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Abstract

In Costa Rica considerable effort goes to conservation and protection of bibgivenge at the same time
agricultural pesticide use is among the highest in the world. Several protexzisdsame being wetlands or
marine reserves, are situated downstream large-scale banana farms, witlage @f/87 pesticide applications
per year. The banana industry is increasingly aware of the need te tedir negative environmental impact,
but few ecological field studies have been made to evaluate the efficien@pospd mitigation strategies. This
study compared the composition of benthic macroinvertebrate commupitiagdi downstream effluent water
from banana farms in order to assess whether benthic invertebrateicihynstructure can be used to detect
environmental impact of banana farming, and thereby usable to assemsgiments in management practices.
Aquatic invertebrate samples were collected at 13 sites, using kick-net sampiingpband downstream
banana farms in fast flowing streams in the Caribbean zone of CostdrRumal, 2888 invertebrate specimens
were collected, belonging to 15 orders and 48 families or taxa. The dhasgyamunity composition was
analyzed using multivariate statistics. Additionally, a biodiversity indeixtla@ Biological Monitoring Working
Party (BMWP) score system was applied along with a number of caitynmomposition descriptors.
Multivariate analyses indicated that surface waters immediately up- and downisirgasacale banana farms
have different macroinvertebrate community compositions with the miogtrg\differences being higher
dominance by single taxa and a much higher total abundance, ofastht same taxon. Assessment of
macroinvertebrate community composition thus appears to be a viable dpfura@tect negative impact from
chemical-intenise agriculture and could become an effective means to monitor the efficalegnges/proposed
improvements in farming practices in Costa Rica and similar systems.

Key words. Costa Rica, banana production, benthic macroinvertebrates, water quality rimgnitek
assessment.
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1. Introduction

Costa Rica is one of the richest countries in the world in terms af/bisity and considerable effort goes to
conservation and protection. Several protected areas, some being wetlands®raserves, are however,
situated downstream agricultural areas, where the use of agrochemieaishggh (Schreinemachers &
Tipragsa 2012) and run-off into nearby surface waters is ti€plar concern (Castillo et al. 2006). A major
contributor of agrochemicals to the surrounding environment is the laadesanana production, which
receives an average of 57.5 pesticide applications per year as well as 2ié76flgynthetic fertilizers (Bellamy
2013; Bravo et al. 2013). Several of the pesticides used in banana prottastomeen detected in the aquatic
environment downstream of banana production areas (Castillo et al, 00%) in concentrations expected to
have acute or chronic toxic effects on aquatic organisms accordingditytealues derived from laboratory
toxicity tests (Diepens et al. 2014; Arias-Andres e2@lg Ramo et al2016.

Banana companies are today increasingly aware of the need to redunedhéire environmental impact, and
several changes in management practices have resulted in some companiestiiid@ceording to one of
several certification systems (e.g. Rainforest Alliance and 1SO14000).g#¢onreduce environmental impact
by farms include: sediment traps that are constructed to reduce erosicapéune/retain pesticides adhered to
solids; riparian vegetation zones that are planted/left to intercept spray drift, prevent anasreduce surface
flow and leaching of pesticides; manual chopping of weeds instead gfhesibicides; manual injections of
nematicides into the banana plant instead of applying soil granular nematicidessehdrpest applications of
fungicides using brushes instead of fumigation chambers, therelymgdioe amount of pesticides used.

Some of these practices may reduce the negative impact on the environmnfent, éeological field studies
have been done to evaluate the efficiency of mitigation strategies that aimde negjative environmental
impact in Costa Rican rivers and in similar tropical aquatic systems. Mogititanges of benthic
macroinvertebrate community composition is commonly used in morgtprimgrams and ecological status
assessments of freshwater and marine coastal systems around the workth(Elagey et al. 2018;0n der Ohe
& Goedkoop 2013). In this study we evaluate changes in benthic commamposition up- and downstream
from banana plantatioras a means to evaluate ecological effects of current agricultural practices and the
efficiency of proposed improvements, as well as a complement to chemigalispélpesticide residues in
environmental risk assessment.

Benthic macroinvertebrates are usually abundant in rivers, represent several treghigbaticipate in nutrient
cycling and differ in sensitivity to pollution. Most of them have srhathe ranges, at least in aquatic stages, and
usually have long life cycles and thus are good bioindicators as thég@information about the water quality
integrated over a longer time period, compared to the values giveatbysamples taken at discrete points in
time. Pesticide and nutrient levels in the aquatic environment can be expected tathapeaks after

application and high rainfall events. Monitoring of pesticide levels thus esgaivery frequent sampling to
detect peak concentrations (Liess et al. 2003). Another concern is that teis eén result from exposure near
or below the analytical detection limit for a given pesticide (Walter et al. 208 m a combination of
pesticides and other stressors, e.g. temperature or high nutrient lokdisréR® Morra 2016). It is also
important to consider the effect of chronic exposure to pesticides as well apalearexto mixtures of several
pesticides, which together can cause toxic effects through additive toxicityridgen & Van den Brink 2010).

The possible additive or synergistic effects between stressors are aamgem in rivers, which receive
irrigation and run-off water from banana farms. Large-scale bdaaméng relies on the use of fungicides,
nematicides, insecticides and herbicides. Most often several different compoeadh tfpe of pesticide are
applied over the year in order to minimize risk of inducing resistanpesits. The extensive system of drainage
canals in a typical banana farm causes increased stream flashiness rmedts¢idn and uk to high

precipitation a substantial amount of pesticides and nutrients end up iruliie @vironment. Non-target
aquatic organisms further downstream will thus be sulxjgota complex mixture of toxic substances, fertilizers
and changes in stream flow. To assess cumulative effects of seveiiahpagd chemical stressors, responses
thus have to be studied at the community or ecosystem level andoesitijc macroinvertebrates has proved to
be a cost-effective monitoring tool.

In the present study we evaluated whether the overall impact of bananayfaffaais aquatic benthic
macroinvertebrate fauna in waters subjected to agricultural run-off 6 bestthic macroinvertebrate
community composition can be used as a bioindicator of ecological stress@adhatic ecosystems. Our
research hypothesis was that surface waters downstream of bananaifehageva different benthic
macrofauna community composition with a lower diversity compareddivagm sites. The changes in
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community composition were assessed at the family level, with the objectie®tiofy a robust, ecologically
relevant method to detect environmental impact of agricultural run-off.

2. Material and M ethods
2.1 Sites

Aquatic benthic invertebrate samples were collected at 13 sites in the Caribbeand®wfl@osta Rica
between March 8 and April 26, i.e. during the dry season, ZIdii€ 1). Sites were chosen both up- and
downstream in rivers and watercourses receiving run-off from laafiaams and at sites assumed not to be
affected by banana farming (Fig 1). A high natural variability in comiyp@omposition can be expected
between and along streams. Both stream order and stream sizecifiaea richness and community structure
(Malmgvist and Hoffsten 2000; Vannote et al. 1980), as do local fastars,as riparian characteristics, water
chemistry and in-stream habitat structure. Sampling sites werentheis,possible, chosen in pairs along the
same watercourse, with one site situated upstream and the second efwitistnana farms (Fig 1). By
comparing sites in an upstream-downstream fashion the difficitlyinterpretation associated with the natural
inter-stream variation is greatly reduced. Spatial habitat heterogeneity, currenthatieise and high flows,
and type of substrate also affect within-site diversity of stream invatésh(Beisel et al. 2000). Sampling of
highly similar habitats was therefore favoured to reduce this variabifitly,fast flowing streams, mostly
cobbles for substrate in runs and riffles, and no or little macrophytestheipgeference (see Table 1 for
comparison between sites). Keeping to those prerequisites in combinatidimitéd access, only 3 rivers were
sampled in a true, replicated upstream- downstream fashion (see Table 2).

In the provinces of Sarapiqui and Siquirres, where conventional, leatgebmnana farms are abundant, Rio
Sucio and Rio Pacuare were sampled up- and downstream of singdeafawvell as downstreaimnana

districts’, with large-scale banana farms being the dominating land use (Fig 1, Talheatidition, samples

were taken in two small streams, with one site (SSS1Nat) located withim&la®iark Braulio Carrillo near the
source of Rio Sucio, and another site upstream from banana(@&84up)In the province of Talamanea

small stream between Cahuita and Hone Creek was sampled up- and dowastrealtrscale, certified organic
farm. Finally, in the province of Guacimo a small, first order striegrated adjacent to a low-input banana farm
within EARTH University a few hundred meters west of Rio Dos Nawillas sampled as was Rio Parismina
downstream a conventional banana farm. At each site the following da&aeserded in a field protocol: GPS-
position, date and time, rainfall within last 24 hours, present cloud corgjittmasurements of temperature (air
and water), assessment of river width, depth, current, velocity, turkiditpur and amount of shade, assessment
of substrate composition (amount boulders, stones, sand, silt, plant matexi@ddiaionally, we measured
approximate distances from the sample site to the source of the etréser sampled.

2.2 Sampling and identification of macroinvertebrates

We used kick net sampling since Armitage (1978) and Pollard Y¥88dd the method to give consistent
results. By disturbing the bottom, specimens are dislodged #dhihtdr a net held immediately downstream.
The net used was a D-framed 40 cm wide kick net with 0.5 mm rizsrs obtain a representative composite
sample an area equivalent to the area of the net was disturbed at sixmlinies positions (randomly chosen
within an area of about 253n Each sampling position was approached eitharight angle to the flow
direction or from downstream in order not to sample where the bbtdrbeen inadvertently disturbed. The net
was held as close as possible to the streambed. The substrate in fhemetfwas disturbed, either by kicking
or by hand. The latter was favoured due to the substrate; in most aasesfra size that would not easily turn
over by kicking. Animals and epiphytes were dislodged by brushindsharer rock surfaces and collected with
the softer substrate into the net. All sweeping of substrate/disruptimitom was directed toward the net to
reduce loss of swimming specimens. One composite sample repagatsimately 1 rhand up to three
composite samples were collected at each site. Sites are designated by an ablfiméatioal watercourse, a
numeral for relative position along the watercourse and whether it is @n dpwnstream site.

Samples were transferred to labelled containers and preserved in 70% alcohol.aBdrtdentification was

done to family level (Oligochaeta, Acarina were only identified t@oehd Bivalvia to class) under stereoscope
using relevant taxonomical keys (Thorp & Covich 1991; Roldan Pé@%)1Reference specimens were
deposited at Costa Rica’s National Institute of Biodiversity (INBio).

2.3 Analyses of benthic community composition
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Our research question was whether surface waters downstream bananaafeera different benthic
macroinvertebrate community composition with a lower diversity comparagface waters upstream banana
farms. The effect of agricultural run-off on benthic macroinvertebratenzonty composition was studied with
multivariate statistics. Similarity between invertebrate communities up- amastteam plantations was
assessed using principal component analysis (PCA) (Van den BrinR@03].van Wijngaarden et al. 1995)
using CANOCO (version 5) (Ter Braak and Smilauer, 20R2)A was used since the invertebrate data set had a
short length of gradient (2.8 SD; Van Wijngaarden et al., 1995), whikgbtinedance data were Ln(2x+1)
transformed (see Van den brink et al., 2000 for rationale). Analysesperformed on mean values per site
where more than one composite sample exists. PCA generates an ardlizaggiam, which allows comparison
of how closely the different sites are related to each other in terms ofwgtyprmomposition and additionally
show how the taxa composition varies between sites, i.e. upstreammstazasn banana farms. Sites that lie
close together on the PCA diagram share a more similar community sitioypthan those sites that lie further
apart (Ter Braak 1995). Site characteristics were introduced as supplemepltamaixy variables to assess the
correlations between taxa abundance values and the levels of the explaaatdes (Van den Brink et al.,
2003).

The Biological Monitoring Working Party (BMWP) score system (National Waten€ib1981), originally
developed in Great Britain as a rapid and sensitive method to determine waterugiradjtynacroinvertebrate
sensitivity to organic pollution has also been adapted for use in tropicalreneints, and has proved to
correctly assess water quality in e.g. Thailand (Mustow 2002). The BMWessadapted to Costa Rican
conditions according to Springer et al. (2007) were used to rank theasts dn their indicated sensitivity to
organic pollution. In the BMWP system a score (from 1 for the most talerd0 for the most sensitive) is
assigned to different taxa depending on their sensitivity to organic polarionly requires identification to
the family level (Oligochaeta only to class). In order to make interpretatsrsensitive to sampling effort,
Armitage et al. (1983) and others (e.g. Friedrich et al. 1996) suggesndithe total sample score with the
number of contributing taxa, giving the result as Average Score PenTA$®T). These values as well as
number of families, individuals per taxon, Shannon-Wiener diversigx, EPT index (Lenat 1988) and percent
contribution of the most abundant taxon out of the total abundance were edrtppdetermine if differences
between sites could be detected.

3. Results

In total, 2888 specimens were collected, belonging to 15 orders anchifi8dar taxa. The PCA diagram
clearly shows the differences in community compaosition betweervidrs and between up- and downstream
sites (Fig. 2) The horizontal and vertical axes (displaying 30% and 18% of the total varizspectively)

show that most upstream sites and taxa are located in the upper, right padiagtam, while most
downstream sites are located in the lower, left quadrant, where also no taxaagee. [bhis shows that most
downstream sites have a poorer community composition compareslupdtream sites. Surprisingly, the
sample taken in the national park (Sarapiqui) clusters together with tinstdeawn sites. The samples taken in
the Rio Sucio and Rio Pacuare just below the conventional farm arelatillely rich in taxa (i.e. located on the
right side of the diagram), while their more downstream located sitescatedm the lower, left quadrant.

Fig. 2B shows how the community composition at each site relatesdgplaatory variables. The sites located
in the left, lower part of the diagram, have a low number of taxa armbaetated with being downstream both
organic and conventional farms, high turbidity, a high % of still watdigh presence of sandy, silty
substratum, a high distance from source and a large width af¢nelWpstream sites are correlated vath

higher amount of shade, an intermediate river width and a highaverwof taxa.

The number of families per site ranged from 2.3 to 19 with a malaile of 11.6 taxa per site. Family/taxa
richness was higher in upstream samples as were BMWP-scores andrEWaener diversity values (Table 2).
In the Talamanca stream passing an organic farm there were fewer etant in the upstream site (site
SST1up, 7 orders) compared to the downstream site (site SST2doanlets). Only 6 orders were found at
site SSS1Nat within the national park, but 14 families, meaning highénwittier diversity (Table 2). With
regards to abundance, Chironomidae (i.e. midge larvae) was the modaabiamily at several sites (RS1up,
RS2down SST2downSSS1NatRS4down and RPc3down) and were found at all sites. The range of
Chironomid abundance varied between 10% downstream a banana distri®Ri@@urio (site RS3down) to
91% downstream another banana district along Rio Pacuare (site RPc3down).thi¢ithider of Trichoptera
(caddisflies), Glossomatidae, Hydropsychidae and Philopotamidae all had Algindances at downstream
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sites despite high BMWP scores (score 8, 5, 7, respectively). Leptoceridae,ather hand, were fewer
downstream (score 8; Table 2). EPT index values varied between 0,68tdasmn a banana district and 9
upstream an organic farm, and were higher at upstream sites.

Invertebrate diversity at the order level varied between 3 and 11 ord=an {irl), and was higher in upstream
samples except for sites SST1up and SST2down (up- and downgteearganic farm). Diptera were found at
all sites (total 624 individuals), and were the dominant order at site RS4dov®PaBdown, both downstream
banana districtsAt site RS4down, one Diptera family contributed with 53% of total abundanite atisite
RPc3down two families added up to 92%. This is in contrast to site SSS1 Nt national park, where Diptera
contributed 32% of the sample, but were represented by four families. gtech@ontributed a total of 1185
individuals. Ephemeroptera (553 individuals), missing only at site (RRa3, were the dominant order at site
RS3down, both sites situated downstream large banana districts. Coleagraissing at siteRS3down
R3Adown, and RPc3down, i.e. the sites downstream large banana diBtectgptera were found only at site
SST1up and SSGldown, iugstream the organic and downstream the low-input farm. Only a fewntare
absent at most sites. None of those taxa present only at one single siteuwdrgdiwnstream large-scale
conventional banana farms. Special note should be taken that oligocha#tebgwiwest sensitivity score, 1)
were only found at upstream sites.

4, Discussion

The aim of the study was to assess if benthic macroinvertebrate communitysitionpat the resolution of
family level could be used to evaluate improvements in banana faprantices. The PCA ordination plots
show differences in community composition between rivers but eortyncomposition also differed between
up- and downstream sites in the same river (Fig 2).ekh&natory variable ‘upstream’ was positively
associated with a larger number of taxa (Fig 2), indicating a general trenddtretopsites are more species-
diverse. Higher river width was inversely correlated with number ef irgdicating that other factors than
oxygen stress are affecting these communities. The fact that Oligochaetes|yneeny tolerant to low oxygen
levels, are only found at upstream sites further supports this comc(&jp3). Oligochaetes have been found to
be relatively sensitive to fungicides (Cuppen et al. 2000), which havedwgshin surface waters downstream
banana farms in streams nearby (Castillo et al. 2000; Diepens et al. 2014AAdias-et al. 20L& cheveria-
Saenz et al. 2016; Ramo et2016. Thus, pesticides used by banana farms may be influencing pattems s
in the biplots presented here (Fig 2

The BMWP scores, taxa richness and diversity indices were slightly lower dowmsimasentional farms than
upstream, interpreted as a response to water quality or habitat deteriorationldt&hemphasized that
upstream ‘reference’ sites in some cases are affected by land use further upstream, i.e. not to be considered to
represent pristine conditions (Fig 1). This is e.g. the case for sites RBAUWRPclup, the upstream conventional
farm sites in the pairwise comparison. Therefore, a reduction ofitdxeess and loss of the most sensitive
species may have already occurred further upstream, possibly exgpkii@ sometimes modest differences
found when sites up- and downstream banana farms were compabdel Z). The small difference in taxa
richness is to some extent related to an increased richness of tolerattsiaxe of the downstream sites.
Environmental impact is therefore difficult to interpret from taxa richness dlbwersity index figures are
likewise unaffected if one taxon replaces another in response to polanidnaccordingly, differences in
diversity were moderate. A metric that showed a distinct difference was algendéere, contrary to results by
Paaby et al. (1998), abundance was found to be higher at sites domnstreeentional farms. In the streams
not affected by banana farms and the one passing a small-scale organiefaumber of individuals per taxon
was quite low, but the number of individuals per taxon almost doubles deamskarge-scale banana farms,
despite the short distance. Higher abundance in these cases co-varies with igitneéisgdce by one or two
taxa (Hydropsychidae and Chironomidae at site RS2down resp. Glossaarattilte RPc2down), indicating
stress (Pearson & Rosenberg 1978) and evenness have beetofrsmbnd faster than species richness to
environmental stress (Chapin et al. 2000). Previous as well as recent stugiaginrivers, which also receive
fertilizers and pesticides from banana plantations have shown similaseffetie invertebrate community
(Castillo et al. 2006; Pringle and Ramirez 1998; Echeverria- Saen261.6). The ASPT (Average Score Per
Taxon) score, contrary to expected, suggested that there were more seng@ti@wnstream banana farms
compared to sites upstream (Table 2). Oligochaetes, with a low score, weré gngsanhthe upstream sites
possibly due to fungicide exposure, lowering the ASPT scores contpaded/nstream sites atila s highlights
the shortcomings of many water quality score systems. The BMW® s¢gstem is based on sensitivity of
families to oxygen depletion, which is used as an indicator of organicdliyed surface waters. While this
generally correlates with agricultural runoff, particularly with regardstbment and fertilizer run-off, the
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BMWP score system does not reflect species’ sensitivity to pesticide exposure. Rico and Van den Brink (2015)
propose a trait-based methodology using focal species that also incorporateagarcharacteristics to improve
insecticide risk assessment based on invertebrate monitoring. However, ahtherity level, the response of
aquatic invertebrates to stress, e.g. lower diversity and higher aburdaoree more tolerant species can be
expected to be similar regardless of the stressor (e.g. oxygen defiorecmytaminants such as metals, oil or
polycyclic aromatic hydrocarbons (Diaz 1992)).

Pringle and Ramirez (1998) found Diptera (e.g. Chironomidae) phdrieroptera to be dominant insect groups
at sites both in primary forest and in streams draining banana plant&gms#ivity varies among Dipteran
families, but Chironomidae, according to the BMWP score system, are emtsidlerant to organic pollution
and oxygen deficiency. In the present study Chironomidae were foalidis, and were also to varying
degree the dominating taxon at six of the sites, four of which weraslimam sites. At the site furthest
downstream Rio Pacuare (site RPc3down), receiving run-off feearal large-scale banana farms, the
abundance of Chironomidae was one order of magnitude greatéhdharn the second most abundant taxon,
and the extremely low total abundance at this site indicates very podti@mmndcEphemeroptera, generally
considered as relatively sensitive to organic pollution, were not represented atdéheeatmned site, but
dominated at four other sites, two of which were situated downstreaama farms. However, the
Ephemeroptera families observed in these streams include several pagtissgp. andCaenis spp.) that are
commonly found in organically enriched streams (Barbour et al.)1988s it is important to consider that
while scores are based on aggregate sensitivity of species within therofaw®ily, there may be some species
more or less sensitive than the aggregate score given to a groupexXatimgies from the data are
Leptophlebidae (Ephemeroptera) and Glossomatidae (Trichoptera), two fantiidsghh BMWP scores, which
were also present in high numbers or even dominant at downstream sites.

Sampling of rivers affected by small-scale organic farms proved ddflmailt due to the lack of permanent
streams or due to streams being impacted by other land use up3theaome sampled, though, presented an
upstream reference site within primary forest, and the banana farntheiogly land use. The choice of
sampling sites was in general limited by access difficulties in combinatibraforementioned requisites of
comparable habitats. Ideally more sites would have been sampled andijlye$eme with large-scale banana
farms being the only land use. However, with the upstream-daamstsamples taken within a rather short
distance, and banana farming being the most significant land use and asistlohemical intense, one can
assume that most of the observed effects are due to production practicearanfaems.

5. Conclusions

Although it can be difficult to distinguish natural variations in e.g. dityees\d community composition from
the effects of human impact, the consistent pattern with increasimgpance by a single or only a few taxa at
downstream sites indicates an impact from banana farming. The presgritistadt a lower impact by organic
farming, but lacks replication to suppdrtThe fact that differences, although small, were detected when
comparing up- and downstream single farms, implies that monitofingicroinvertebrate community
composition is useful for assessing management practices and imprés@nogrosed or introduced by the
banana industry aiming to produce bananas in a more sustainabl&sayagnitoring invertebrate community
composition is highly ecologically relevant, we recommend that it shmuttbne in combination with chemical
analysis of pesticide residues in environmental monitoring progra@assita Rica and in ecological risk
assessment of these rivers and similar aquatic systems.

References

Armitage PD (1978) Downstream changes in the composition, numlktsamnass of bottom fauna below
Cow Green Reservoir and in unregulated Maize Beck, in the first five gétar impoundment.
Hydrobiologia 58:145156

Arias-Andrés M, Ramo R, Mena Torres F, Ugalde R, Grandas L, Ruepert C, Qdstillan den Brink PJ,
Gunnarsson JS (2016) Lower tier toxicity risk assessment of agricpéstieides detected on the Rio Madre
de Dios watershed, Costa Rica Environ Sci Pollut Res DOI 10-1007/s0185875-7 (this special isse)

Armitage PD, Moss D, Wright JF, Furse MY (1983) The performaneengiw biological water quality score
system based on macroinvertebrates over a wide range of unpolluted ruatémgsites. Water
Research17:33347



CoOoONOOTULIAWNPEF

Barbour MT, Gerritsen J, Snyder BD, Stribling JB (1999) Rapid Bioassas&raocols for Use in Streams and
Wadeable Rivers: Periphyton, Benthic Macroinvertebrates and Fish. 2nd ed. EfRAS8402.
Washington, D.C.: U.S. Environmental Protection Agency, Office of Water

Beisel JN, Usseglio-Polatera P, Moreateu JC (2000) The spatial heterogeneity obattorer a key factor
determining macroinvertebrate communities. Hydrobiologia 422/42311/@&3

Bellamy AS @013)Banana production systems: identification of alternative systems fergustainable
production. Ambio 42:334343

Bravo V, de la Cruz E, Herrera G, Ramirez F (2013) Agricultural pesticide usa & to
monitoring health hazards. Uniciencia, 351-376

Bray RJ, Curtis JT (1957) An ordination of the upland forest conitiies of southern
Wisconsin. Ecol Monogr 27: 325-349

Castillo LE, Martinez E, Ruepert C, Savage C, Gilek M, Pinnock M, Solis E6)20ater quality and
macroinvertebrate community response following pesticide applications in a baaxatadiqgm, Limon,
Costa Rica. Science of the total environment 367438

Castillo LE, Ruepert C, Solis E (2000) Pesticide residues in the aquatic environrbanainé plantation areas
in the north Atlantic zone of Costa Rica. Environmental Toxicology and Ghgmivol. 19, 8: 19421950

Chapin FSZavaleta ESEviner VT, Naylor RL, Vitousek PM Reynolds HL.Hooper DY Lavorel S Sala Ok
Hobbie SEMack MC, Diaz S (2000) Consequences of changing biodiversity. Nature 405243

Cuppen JGM, Van den Brink PJ, Camps E, Uil KF, Brock TCM (200@act of the fungicide carbendazim in
freshwater microcosms. |. Water quality, breakdown of particulate orgeatter and responses of
macroinvertebrates. Aquatic Toxicology 48:23380

Diaz RJ (1992) Ecosystem assessment using estuarine and marine bemhimitpstructure. In: Burton GAJ,
editor. Sediment toxicity assessment: Lewis Publishers, BocaRatgp EE85

Diepens NJ, Pfennig,¥an den BrinkPJ GunnarssodS RueperiC, Castillo LE (2014) Effect of pesticides
used in banana and pineapple plantations on aquaticecosystems in Costauriea.of Environmental
Biology, 35: 73-84

Echeverria-Saenz S, Mena F, Arias-Andrés M, Vargas S, Ruepert C, van den B@aktifld LE, Gunnarsson
(2016) In situ toxicity and ecological risk of agro-pesticide runofhenMadre de Dios River in Costa Rica
JS. Environ Sci Pollut ReBOI 10.1007/s11356-01881 74 (this special issue)

Friedrich G, Chapman D, Beim A (1996) The use of biological material. lap@hn D, editor. Water Quality
Assessments. A Guide to the Use of Biota, Sediments and Water in Environvhemitaking. 2nd ed.
Chapman & Hall, London

Lenat DR (1988) Water quality assessment using a qualitative collection mettmhthic macroinvertebrates.
J.N. Am. Benthological Soc. 7: 2233

Liess M, Brown C, Dohmen P, Duquesne S, Hart A, Heimbach F, Kruelgagakic L, Maund S, Reinert W,
Streloke M, Tarazona JV. Editors (2003). Effects of Pesticides in the Ei&l& SETAC Europe Workshop.
SETAC, Le Croaisic, France; 136p

Malmgvist B, Hoffsten PO (2000) Macroinvertebrate taxonomic richness, aaitynstructure and nestedness
in Swedish streams. Archiv fur Hydrobiologie 150:39

Mustow SE (2002) Biological monitoring of rivers in Thailand: use athaptation of the BMWP score.
Hydrobiologia 479:194229

National Water Council (1981) River quality: the 1980 survey and fututteak. National Water Council,
London 39 p

Paaby P, Ramirez A, Pringle CM (1998) The benthic macroinvertebrateuwotymn Caribbean Costa Rican
streams and the effect of two sampling methods. Revista de biolqgjizatré6: 185-199

Pearson TH, Rosenberg R (1978) Macrobenthic succession in relatiggatic enrichment and pollution of the
marine environment. Oceanogr Mar Biol Annu Rev 16:329-

Pollard JE (1981) Investigator differences associated with a kicking chitheampling macroinvertebrates.
Jaurnal of Freshwater Ecology 1:21224

Polidoro BA, Morra MJ (2016) An ecological risk assessment of pesticide
and fish kills in the Sixaola watershed, Costa Rica. Environ Science datiordresearch International

Pringle CM, Ramirez A (1998) Use of both benthic and drift sampdiclgniques to assess tropical stream
invertebrate communities along an altitudinal gradient, Costa Rica. Freshwater B818§9-373

Ramé R, van den Brink PJ, Ruepert C, Castillo LE, Gunnarsson 16) @0vironmental risk assessment of
pesticides in the River Madre de Dios, Costa Rica using PERPEST, SSD and ms&&& (2016) Environ
Sci Pollut ResDOI 10.1007/s11356-1.6- 73759 (this special issue)

Rico A, Van den Brink PJ (2015) Evaluating aquatic invertebrate vuliigrab insecticides based on intrinsic
sensitivity, biological traits and toxic moad-action. Environmental Toxicology and Chemistry 34: 1907
1917


http://www.ncbi.nlm.nih.gov/pubmed/?term=Chapin%20FS%203rd%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zavaleta%20ES%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Eviner%20VT%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Naylor%20RL%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vitousek%20PM%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Reynolds%20HL%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hooper%20DU%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lavorel%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sala%20OE%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hobbie%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mack%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=10821284
http://www.ncbi.nlm.nih.gov/pubmed/?term=D%C3%ADaz%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10821284

OCoONOOTULIEAWNPEF

42
43
44
45
46
47
48

Roldan Pérez G (1992) Guia para el estudio de los macroinvertebrados aceatiepadamento de Antioquia.
Colombia, Colciencias, Universidad de Antioquia; Bogota, Colombia 217 p
Schreinemachers P, Tipragsa P (2012) Agricultural pesticides and midarssification in high, middle and
low income countries, Food Policy. 37: 616-626
Springer M, Vasquez D, Castro A, Kohimann B (2007) Bioindicadores de ladal& agua. Earth University,
Guacimo, Costa Rica
Ter Braak CJF (1995) Ordination. In: Jongman RGH, Ter Braak CaFfaageren OFR, editors. Data Analysis
in Community and Landscape Ecology. Cambridge University Presqyricige, UK 91173
Ter Braak CJF, Smilauer Rq12 Carvco Reference Manual and User’s Guide:Software for Ordination
(Version 5.0). Microcomputer Power, Ithaca, NY, USA,496 pp
Thorp JH, Covich AP (1991) editors. Ecology and classification ofiN®merican freshwater invertebrates. 1st
ed, Academic Press, San Diego, CA 911 p
Vannote RL, Minshall GW, Cummins KW, Sedell JR, Cushing CE (1988)river continuum concept.
Canadian Journal of Fisheries and Aquatic Sciences 37t330
Van den Brink PJ, Hattink J, Bransen F, Van D&nBrock TCM (2000) Impact of the fungicide carbendazim
in freshwater microcosms. Il. Zooplankton, primary producedsfiaal conclusions. Aquatic Toxicology 48:
251-264
Van den Brink PJ, van den Brink NW, Ter Braak CJF (2003) Multivaaia#dysis of ecotoxicological data
using ordination: demonstrations of utility on the basis of varioameles. Australasian Journal of
Ecotoxicology 9:141156
van Hoey G, Borja A, Birchenough S, Buhl-Mortensen L, Degraer Schii®, Kerckhof, Magni P, Muxika
I, ReissH, SchrodeA, ZettlerML (2010) The use of benthic indicators in Europe: From the Water
Framework Directive to the Marine Strategy Framework Directive. Mar Poll Bull. BR2(1187-2196
van Wijngaarden RPA, Van den Brink PJ, Oude Voshaar JH, Legimr(11995) Ordination techniques for
analyzing response of biological communities to toxic stress in experimenggisenns. Ecotoxicology
4:61-77
Verbruggen EMJ, van den Brink PJ (2010) Review of recent literatumcerning mixture toxicity of pesticides
to aquatic organisms. RIVM report 601400001/2010. National Institufeuolic Health and the
Environment, Bilthoven, The Netherlands: 34 p
von der Ohe P C, Goedkoop W (2013) Distinguishing the effedtahlifat degradation and pesticide stress on
benthic invertebrates using stressor-specific metrics. Science of The Total Brenitod44: 486490
Walter H, Consolaro F, Gramatica P, Scholze M, Altenburger R (2002) Mixwio#yoof priority pollutants at
no observed effect concentrations (NOECSs). Ecotoxicology113299



10

1 Figuresand Tableswith captions:

2
n4
3|:|'| 1
1
108 [y
1.RS1up 8.5STlup
2.RS2down 9.5ST2down
3.Rs3down 10.55S1Nat
4. RS4down 11.SSS1up
5.RPclup 12.SSGldown
6. RPc2down 13.RPm1down
7.RPc3down
3 I
4 Fig 1. Map of Costa Rica, showing the location of the 13 sampling sites\aeend sampled. White and black
5 squares denote upstream and downstream sites respectively. RS= RiRBogi®io Pacuare, SST= Small
6 stream in Talamanca, SSS= Small stream in Sarapiqui, SSG= Small streamimncGratRPm= Rio
7 Parismina. For GPS coordinates and description of sites and farming type siteaele TableFor number of
8 composite samples and mean values for different community straesceptors see Table 2
9
10
11
RS1up
Ceratopogonidae Naucgridae Ceratopogonidae Psephenidae @ Naucoridae
Psephenidae Hydrobiidae Leptophlebidae Shade Hydrobiidae Leptophlebidae
SSTlup[] Psychodidae @Tipuliida o Psychodidae "@Tipuliida
Megapodagrionidae @ SSS1u Chironomidae Elknidae Megapodagrionidac\@g Chironomidae gElmidae
E Corixidae Y CoNxidae
: Trichoptera @ Rocks, leaf litter Upstream @Trichoptera
. Caenidae Oligochaeta @ Philopotamidae Cacldae DOIigochaeta. Philopotamidae
Baetidae Width <5m ' Dl Baetidae Width 6-10m
SST2downBl simuliidae ® Y Rain last 24h width LzS?nTuliidae. 0. g
Trichorythidae RS2down o Corydalidae Trichorythidae
] Co idae Hydroptiliidae D o f Hydroptiliidae
SSGldown® gggiNatc] RPmldown ° ;:v;zlf\r,\g’;agm ROCKE sand °
Hydropsychidae Hydropsychidae
RS4down . WaterT
Sand, silt ater
N ° Turbidity O bown conv farm °
RPc3down \\\ S3down Thiaridae EMPididae Thiaridae ~ EMPididae
o~ RE‘ilUp [._®  Glossgmatidae Width >20m ®  Giossomatidae
\‘*~:".~Ehysid:3 . Physidae @ ®
RRFSNN Distance from source
‘g
RPc2down
12

13 Fig 2: PCA biplots showing the variation in taxa composition between tree(Fiitlg 2A) and the correlation
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15  displayed on the horizontal axis and another 18% on the vertical axis. AnaBtgeperformed on mean values
16  where more than 1 composite sample was taken
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Table 1: Sampling sites with GPS coordinates, a description of the site and soméerfstiegincluding the
distance from the source of the surface water, the type of subBteatidth of the river and the velocity of
water flow at the sampling site

Site  GPS coordinates Water course Location relative farms ) Distance from Bottom substrate River width  Velocity
river source (km) (m) (m/s)
RS1up Sarapiqui, Rio Sucio Upstream conventional farm 25 rocks,sand 11-20 0.2-0.4
N 10°20.320' W 83°53.432'
RS2down  Sarapiqui, Rio Sucio Downstream conventional farm 28 rocks,sand 6-10 0.2-0.4
N 10°21.600' W 83° 53.433'
Rs3down Sarapiqui, Rio Sucio Downstream banana district 48 rocks,sand 11-20 0.5-0.8
N 10°20.819' W 83°50.910'
Rsadown  Sarapiqui, Rio Sucio accessed Downstream banana district 85 sand/silt >20 0.5-0.8
N 10°29.151' W 84°00.091' through Penjamo
RPclcup Siquirres, Rio Pacuare Upstream conventional farm 82.5 rocks,sand >20 0.2-0.8
N 10°06.069' W 83° 28.967'
RPc2down Siquirres, Rio Pacuare Downstream conventional farm 86 rocks,sand >20 0.2-0.4
N 10°07.166' W 83° 27.515'
RPc3down  Siquirres, Rio Pacuare Downstream banana district 120 sand/silt >20 0.5-0.8
N 10°12.636' W 83° 19.328'
SSTiup Talamanca, Small stream between Upstream small scale organic farm, Primary forest 0.5 rocks, leaf litter 1-2 0.2-0.4
N9°41.800' W 82°49.408' Cahuitaand Hone Creek
ssT2down Talamanca, Small stream between Downstream small scale organic farm 1.25 rocks, leaf litter <1 0.2-0.4
N9°42.105' W 82°49.189' Cahuitaand Hone Creek
sssiNat  Sarapiqui, Small stream east of Pristine, National park Braulio Carillo 1.75 rocks, sand, leaf litter 1-2 <0.2
N 10°12.919' W 83°53.310' Rio Sucio, upstream bridge
SSS1up Sarapiqui, Small stream near Upstream conventional farm 3 rocks, leaf litter 3-5 <0.2/0.2-0.4
N 10°17.511' W 83°53.310' Rio SanJosé
ssGidown Guacimo, Small stream accessed Downstream less pesticide intensive farm (EARTH) 3 rocks, leaf litter 3-5 0.5-0.8
N 10°11.773' W 83°35.657" through EARTH P4
RPmidown Guacimo, Rio Parismina accessed Downstream conventional farm (EARTH) 25 sand/silt 11-20 0.2-0.4

N 10°13.519' W 83°36.260' through EARTH P1

Table 2: Benthic community structure comparisons of upstream and downstitearwith mean values
(standard deviation within brackets). Each composite sample consispoofed kick-samples, corresponding to
approximately 1 square meter

. Water course/ Site relative Composite BMWP ASPT Taxa Individuals/ Shannon- Evenness % Dominating  EPT
Site banana farms samples  score score  richness (5) Abundance 1,00 Wiener(H')  (E) taxon Index
RS1up Rio Sucio 3 72.7 5.1 19 177 9.4 2.362 0.573 235 7.33
Upstream conventional farm (3.79) (0.33) (3) (13.89) (1.05) (0.116) (0.121) (3.88) (0.58)

RS2down  Rio Sucio 3 55.0 5.2 13.3 257.6 19.2 1.796 0.461 333 6.68
Downstream conventional farm (5.00) (0.32) (0.58) (139.23) (10.26) (0.228) (0.112) (9.35) (0.58)

RS3down  Rio Sucio 3 22.7 35 6 23.6 2.6 1.263 0.502 20.7 3.33
Downstream banana district (20.0) (3.02) (5.29) (21.83) (2.28) (1.095) (0.449) (18.97) (3.06)

RS4down  Rio Sucio 1 7 35 5 19 3.8 1.313 0.743 52.6 3
Downstream banana district

RPclup Rio Pacuare 3 49 34 126 74.3 5.9 1.684 0.429 523 6.33
Upstream conventional farm (1.73) (1.5) (0.58) (20.03) (1.86) (0.155) (0.065) (9.02) (0.58)

RPc2down Rio Pacuare 3 443 5.1 11 236 215 1.666 0.487 41.2 533
Downstream conventional farm (4.73) (0.23) 0 (120.40) (10.95) (0.191) (0.087) (12.03) (1.15)

RPc3down Rio Pacuare 3 7.3 3.4 23 12.7 53 0.322 0.718 90.9 0.67
Downstream banana district (4.62) (1.50) (1.53) (0.84) (1.53) (0.359) (0.254) (9.26) (0.58)

SSTlup Small stream 1 84 6 18 80 4.4 2.294 0.551 26.2 9
Upstream organic farm

SST2down Small stream 1 43 4.8 16 57 3.62 2.261 0.600 27.6 4
Downstream organic farm

SSS1Nat Small stream 1 55 5.5 14 37 2.6 2.443 0.822 21.6 5
National park Braulio Carillo

SSS1up Small stream 2 67 5.6 16.5 88 53 2.075 0.491 235 4
Upstream conventional farm (1.41) (0.54) (0.71) (32.53) (1.74) (0.215) (0.125) (4.97) (0)

S$SGldown Small stream 1 35 5.8 10 32 3.2 2.018 0.753 31.2 3

Downstream low-input farm
RPmildown Rio Parismina 2 28.5 4.7 7.5 72 9.4 1.366 0.530 47.5 2
Downstream large scale farm (7.78) (0.18) (0.71) (39.80) (4.39) (0.151) (0.129) (9.26) (0)




