexican anole, Anolis sericeus, perching in a coffee shrub.

Figure 2. Representative photos of diversified shade coffee in Mexico (A), diversified shade
coffee in Puerto Rico (B), intensive sun coffee in Mexico (C), intensive suredaffeuerto
Rico (D).

Figure 3. Laberatory setp for the experimental assessment of CBB infestation reduction. Each
individuakanole was paired with a single coffee branch per enclosure tent (A) andliesure
tents wereshoused in a semitdoor laboratory with natural sunlight and ambient condsti@).

(C) is a representative photo of CBB entry holes used to assess coffee berry infestation.

Figure 4. Mean number of coffee berries infested by the coffee berry hodS3E) in the

presence ‘and absenceAoiolislizards in laboratory settings.

Figure5. 'Functional response of anole predation on variations in coffee berry borer abundance

in laboratory. settings.

Figure 6. Average abundance of anoles per hectare in Mexico (n2422%6) and Puerto Rico
(n=609.6x 57:26 from plots where anolesese present.

Figure 7. (A) Variation in anole abundance along a gradient of intensity in MeRfco §.278,
P = 0.006) and (B) Puerto Ric&{= 0.539,P = 0.059).
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638

639

640 Tablel. AlCvaluesfor typel, I, and Il functional response model fit to the given data for
641 Mexico, PuertoRico and combined.

642
643—
AlC Values
644
Functional Resp. Mexico  Puerto Rico Combirgioé
Type | 293.54 167.79 475.38
Type ll 290.19 167.17 475.346
Typesll| 288.76 166.72 479.53
647
648
649
650
651
652
653
654
655
656
657
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Table 2. Restlts of a generalized linear mixed model testing the effects of canopy cover,

agrochemicals, edge effects and coffee height on anole abundance in plotsin Mexico and

Puerto Rico., Asterisks denote degree of significance.

Region: Mexico
_ Fixed _ Std. Random _ Std.
Variable Estimate Z Pr(>|z|) Variance
Effects Error effects Dev.
Abundance Intercept 2.644 1.666 1.587 0.113 Plot 0.351 0.592
Cover -1.289 2324 -0.555 0.579
Agrochem -3.671 1.072 -3.424 0.006***
Road 0.2655 0.4727 0.562 0.574
Height -1.706 0.703 -2.427 0.015*
Region: Puerto Rico
_ Fixed _ Std. Random _ Std.
Variable Estimate V4 Pr(>|z|) Variance
Effects Error effects Devw.
Abundance Intercept 2.104 0.894 2.353 0.0186* Plot 0.656 0.81
Cover 3.183 1.149 2.769 0.005**
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Road -0.951 0.737 -1.289

0.197

Table 3FAverage species abundance per characteristic of habitat intensity in Mexico and

Puerto Rico.

Agrochemical

% Canopy Cover U
se

Roadside Plot

Coffee Height

50-75% 75-100% Yes
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Mexico
Anolis dollfusianus 6.8 8 0.08 5.18 7.3 6.7 1.4 8.3
Anolis sericeus 1.6 0 0.08 0.09 1 1.7 0 1
Amieva amieve 0.8 0 0.25 0.27 0.7 1 0.2 0.66
Scingidae spp 3.6 0 0.17 2 3.3 2.7 0.8 2.66
TOTAL: 12.8 8 0.58 754 12.3 12.1 2.4 12.62
% Canopy Cover Agrochemica Roadside Plot Coffee Height
0-25% 75-100% Yes No Yes No <15M >15M
Puerto Rico
Trunk-Ground
Analissgundlachi 1 43.5 0 46.4 7 68 N/A 46.4
Anolis.eristatellus 30 7 12.4 26.5 0 N/A 12.4
Trunk=Crown
Anglis stratulus 18 15 4.8 15 0 N/A 4.8
Anglis‘evermann 1 2.5 5.8 2.25 9 N/A 5.8
GrassBush
Anolis krugi 2 1 0 1.4 0.75 0 N/A N/A
TOTAL: 52 55.5 0 70.8 38 77 N/A 69.4
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