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In naturalandmanagedystems connectiondetween treeare important structuraésource
for arboreal ant communitiegith ecosysterevel effects However, ongoinggricultural
intensificationin agroforestry systemsvhich reduces shade tresasdconnectivity between
treesand crop plants, may hindant recruitment rates to resources and pest control services
provided-hy-ats:We examinedwhether increasing connectivity between coffee plants and
shade treem coffee plantations increases ant actiahgdenhances biological control of the
coffee berry borer, the most devastaiimgectpestof coffee.Further,we examined whether
artificial cannections buffer against the lagssegetatiorconnectivityin coffeeplants

located at larger distances from the nesting iMeused string to connebitga micheliana
shade treesontainingAzteca sericeasur antness to coffeeplantsto compareant activity
before andafter ,placement of the strings, rmeasurd borerremoval by ants onoffee
plantswith andwithout strings. At activity significantly increased after the addition of
strings on conneécted plants, but not on control plardeeriBemoval by antsvas also three
timeshigher on connected plardafter string placemenGreater distancérom thenesing

tree negatively influenceat activityon control coffee plants, but not on connected plants,
suggesting.that.connectiohstween coffeplants andest treesould potentially
compensate fdhe negative effects that larger distances pose on ant adfvitystudy

shows that favoring connectivity at the local scale, by artificially adding caansct
promotes antactivitgndmayincrease pesemovain agroecosystems

Key words: vegetationonnectivity, coffee berry bordpjological contro] Azteca ants ant

foraging, foraging behavior

RESUMEN

En sistemas naturales y agroecosistemas, las conexiones en la vegetacion son recursos
estructurales.importantes para las comunidades de hormigas arbéndlayen en procesos

a nivelecosistema. Sin embargo,dardida de la complejidad de la vegeta@érios

sistemas agroforestaléa cual reduce conectividad entre arboles aelsa y el cultivo,
puedempactar negativamente las tasas de reclutamdsntwrmigas yeducirel control
biolégico. Examinamosl efecto dehumento de la conectividaahtre plantas de cajé

arboles de sombra éam actividad de las hormigas y el control biolégico de la broca del café.
Evaluamossi lasconexionesrtificialesamortiguan contra la pérdida de conectividadade |
vegetacion eplantas de café situadasnayores distancias del arbol de anidacion.

Utilizamos cuerdas de yute para crear conexiones entre arboles de sombicos de
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Azteca sericeasur, y arkustos de café. Comparamasactividad de hormigas y la remocién

de broca antes y despuédaleolocacion de las cuerdas arbustos de café cony sin

cuerdas. La actividad de hormigagmnent6 después de la colocacion de cuendkzs
plantasconectadas, y laliminacion debrocafue tres veces mayor en las plantas conestada

La distancia-al-arbol danidacion influyé negativamente en la actividadas hormigas en

las plantagontrol. Las onexiones entre las plantdscafé y los arboles podrian anular los
efectos negativos que las distancias mas grandes suponen para la actividad de las hormigas.
Nuestro estudio muestraie la conectividad de la vegetac&ascala locabromueve la

actividad de las hormigas y puede incrementar la remocion de plagas en agroecosistemas.

Palabras claveonectividad de la vegetacion, contbadldgico, hormigas arbreas

comportamiento de forrajebroca del caféAzteca spp.

HABITAT COMPLEXITY IS CRITICAL FORTHE FUNCTIONING OF ECOLOGICAL COMMUNITIES IN
both terrestriahndaquatic systems. Processes such as resource fqregjliogization, and
species interactiorsten depend on the level of heterogeneity in the configuration of
physical elements inlzabitat (Lassau &lochuli 2005). Vegetation connectivity and
structure are.importacomponent®f habitat complexityandcan influencespecies
interactionsandcommunity patterns at local scalésaquatic systems, more complex
habitats made up of macrophytes support communities that are more diverse and abundant,
andallow for greaterfood capture than systems without vegetation (Crowdalr, 1998,
Warfe& Barmuta 2004). In terrestrial systems, vegetation structuek-as the biomass of
foliage andthe variety of plantarchitectures generallyinfluences species composition, and
increasespeciegichnessand abundanaef numerous taxa (Andersen 198&lajet al.
1998, Langellot& Denno 2004Adamset al. 2017). Additionally, vegetation structure can
influence mobility and foraging succesfsvertebrateandinvertebrategWells et al. 2004,
Yanoviak& Sehnitzer 2013, Verderyilalta et al. 2015, Arroyo-Rodriguegt al. 2015).
In_tropical ecosystemantsareamongthe most abundant and biodivetde
taxonomic groups (Longinet al. 2002), andareconsidered important predators, herbegr
andseed disperse(&lorenet al. 2002, Davidsomrt al. 2003, Camarget al. 2016. Ants are
cursorial centraplace foragers- organismshat forage from a central place to which they
return with foodto feed with the colony (May& Benabib, 2009)Therefore, foraging and

discovery of food resources is strongly constrained by the need to constrimtamdrails
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along vegetationHarji-Breneret al. 2007, Gordon 2012) his isparticularlyrelevantfor
ants using the arboreal stratas their primary foraging space (Ap@leFeener 2001,
Hashimotoet al. 2006, Tanakat al. 2010,Powellet al. 2011). For instancéhe availability
of vegetation connections (elganches, leaves, vines, lianas, barkdmoss)canmaximize
ants’ foragingefficiency, locomotion, and velocity (Fewell 1988, Tori@sntreras
Véasquez 2004, Clast al. 2010),as well axontribute to changés community composition
andspecies richnegtassau& Hochuli 2005, Yanoviak Schnitzer 2013, Yanoviadt al.
2016, Adamst al. 2017). The availability of such resources can ultimdesd to
differences.in resource utilizatidny ant communitiegOzakiet al. 2000, Cogngt al. 2003).

In trepical agricultural systemsspecially agroforestantsplay important ecological
roles(Clausen 1940, Leston 197/3ffenberg 201 andmanagement practicean strongly
influence ant behaviandtheir potential foprovidingbiological pest contraervices
(Armbrecht &Gallego 2007, Teodoret al. 2010, Abdullaet al. 2016). Indeed, one of the
oldest known records of the use of ants for pest control dates to 304 A.D in citrusquantat
in China. In hese systems artificial connections made of bamboo were used by farmers to
facilitate foraging by the Weaver Arfbécophila smaragdina) to suppress damaging
phytophagous.insects. (Huang and Yang )98 7hat same study, Huang and Yan (1987)
reportanecdotal evidence that suggesgsial yields in orchards that use chemicals vs.
orchards that.usantbridges to contrdlor pests Similarly, Peng et al. (2004), repdower
levels offruit damage in cashewith the presence of weaver antioweverasvegetation
complexitydeclinesin agroecogstams treedensity andliversitymay also decrease (Moguel
& Toledo, 1999 Boset al. 2007), as well as the possibility to generateneations between
thearborealegetation, which might impact arthropod populations @as. 2007).The
lack of connectivity between trees in managed systems can have a significant impact on the
mobility of'worker ants and their ability to control resources. This impagtheaarticularly
marked at/greater distances from the nest, where ant dominance may bomier2010).
This in turnmay:influencehe ecosystem services provided by godsticularlythe
suppression:gbestoutbreaks Qzak et al. 2000).

Shaded coffee plantationshich maintainhigh levels olshadeandstructural
complexity (Meguelk Toledo, 1999ransustain complex networks of organisms, which can
result in biological pest control (Vandermeeal. 2010). Incoffee systems, ants are a
functionally diverseand abundant group of ground aarthorealnesting arthropodandare
considered importaritiological control agentéviorris et al.2018 Philpott & Armbrecht
2006).Ants arepredatorsof the most devastatingpffee pestthe coffee berry borer (CBB)
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(Hypothenemus hampei), abeetle thadrills cavitiesin coffee berriemndseverely damages
the seedBarrera 2002, Camilet al. 2003).Several species airborealnts with nests
attached to oinside tree trunks, branches twigs,control adultandimmature stages of this
pest either through direct predationdeterrencéMorris & Perfecto, 2016, Larsefa
Philpott,’”2010;"Gonthiest al. 2013). Ants of the genukzteca arenumericallydominant in
shaded coffee plantatiariBhese antforage intensively on coffee plar(&s a result of an
ant-remipteran mutualismand deter CBB adults by removing them from the coffee plant,
therefordowering fruit damagéJimenezSotoet al. 2013. In shaded coffee plantations,
Azteca sericeasur antsnest on shade tre@gandermeeet al. 2010) andaccess adjacent
coffeeplants through thieaf litter or available pathwaysuch as féen branchesyines and
other vegetatioifpersonal observation), matching the descriptiooy Longino (2007jor this
speciesn forest habitatdn more intensively managedffee systemswith fewerandmore
distantnestingtrees connectivity may beparse oabsentandartificial connections might
buffer againsthis loss. \egetation structurand arboreatharacteristics in coffee plantations
arelikely to.beimportant factors influencingntforaging behavior andesting in arboreal
ants(UrrutiasEseobai& Armbrech 2013 De la Moraet al. 2013). However, the influence of
vegetatiorcennectivityon the foraging of this dominant arboreal ant, isdffect on pest
removalin coffee plantations has not yet been studied.

Previous work has documented the importancalodreal connections for ardad
biological controlin agricultural systemd-or exampleyarious studies and farmers’ manuals
suggesthatconnecting nests to adjatdrees using bamboo stripeabls weaverants to
colonize new trees, whidhcreaseants’efficiency in removingests, includinghe
pentatomid inseclesserarotoma papillosa (Huang and Yang 1987; Pesagal. 2004;Van
Mele & Vayssieres 20QA/an Mele& Cuc 2007). Howevethere is little evidence about the
effect of increasing arboreabnnectivityon biological controlising experimental data. &V
reportan.experiment testing the influence of adding connechehseen shade treaad
coffeeplantstandts effects on CBBemoval orcoffeeplants. To our knowledge, this is the
first study proeviding experimental data on the effect of adding connectivity on ant activity
and pest removah coffee agroecosystentSpecifically, we testedne hypothesi
connectivity‘affect<BB removalin this systenby increasng recruitment rates ok.
sericeasur antsto prey itemswe predicted that) A. sericeasur antsuse artificial
connectiondetween nesting treesdcoffeeplants 2) plantswith connectivity have higher

ant activity than isolated plant3) plantswith connections havgraterremoval rates oCBB
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by A. sericeasur ants and4) A. sericeasur activity andCBB removal rates byA. sericeasur

antsdecrease&vith increasedlistance fromA. sericeasur nests.

METHODS

STuDY SITE.—"We conducted the study in a 300 ha shaded coffee plantation in the
Soconusco region of Chiapas, Mexico. The coffee plantation is located at 1100 m a.s.l. in the
Sierra Madrade Chiapas Mountains. The natural vegetation types are highidrelevation
perennial foresandthe climate is semitropical with rdail typically occurring between May

and October (4000-5000 mm annuallyhe coffee plantation can be characterized as a
commercial,polyculture, wheoffeeplants grow under the canopysifade of trees, mostly

in the genusnga (Fabaceadvlimosoideae) (Moguet. Toledo 1999), providing aaverage

canopy cover of 75%Paket al., 2015).

FIELD EXPERIMENT. — Within the farm, wehaphazardlyelected 2@on-overlappingites
locatedat least 10n away from each oth&vith onelnga micheliana tree containing aA.
sericeasur carton nest on the tree trunk (referred to as the nestingAresejiceasur is a
polydomusyarboreal ant species (Longino 20@H)ch occurs in ~13% of trees at our study
site (unpublishedata) and forages on coffee plants (Vandermeer et al. 20ri@es were
selected only-if antests were noticeably activie.each site, weguantified ant activity on the
nest treeas the number of ants crossing a single point on the main trunk during one minute.
This methedology has been used in previous studigsasur@verallant activityof a nest
(Perfecto & Vandermee2006,Liere and Larsen 20)0We therselectedhe sixcoffee
plantsnearesto thenesting tree, makingurethey were not directly touching each other or

the treeby removing branches and vines (Fig.\We then randomly assignddreeof the
coffeeplantsateach site to a connection treatmantithreeas controls without connections,
then measured-ant activity on the plants by counting the number of ants passing a point on the
central trunk for.one minut&Ve connected treatment coffglants(from the main trunkjo

the nestingtreeat near as possible to tAesericeasur nest)usingjute string (0.95 cnof
thickness)«(Fig. 1)Stringsremaired in the field for three days to alldar antacclimation to
disturbance and,for ants to establish new foraging pathwégs.three days, we returned to
the sitesandre-measured ant activity on the nesting tree @fteeplants. Observations took
place between 10 am and 1 pm, and were immediately stagpbn as it started rainjrag

this drastically decreases ant activity.
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To test how connectivity impacp®tentialbiological controlprovided by antswve
added dead adult CBB onto connected and control coffee plants to directly assesoaal r
rates. We collected CBfested coffee berries from the field, dissected them, extracted
femaleadult CBB individual§only mature females bore into berriea)dplaced them in the
freezer for upto 24 tafter which beetles were deakhree days after placing stringsd
after reassessing ant activity, we plaé@ddead CBB adults amsmall piece of white card
on eachcoffeeplantnearthe center of the trunkeft cards for 30 min, and then counted the
number ofyCBB remainingCards were balanced on coffe&anches and were bend slightly
to keep the.CBB from fallingRestricting movement of sentinel prey, either by gluing them
to observation sites or freezingeth is a common technique for assessing predator behavior
(Armbrecht"&Perfecto 2003, Jedlickhal. 2012, De la Morat al. 2015). We used frozen
(dead) sentinel'prey to increase the availability and similarity of beetles on cards and to
reduce the potential for live prey to escape from the arena. To assess whether CBB removal
was due to _ant activity, we monitored cards across the plot over a peBodmnutegwe
walked around the experiment and observed ant behavior, such as encounter and handling of
CBB) and recorded any arthropods present. Only ants were observed on the cards, indicating
that these 'were responsible fenroving the CBB. Although we acknowleddpatthe use of
dead prey may alter ant behavior, it is already well established.tbaiceasur both
antagonizes.and predates live CBB in the field, and reduces CBB infestation on plants
(JimenezSotoet al. 2013, Gonthieet al. 2013, Morriset al. 2015, Morriset al. 2018. We
used dead prey in this experimentiore readily assesntremoval rates and infer that these
changes translate to changeshe biocontrol efficiency of this apn live prey.

Immedidely following each experiment, we characterized the vegetation in each site
because several different environmental factors are known to inflaebhéeraging in coffee
systems (Nest&él Dickschen 1990 We measured the percentage afamy cover (using a
sphericaldensiometer);offeeplant height, andistance from each coffggantto the central

Inga nesttree:

DATA ANALYSIS . —
Ant Activity on'Nest Tree

To test for statistical differences in ant activity on nest trees before and after
connecting trees to coffee plantge fit our data to a generalized linear mixed model

(GLMM). We included time (before and after string placement), canopy coveheaind t
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interaction as fixed effects (Table 1a). We also modeled nest tree identityna®im reffect.
To assess count data (our response variable) we originally fit our model to@Poiss
distribution with a log link function. Bwever, to correct for observed over-dispersvoa,
modified our model to a Poisson-lognormal distribution by addipgrobservation random
effect term (Elston et al. 2001).

Ant Activity on Coffee Plants

To test for statistical differences in ant activity on coffee plants before and after
establishingconnections we used a GLMM. We included time (before and afteg stri
placement), treatment (connected vs. control plants), coffee plant distance to nest tree, the
interaction/between time and treatment, and the interaction between time and distance as
fixed effects (Table 1b)We also included coffee plant height and aattvity on nest tree as
covariates. Random effects were modeled with plant identity nested within site (nest tree
identity) to account for the block design of the experiment (spatiaint@pendence) and to
control for'variation between our sitd® madel count data ani correct for overdispersion,
we used aPoissdognormal model with a log link function by including a per-observation

random effect.as described above (Elston et al. 2001).

Coffee Berry Borer Removal

We modeledCBB removal by ants using a GLMMVe included treatment
(connected vs. control plants), coffee plant distance to nest tree, any axticivffee plants
after string placementhe interaction between treatment and distance, and the interaction
between treabert and ant activity on plants &ged effects (Table 1c)/Ve also included ant
activity on nest tree and coffee plant height as covariResdlom effects were modeled with
plant identity nested within site (nest tree identity) to account for the bleiddef the
experiment. (spatial non-independence) and to control for variation between ourcsites. T
model count'data in our response variable we used a Poisson distribution with a log link

function.

Model Selection,and Inference

We constrained model lgetion to include biologically pertinent terms for inference
and to aid in model interpretatioA full model of these terms was tested, along with
subsequent models of different covariate combinations and a null intercept-onlyoiode

random effects (Table 1). The best fit model was determined via backwards model selection

This article is protected by copyright. All rights reserved



compared to the full model, where the model that resulted in the lowesta#d Gelectedf
AAIC > +2 when théest fitedmodel wasot the full model.

Overall significance in modelwas assessed using Wald type |l-S&duiared tests.
Statistical differences among treatments were compared by Wald ZTiaisks2 & 3). In all
cases, fixed-effect parameters and the variance of random effects was estimated by maximum
likelihood with LCaplace approximation using the ‘glmer’ function in the ‘ime4’ packadg i
(R Development Core Team 2014, Badkal. 2014). To aid in datinterpretation, we
removed aneoffee plant replicatdecom our analysisvhere measured ant activity was more
than double that of any other plant measured and may have resulted from an unusually high
buildup of'scale‘insects which are tendedi\bgericeasur on coffee Additionally, one nest
tree replicate/was not included in the tree activity analysis because the data were not collected
at that site. Finallycoffee plant height and distance to nest tree were centered and scaled to
aid model interpretatim All analyses were performed in(R Development Core Team
2014).

RESULTS

We observed\. sericeasur ants usingartificial connectionst all sites(Fig. 2a) anadn 75%
of all stringsplaced in the fieldOtherantspecies such a3ephalotes basalis and
Pseudomyr mex-simplex co-occurred withA. sericeasur ants on thetrings(Fig. 2b) but not

on thecards

Ant Activity on Nest Trees

Although there was an 18.6% increase in ant activity on nest trees after experimental
set up (Fig. 3a), including time (before and after string placement) in our modetdid n
improve its.explanatory power. Canopy cover also varied from 53% to 94% artes)g si
however,including it as a factor did not improve model fit. The GLMM that best explained
ant activityrontrees was our null interceptly model (Table 1a)lhus, wedid not further

assesstatistical'significancéor our model of ant activity onest trees.

Ant Activity on €offee Plants
The model that best predicted ant activity on coffee plants included time (before and
after string placement), treatment (connected vs. control plants), coffee plant distance to nest

tree, the interaction betweéeatment and distance, and the interaction between treatment
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and ant activity on plants as fixed effects (Table 1b). This model also included mafiee
height and ant activity on nest tree as covariates.

Overall, ant activity increased in coffee pkafter the placement of strings
(x°=14.94,p<0.001 Fig. 3b). However, this effect was only significant in connected coffee
plants ¢=4.83;p<0.001, Table 2), which increased in activity by 163.4% after string
placement, as opposed to only a 56.4% increase in control coffee ptn#8(p=0.635,

Table 2) The significant interaction between time (before and after string placement) and
treatment (connected vs. control) in our model (x?=8.58,p=0.003), indicates that there was a
significantly.greater in@ase in ant activity on connected plants than on control plants after
string placement (Fig. 3b).

Distance between coffee plants and nest trees varied from 0.65 to 3.5 m. Overall, ant
activity significantly decreased as the distance of coffee plants from nest trees increased
(x*=5.54,p=0.019). Howeverafter string placement (Fig. #is effect was only significant
in control plants#=-3.11,p=0.002, Table 2whereas connected plants had lower decreases
in ant activity with distancéz=-0.44,p=0.659, Table 2), as indicated by the significant
interaction tesmsbetween treatment and distance in our model (x2:4.23,p20.040).

Additionally; coffee plant height varied from 0.2 to 3.0 m and explained some of the
variationift plantant activity (x*=4.59,p=0.032); however, ant activity on the nest tree was

not a significant‘covariate in our model (y?=3.39,p=0.066).

Coffee Berry Borer Removal

The GLMM that best explained CBB removal was our full model, which included
treatment (connected vs. control), coffeanpldistance to tree, ant activity on coffee plants
after string placementhe interaction between treatment and ant activity on plants, and the
interaction between treatment and coffee plant distance as fixed effects (Table 1c). This
model alsa.includedoffee plant height and ant activity on the nest tree as covariates.

CBBremoval was nearly three times higher on connected coffee plants than on
control coffeesplants/{=9.82,p=0.002, Fig. 5). Overall, the effect of coffee plant ant activity
on CBB_renoval was significantf=7.91,p=0.005, Fig.S1); however, this effect was
significant on‘eentrol plant&=2.35,p=0.019, Table 3), but only marginally significant on
connected plants in our modet(.80,p=0.071, Table 3)Despite this, the interaction
between treatment (control vs. connected) and ant activity on coffee plants was not

significant §*=0.15,p=0.699), indicating that ant activity on coffee plants and treatment

This article is protected by copyright. All rights reserved



independently driv€ BB removal. CBB removal rate was not significantly affedigd
distance to the nesting treg<0.37,p=0.545). Additionally, neither coffee plant height nor
ant activity on nest tree were significant covariates in our model (Tabti3ugh we
chose thdull model based on the lowest AIC value as explainedirrmethods, it should be
noted that the"second best model (withAdC of -0.72) does not include coffee height,
which suggestthatit maynot be a very important variabier determining the removal rate
of CBB.

DISCUSSION

Our.experiment demonstrates thia addition of string to connect shade trees and
coffee plants jin coffee agroesystems facilitatemovement folA. sericeasur and potentially
increases ant recruitment rat&udies in natural systems have repomeceasesn ant
activity with aboreal connectionacross tharboreal stratunfYanoviak 2015), possibly
driven by the easy access these pathwagsgide to resourcg€lay et al. 2010). Other ants,
such ag?ogonomyrmex spp.preferlinear arboreal substesandswitch to cleared routess a
mechanismstesrédudhe energetic costs of amtraging (Fewell 1998), and some caset®
decreasehesrisk/of encountering predatofZaglinget al. 1997, Yanovialet al. 2011).

The observed increase in ant activity on connected coffee plants after the placement
of strings suggests that structural connectivity can increase ant recruitment rates to foraging
areas in coffee and may enhance the efficiency of movemeft $erceasur. This may lead
to increased foraging efficiency for ants and enhanced resource capture rates on coffee.
However, this coul@lso reflecotherbenefits associated with using linear arboreal
substratessuch as avoiding predators, a behavior that is known to ocAusan ceasur
(Philpottet al. 2009). Using more efficient foraging pathways and thergbidang the leaf
litter as a primary foraging substratey potentially proteci. sericeasur workersfrom the
attack of.the phaud fly parasitoidPseudacteon spp (Philpottet al. 2009).

While"ant activiy only significantly increasedfter string placememn connected
coffee plantsywe also observed lesser increases in ant activity on control coffee plants and
nest treegkig. 3) This unexpected result could mehatstrings,a novel element in the
environmentaeted as a form of habitatodificationor disturbancewhich increasedverall
ant activityin the local areaHowever,if our manipulation wrethecause we would have
expected thantsto attack the jute string&®.g., Risclet al. 1977), a behavidhat we did not
observe during the experiment. Experiments in tropical forests have #hatthre long-term

removal of lianas can influen@at richness on trees (Yanovi&kSchnitzer 2013)and
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thereforemaypossibly also affeabverall ant abundance aadtivity when promotedt is
alsopossiblethat other factors could potentially explain this resuttontrol plants, such as
changes indcal abioticfactors that we did not measure systematicallyunexperiment.

Future research which expands on the temporal scope of this study may be usefulimgassess
the longtermreffects of artificial connectivity in this system.

Ant activity post string placementas negatively affected by distance to tiesting
tree(Fig. 4) This result ionsistentvith previous studies suggesting thathin 5 metersA.
sericeasur dominancen the leaf litterdecreasewith distance to theesting tre€Philpottet
al. 2004; Ennis,2010). However, in our stuthe effect of distancafterstring placement
was significant.only o controlplants but not on connectguants This suggestthat
connections coulbufferthe negative effects that larger distasfrom thenesting tregpose
to ant activityand potentially increase ant-provided biological control services in these
plants.

Connectectoffeeplantsalsohad significantly higher CBB removal than control
plants(Fig..5). Overall, greater ant activity on coffee plants was associated with higher CBB
removal rates.(FigS1), suggestinghatant activitydirecly influenced CBB removal rates
However while.this effect was significant on control coffee plaibisas only marginally
significant on connected plant&/hile we believehat these results support the hypothesis
thatconnectivity enhances ant foraging and biocontrol services oeecthié use of dead
CBB in this experiment as a proxy to measure biocontrol may explain thenargynally
significant effect of ant activity on CBB removal in connected pldnis possible that dead
prey exhibitmore variablgecruitment responsdrom ants thafive prey.Despite thisjt is
likely thatstringsfacilitated ant movement to coffee plariig providing a smootHinear
substrate and indirectly increaseBB removal(Clay et al. 2010).In other systems, the leaf
cutting antAtta cephalotes uses fallen branches to rapidly move between areas and thereby
quickly discover'new food resources (F&peneret al. 2007). Similarly these resources
allow scouts'torreturn quickly to the colony, minimizing the time taken for information
transfer andsrecruitment of other foraging work&iarji-Breneret al. 2007). The role of
trunk trailsandfallen branches has received extensive attention in thelgtiig ant system,
however, fewer.studies have looked at the influen@®ohectivity resourcesn foraging
behavior of predatory arboreal ants.

Surprisingly,CBB removal did not fllow the same trend as ant activity with distance
to the nesting tre&Vhile control plants tended to havewer CBB removal ratethan

connecteglantsas distance to the tree increased did not find a significant effect of
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distanceon CBB removaln either control or connected plant grougsllectively, these
results suggest thabnnectionsn the arboreal stratuimve the potential tmcrease ant
activity andthereforeenhance plant protection froBBB attack particularly in conected
plants.Further studies should assess the effect of disam&BB removalsingplants
located at distances larger than 3.5 m from the tree.

It is‘important to notéhat enhanced ant activity on coffee plants could lead to
increases in the density ant-tendedhemipterans, such as the green coffee scale, which if
severe enaugh could reduce the productivity of coffee plants. However, the green coffee scale
is not a major pest in ghregion of study, in contrast to the economically significant coffee
berry borer,(Morris et al. 2018). Furthermore, a recent study evaluating the benefits
associated'with the indiresizteca-Coffea mutualism, found that thgrotectivebenefitants
provideto coffee plants is positively associated with high densities of the @Rizlera
Salinas et al. 2018). This suggests that the enhanced CBB control by ants outveeqgists
associated with scalamage. However, thesgeractionamay be context-dependent, and
still need to be fully evaluated in the field to provide a holistic understanding ohplaet of
connectivity.on.scale density and coffee yield.

Other ant species could also benefit from the addition of connections between coffee
plants and shade trees, suclCaghalotes basalis andPseudomyrmex simplex, which were
observed using these connections during our study. THe sintplex has been previously
reported as an important CBB biocontrol agent, acting in conjunction thién species of
ants to effectively suppress CBB at various life stages (Philpott et0d, Rrris et al.

2018). Therefore, this technique could suppatéca ants as well as other ant species that
play an important role in suppressing CBB populations.

Our results support the general hypothesis that connectivity, one measure of habita
complexity,. can sustain important ecaltsg processes inatural and managextosystems.

In aquatic'systems, more complex habitith macrophytes allovior greateffood capture

and maintainthigher levels of divers{@rowderet al. 1998, Warfe& Barmuta 2004). In
terrestrial systems, higher complexity é¢afluencetrophic dynamics (Polis &trong 1996,
Sandergt.ale2008). h coffeeagroecosystems, ants are higbgnsitive to habitat change and
managementintensification, generally expressed as the reduction of shade,iefiroinat
epiphytesanduse of chemical inputfpth& Perfecto 1994, Armbreclat al. 2005, Floren

& Linsenmair 2005, Philpott al. 2008).Such intensification can have a negative effect not
only on vegetation connectivity and ant foragibgt mayalsocascade taffect ecosystem

servicessuch as biological control. Our study supports the idea that promoting comptexity
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a local scalgin this casegoroviding structural resources for ants in agroecosystesns,
significantlyenhance connectivityithin thearborealstrata,and potentially improve
biological controlof coffee pests. This idea has already been successfully implenmented
otheragricultural systemslacing “ant bridges” made of bambsiipsor strings connecting
neighboring-treesm (DeBach 1964yan Mele et al. 2009),andcould be incorporated as a
management strategy in coffee systems
Future research shoukdaluate the practic&asibility ofadding connections
between vegetation stratmenhance biocontrol. For example, studies in timber plantations
have estimated, that the presence of ants increases timber production by 40%,antd that
can be maintained at lowersts by providing intra-colony host tree connections using rope,
poles or lianas (Offenberg 201%)is important that future studies in coffalsoconsider the
costsof other CBB control methogdsuch ashe application of the pesticide endosulfan,
which can lead to the development of resistance, caativety impact natural enemiesnd
can have harmful impacts on human health (Damon 2000, Jaramillo et al. RO®6¢r
investigation into promoting ant biocontrol wailtificial connectionsn coffeeshould 1)
asses&conemic/tradeoffsnanagement applicabilitand farmers’ perceptiord this
method in‘largand smalkoffee plantations?2) comparethe cosbetweerstring placement
and othemanagement approach@sg.pesticidesentomopathogens), and &sess coffee
yields on connecte@nd not connected plants to provide management recommendations.
More broadly, incorporating cerrvation biocontrol strategi@s combination with
vegetation connectivitis consistent with criteria identifieals key for the sustainability of
biological contro] such as increasirgcal habitat quality and enhancing species’ dispersal
ability (Perfecto et al. 1996, Tscharntke et al. 20G&nerally, the maintenance of shade
trees and natural vegetation in agrefsty systems may increase vegetation complexity and
natural connectivity between plants to promote ant foraging and subsequent biological pest

control.
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FIGURE &TABLE LEGENDS

FIGURE 1. Diagram of experimental setup after the placemesitings.

FIGURE 2. Azteca sericeasur workers cross from the nesting tree to cofitson strings

that simulate arboreal connectionsdayico-occur with other ants, such @sphalotes
basalis (b).
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FIGURE 3. Azteca sericeasur activity on nest treef@) andon coffeeplants (b), before and
after the placement of strings. In (b), different letters represstattistically significant
interaction(p<0.05)between treatment (control vs. connected) and time (before and after
string placement), indicating a greater overall increase in gotimiconnected plants.
Bars=Mean £ SE).

FIGURE 4vAzteca sericeasur activity on coffeeplantsafter the placement of strings a
function of distance from theesttree.In our GLMM, ant activity significantly declined with
increasing distance in control plants<3.11,p=0.002), but not in connected plants-0.44,
p=0.659), a§"indicated by the significant interaction between treatment and distance (y°=4.23,

p=0.040).

FIGURES. Coffee berry borer (CBB) removal in contesldconnectedatoffee plantsafter
string placemenBars=Mean £ SE). The aterisk representssatistically significant
difference p<0:05).

TABLE 1. Model selection table with Akaike information criterion (AIC) axallC for
generalized linear mixed models (GLMMSs) of (a) ant activity on nest, ffi@esnt activity on
coffee plantsand(c) coffee berry borgfCBB) removal Models were selectdshsed on AIC
comparisons, where a full model of biologically relevant terms was included, alting wi
subsequent. models of different covariate combinations and a null intercept-onlyomode
random _effects. Best fit was determined via backwards modetisaleompared to the full
model, where.the model that resulted in the lowest AIC score was selettexal thé best
fittedmodelwas not the full model, we selectedsed omAIC > +2. RE indicates random

effects andrasterisksdicateinteractionterms.The selected model is shown in bold.

TABLE 2. Model results for our generalized linear mixed model of ant activitypfiee
plants with parameter estimatesSg), WaldZ scores, an@-values. Each output group
shows the results for each possible seeftd@rences for the categorical variables treatment
(connected vs. control) and time (before vs. after placement of stivggsiisks indicate an

interaction and significanp€0.05) model terms are shown in bold.
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TABLE 3. Model results for our generalized linear mixed model of coffee berey bor

removal(CBB) by ants with parameter estimateSE), WaldZ scores, ang-values. The

two output groups show the results for both references of the categorical vaeatrreirt

(connectedwsircontrolsteriks indicate an interaction and significap&(.05) model

terms are Shown in bold.

TABLE 1.
Model df AIC AAIC
(a) Ant Activityson Nest Tree
~Time*Canopy Cover + RE 6 315.72 0.00
~Time + Canopy Cover + RE 5 31432 1.40
~Canopy Cover + RE 4 313.24 2.48
~Time + RE 4 312.64 3.08
~RE 3 311.56 4.16
(b) Ant Activity on Coffee Plant
~Treatment*Time + Treatment*Distance + Coffee Height + Tree Activity + RE 11 1123.46 0.00
~Treatment*Time + Treatment*Distance + Tree Activity + RE 10 1125.87 -2.41
~Treatment*Time + Treatment*Distance + Coffee Height + RE 10 1145.70 -22.24
~Treatment*Time + Treatment*Distance + RE 9 1148.17 -24.71
~RE 4 118537 -61.91
(c) CBB Remaval on Coffee Plant
~Treatment*Distance + Treatment*Plant Activity + Tree Activity + Coffee Height + RE 10  372.26 0.00
~Treatment*Distance + Treatment*Plant Activity + Tree Activity + RE 9 372.98 -0.72
~Treatment*Distance + Treatment*Plant Activity + Coffee Height + RE 9 409.16 -36.90
~Treatment*Distance + Treatment*Plant Activity + RE 8 408.18 -35.92
~RE 3 42746 -55.20
TABLE 2.
Parameter Estimate (+ SE) zvalue Pr(>|z])

Reference: Treatment (control); Time (before)

(Intercept) -0.127 £0.277 -0.457 0.648
Treatment (connected) 0.174 £0.257 0.676 0.499
Time (after) 0.115+0.242 0475  0.635
Distance -0.472 +0.152 -3.102 0.002
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Tree Activity
Plant Height
Treatment(connected)*Time(after)

Treatment(connected)*Distance

0.014 +0.008
0.233+£0.109
0.950 +0.324
0.409 + 0.200

Reference: freatment (control); Time (after)

(Intercept)

Treatment (connected)

Time (before)

Distance

Tree Activity

Plant Height
Treatment(connected)*Time(before)

Treatment(connected)*Distance

-0.010 +0.305
1.124 +0.249
-0.116 £ 0.242
-0.474 +0.152
0.014 £ 0.008
0.234 £0.109
-0.951 +0.325
0.411 £0.200

Reference: Treatment (connected); Time (before)

(Intercept)

Treatment (control)

Time (after)

Distance

Tree Activity

Plant Height
Treatment(control)*Time(after)

Treatment(control)*Distance

0.049 +£0.272
-0.175 £ 0.257
1.067 +0.221
-0.063 +0.139
0.014 + 0.008
0.233 +£0.109
-0.951 +0.325
-0.411 +0.200

Reference: Treatment (connected); Time (after)

(Intercept)

Treatment (control)

Time (before)

Distance

Tree Activity

Plant Height
Treatment(control)*Time(before)

Treatment(control)*Distance

1.114 +0.278
-1.125 +0.249
-1.068 +0.221
-0.061 +0.139

0.014 £ 0.008

0.233£0.109

0.952 +0.325
-0.413 £ 0.200

1.847
2.132
2.930
2.048

-0.032
4,525
-0.479
-3.113
1.840
2.142
-2.929
2.056

0.180
-0.679
4.834
-0.456
1.837
2.137
-2.930
-2.058

4.009
-4.525
-4.835
-0.442

1.842

2.135

2.932
-2.068

0.065
0.033
0.003
0.041

0.975
<0.001
0.632
0.002
0.066
0.032
0.003
0.040

0.857
0.497
<0.001
0.649
0.066
0.033
0.003
0.040

<0.001
<0.001
<0.001
0.659
0.065
0.033
0.003
0.039

TABLE 3.

Parameter

Estimate (+ SE) z value Pr(>|z|)

ReferenceTreatment (connected)
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(Intercept)

Treatment (control)
Distance

Plant Activity

Plant Height

TreeActivity
Treatment(controfDistance

Treatment(controf)Plant Activity

ReferenceTreatment (control)
(Intercept)
Treatment/{connected)
Distance

Plant Activity

Plant Height

Tree Activity

Treatment(connectetlpistance

Treatment(connectetiPlant Activity

-1.281 + 0.605
-1.481 +0.554
0.018 +0.263
0.064 + 0.036
0.397 £ 0.240
0.026 £ 0.015
-0.404 £ 0.414
0.014 £ 0.047

-2.742 +0.642
1.540 + 0.553
-0.361 £ 0.326
0.081 £ 0.035
0.387 +0.238
0.025 £ 0.014
0.385 +0.412
-0.018 + 0.047

-2.117
-2.673
0.067
1.804
1.658
1.711
-0.974
0.292

-4.272
2.783
-1.106
2.347
1.625
1.777
0.934
-0.387

0.034
0.008
0.947
0.071
0.097
0.087
0.330
0.771

<0.001
0.005
0.269
0.019
0.104
0.076
0.350
0.699

This article is protected by copyright. All rights reserved



Nest Tree

Control
Coffee Plant

%

Nu

Conn
Coffee

d

btp_12616_f1.tif

Author M

This article is protected by copyright. All rights reserved



(a)

32 1
30 4
28
26
24 1
224

20 1

No. of ants/min on nest tree

18 1

16 1

(b)

No. ants/min on coffee plant

Control

£ Connecled

Beflore Afier

btp_12616_f3.tif

This article is protected by copyright. All rights reserved



36 1 ~e— Control
—&— Connected

304 o

18 - a

12

No. of ants/min on coffee plant

05 10 15 20 25 30 35
Coffee plant distance from nest tree (m)

btp_12616_f4.tif

Author Manuscript

This article is protected by copyright. All rights reserved



Number of CBB removed

Contraol Caonnectad

btp_12616_f5.tif

Author Manuscript

This article is protected by copyright. All rights reserved



